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Abstract

This report describes the AREVA NP online relative power distribution reconstruction

and margin calculation system, which is called Statistical Universal Power Reconstruc-

tion with Fixed Margin Technical Specifications (SUPR-FMTS). This system is applica-

ble to pressurized water reactors. The SUPR-FMTS system produces a reconstructed

power distribution which is the best estimate of all available measured data. It also pro-

vides an improved method for quantifying the uncertainty in the relative power distribu-

tion. Uncertainty is broken into two components: a continuously-updated estimate of

the error in the reconstructed power and a pre-calculated uncertainty due to system

observability. The reconstructed power uncertainty is based on the variance between

measured and calculated signals. The system observability uncertainty is based on a

Monte Carlo simulation of anticipated events. The calculated power distribution is com-

bined with the error estimates and traditional peaking penalties to provide input to a Lim-

iting Condition of Operation power peaking margin calculation. The margin calculation

is based on the best estimate of the reactor power distribution, plus uncertainty, at any

given time and limits power peaking directly through continuous online power distribu-

tion monitoring.
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1.2 SUPR-FMTS Processing Overview

The SUPR-FMTS system extends the previously approved FMTS methodology in sev-

eral ways. A generalized method is introduced for power reconstruction and the system

uncertainty is calculated dynamically for use in the margin calculation.

Kriging, a statistical method for calculating a best linear unbiased estimate, combines

three dimensional power distribution measurements with core neutronic simulator output

to form a reconstructed (best estimate of measured) power distribution. Peaking aug-

mentation factors are applied to the reconstructed power to provide the measured power

peaking for the FMTS calculations.

System uncertainty is calculated as a combination of measurement uncertainty, uncer-

tainty due to observability error, and fixed uncertainty factors. Measurement uncertainty

is estimated based on the kriging variance adjusted based on deviations between the

measured and predicted assembly exit thermocouples and excore neutron detector

measurements, where necessary. The observability error is calculated using a Monte

Carlo simulator and augments the dynamic measurement uncertainty to ensure a con-

servative uncertainty estimate. The fixed uncertainty factors account for known poten-

tial sources of error that are inherent to the analysis procedure. The measurement

uncertainty is calculated in real time, while the observability error and fixed uncertainty

factors are calculated before a given reactor operating cycle.

Using the SUPR-FMTS system, the power distribution is constructed [

] from all of the available power distribution data, and the

uncertainty is estimated [ ] based on the type and amount of data

available to construct that measurement. The measurement system uncertainty dynam-

ically reflects the measured bias of the core neutronic simulator and the uncertainties

are dynamically applied in performing the core power distribution Technical Specification

(Tech Spec) monitoring.
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1.3 Licensing Basis Impacts and Changes to Implement SUPR-FMTS

Figure 1-1 illustrates how SUPR-FMTS fits into the present licensing basis. This figure

also provides document identifiers [1, 2, 3, 4, 5] for documents which have supported

approved methodologies related to SUPR-FMTS implementation. Several things should

be noted from the figure:

1. SUPR-FMTS does not delete any Technical Specification requirements nor does

it obviate any present monitoring requirements.

2. SUPR-FMTS adds direct FQ and FAH monitoring with a set of relaxed limits for

Rod Insertion, Axial Power Shaping Rod Insertion, Axial Power Imbalance, and

Quadrant Power Tilt which may be used only when SUPR-FMTS is operable.

Therefore, the only changes to the Technical Specifications required to implement

SUPR-FMTS are the notation of the availability of the Relaxed Limits and modification of

the surveillance requirements to increase the power peaking monitoring frequency when

SUPR-FMTS is operable. The adjusted kriging process variance (ADJKPV) is used to

indicate inoperability of the SUPR-FMTS system.

1.4 Approvals Requested for SUPR-FMTS

The NRC is requested to approve the following five items:

1. Application of the FMTS methodology to Westinghouse (W), EPR, and Combus-

tion Engineering (CE) plants, as well as the previously approved Babcock and

Wilcox (B&W) plants [6]. This extension is based on the previous approval for

Babcock and Wilcox plants, the improvement in both directness and frequency of

power distribution monitoring, and the improved quantification of measurement

system uncertainty through the use of the Monte Carlo simulation methodology

for determining system uncertainty.

2. Application of the SUPR methodology to Babcock and Wilcox, Westinghouse,

EPR, and Combustion Engineering plants for provision of measured power
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Figure 1-1 Diagram of SUPR-FMTS Impacts on Technical Specifications
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distributions for the required power distribution monitoring and which are based

on multiple measurement systems. This is based on the improvement in both

frequency and detail of the measured core power distribution from the SUPR-

FMTS methodology.

3. Application of the RPD Check methodology to Westinghouse plants which use

the Traveling Incore Probe system to infrequently measure the core power distri-

bution for the required power distribution monitoring. The RPD Check method

compare measured and predicted signal and augments the uncertainty applied to

the SUPR measured power distribution for core power distribution Technical

Specification monitoring. This is based on the continuous checking performed by

the RPD Check methodology, its conservative application of only peaking

increases, and the self-indication of the time when a new core flux map is

required.

4. Use of the SUPR-FMTS methods justifies, under cetain conditions, extending flux

map intervals beyond the approximately 31 Effective Full Power Days (EFPD)

specified in current Technical Specifications.

5. Use of a Monte Carlo simulation to quantify the total system uncertainty.

1.5 Overview of the Report

The Technical Specifications being monitored are discussed in Chapter 2. Chapter 3

discusses the varied measurement systems that serve as the SUPR-FMTS inputs. Sta-

tistical models used to combine measurements are discussed in Chapter 4, which also

covers the variance calculation and use of confirmatory data. Technical Specification

monitoring requires tracking the varied sources of uncertainty, and Chapter 5 discusses

the modeled uncertainty sources. In Chapter 6, a Monte Carlo simulator is used to

explore the effects of the uncertainties from Chapter 5. Finally, Chapter 7 provides the

method of calculation for relevant Tech Spec factors. Appendices A through D provide

supporting information. The supporting information includes an illustration of the kriging

and variance calculation procedure, suggested Technical Specification modifications to
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implement SUPR-FMTS, an operating example of the SUPR-FMTS system, and an

illustration of the associated uncertainty analysis.
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2.0 TECHNICAL SPECIFICATION MONITORING

The core power distribution monitoring performed by SUPR-FMTS has the following

functions.

1. Monitor margins to the accident initial condition power distribution limits to pro-

vide assurance of fuel integrity during Condition I (Normal Operation) and II (Inci-

dents of Moderate Frequency) events by (a) maintaining the calculated Departure

from Nucleate Boiling Ratio (DNBR) in the core in short term transients, and (b)

limiting the peak linear power density during Condition I events to provide assur-

ance that the initial conditions assumed for the Loss of Coolant Accident (LOCA)

analyses are met and the Emergency Core Cooling System (ECCS) final accep-

tance criteria limit of 2200'F is not exceeded.

2. Provide assurance that the core meets the local (FQ) and integral peak (FAH)

monitoring requirements.

These functions are used to satisfy the Technical Specification requirements on power

distribution.

A block diagram of the relationship of these functions within the SUPR-FMTS is shown

in Figure 2-1. The online core simulator produces a power distribution based on the

measured plant parameters, including control rod position, axial power shaping rod posi-

tion, power level, and core inlet temperature. The calculated power distribution and the

available power distribution measurements are used by the kriging module to provide an

estimate of the measured power distribution along with an estimate of the variance of

that distribution. Where the power distribution measurements are made by infrequent

systems, such as Traveling Incore Probes (TIP) or Aeroball systems, the RPD Check

module is used to augment the calculated variance based on the differences between

the thermocouple and excore flux detector measurements and similar values derived

from the measured (reconstructed) power distribution. The adjusted Relative Power

Distribution (RPD) from the Kriging module and the adjusted kriging process variance

from the RPD Check module are then used in the FMTS module to monitor peaking
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margins to the local and planar peaking limits. Also, for a TIP system, the periodic

power peaking surveillance is performed using the reconstructed power distribution and

augmented variance data.

2.1 Limiting Conditions for Operation Monitoring

Currently, the power-distribution-related LCO limits and setpoints are based on global

measured parameters such as axial flux difference (AFD), axial power imbalance, or

axial shape index and quadrant power tilt, or parameters that affect the power distribu-

tion such as regulating control rod position. The SUPR-FMTS system will provide a

power distribution to be used for monitoring, in real time, the proximity to the power-dis-

tribution limits, which are commonly referred to as LOCA kW/ft or nuclear heat flux hot

channel factor (FQ) limits and Initial Condition - Departure from Nucleate Boiling (IC-

DNB) or nuclear enthalpy rise hot channel factor (FAH) peaking limits. The approach

used for the SUPR-FMTS system is the one adopted from the AREVA NP Fixed Mar-

gin Technical Specifications topical report previously approved by the Nuclear Regula-

tory Commission (NRC) [6]. The details of the margin to peaking limit calculation are

provided in Section 7.1.

When the SUPR-FMTS system is unavailable, the LCO Tech Spec limits, which are

derived using currently approved methods on axial power shape, quadrant power tilt,

rod position, etc. will be used as a backup until the SUPR-FMTS system is available

again.
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Figure 2-1 Block Diagram of Tech Spec Monitoring Functions in SUPR-FMTS
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2.2 Provide Assurance that the Core is Operating as Designed

The relevant core operating limits and RPD trip setpoints that preserve the LCO and the

Limiting Safety System Settings (LSSS) Technical Specification power distribution limits

are based on the power distributions predicted by the core design analysis models

before operation of the cycle has begun. A periodic comparison of the measured power

distribution is made to the nominal design values from the reload licensing analysis to

provide a reasonable assurance that the core is operating within the design limits and

that the power peaking limits will not be exceeded. The power distribution from the

SUPR-FMTS system will be used for that purpose, as described in Section 7.3.

2.3 Technical Specifications

SUPR-FMTS is intended for use in multiple types of Pressurized Water Reactor (PWRs)

which likely have unique Technical Specifications. Thus a fixed set of Tech Spec

changes is unlikely to apply unilaterally. To accommodate this, a general discussion of

the changes to Technical Specifications required to implement the SUPR-FMTS system

is provided in Appendix B. The specific changes required to implement SUPR-FMTS at

a given unit would be determined by a plant-specific task.
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3.0 POWER DISTRIBUTION MEASUREMENT INSTRUMENTATION

The measurement of the power distribution uses several systems and methods. The

local power can be calculated based on a flux measurement using a TIP, FIC detector,

Aeroballs, and/or some other three-dimensional core power distribution measurement

system. When necessary, the total assembly power can be calculated from assembly

exit thermocouples (TCs) and the axial power shape can be indicated by an excore neu-

tron detector (ExC) measurement. These data are used to construct the measured

power distribution with varying detail and accuracy, as described in Chapter 4. Each of

these systems is briefly described below, including the amount and detail of the data

and the frequency of measurement, which are important aspects of these systems.

3.1 Measurement System Categorization

The various types of instrumentation systems can be categorized by the following

attributes:

" frequency

" density

" directness

Frequency refers to the time period between successive measurements. The context

here is that of measuring the power distribution to confirm operation as designed and

LCO monitoring. FIC systems can measure a three-dimensional power distribution

more frequently than once a minute. TIP systems have a frequency of once every one

to six months.

Density refers to the spatial density of the measured data. High spatial density provides

better fractional coverage of the reactor core and is therefore more likely to detect any

deviation from the designed operation. TIP systems, with as much as 30% of the

assemblies being measured with high axial detail, represent the highest density systems

presently in use. Excore detectors and thermocouples are spatially limited and repre-

sent the other end of the density spectrum.
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Directness refers to the number and accuracy of the steps used to process the mea-

sured signals. The nuclear instrumentation, including FIC, TIP, Aeroball, and excore

neutron detectors, are the most direct systems. An online core simulator is less direct

since it calculates the local fission rate from information about the core configuration,

materials, depletion history, and global measured parameters such as power level and

rod positions.

Based on this categorization of the various power distribution measurement systems

each system will have strengths and weaknesses. A discussion of each of the currently

utilized systems, along with a possible future concept, is provided below. A graphical

depiction of the relation of these systems with respect to the density and frequency of

the data is presented in Figure 3-1. Note that all of the specific points shown in Fig-

ure 3-1 can vary significantly between plant types. The figure is only intended to illus-

trate the differences between system.

3.1.1 Traveling Incore Probes

The Traveling Incore Probe system uses movable flux detectors that measure the axial

and radial flux distribution in a subset of the core fuel assemblies, typically every -31

EFPD. Typical systems cover 61 axial locations in about 30% of the radial locations

within the core. The three-dimensional power distribution is extrapolated to the un-

instrumented locations. This provides a relatively dense, relatively direct measurement

of the core power distribution at a low frequency.

3.1.2 Fixed In-Core Detectors

Self-Powered Neutron Detector systems utilize fixed flux detectors that measure a

detailed flux distribution in a subset of the core fuel assembly locations. Typical systems

cover between four and seven axial locations in 8 to 52 radial locations within the core.

The three-dimensional measured power distribution is constructed from these measure-

ments. The spatial density varies with plant type, but the measurement is relatively

direct at a high frequency, typically from one to six minutes.
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3.1.3 Aeroballs

The Aeroball system uses Vanadium steel balls that can be placed quickly into the

active fuel region of the core where they are activated for a short period of time before

being removed for measurement. This provides a system that is similar to TIP systems

in density and directness, but with a potentially greater frequency of measurement, typi-

cally every 15 days. The system is capable of completing a flux map every -30 minutes

if necessary.

3.1.4 Excore Neutron Detectors

Excore neutron detectors are generally un-compensated ion chambers placed outside

the reactor vessel, two or more axial detectors for each quadrant. Their functions

include monitoring the imbalance of power between the upper and lower halves of the

core, monitoring total core power, and monitoring quadrant power variation (tilt) as an

input to the reactor protection system. They provide a very high frequency measure-

ments, typically every few milliseconds, to monitor fast neutron leakage from each quad-

rant of the core. These systems have a very low data density because the detectors are

far removed from the fuel. This physical separation prevents a direct correlation of the

excore current to the power distribution in specific assemblies.

Only the power range excore neutron detectors are considered for use in the SUPR-

FMTS system.

3.1.5 Fuel Assembly Exit Thermocouples

Fuel assembly exit thermocouples measure the reactor coolant temperature at some

distance above the active fuel in particular assembly locations. This measured temper-

ature can be used to calculate the integrated power in the fuel assembly. However,

assembly-exit temperature is an integral measurement, thus the axial power shape can-

not be inferred from the measurement and any corrections based on the measurement

must be made on an assembly, not nodal, basis. While upwards of 30% of assemblies

may be monitored with a thermocouple, they are a less dense measurement because

they provide no information about the axial power shape. They are less direct as well
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because power is inferred from a temperature difference along the assembly length and

inlet flow.

3.1.6 Future Measurement Systems

It is conceivable that future instrumentation systems will be developed and implemented

to improve the data density, directness, and/or frequency achievable by the systems.

The information from these types of measurement systems can easily be incorporated

to provide future improvements in core power distribution monitoring using the SUPR-

FMTS methodology. The reconstruction methods discussed in Chapter 4 require only a

volumetric measure of relative power to accommodate any expected future systems.

3.1.7 Online Core Simulator

The online core simulator uses the same calculational model that was used in the pre-

operational licensing analysis to establish the power distribution related limits and set-

points. During operation, this model is run with input that reflects the measured power

level, core inlet temperatures, and fission product distribution. This system provides a

high data density at a high frequency. Since it calculates the local fission rate from

assumptions regarding core configuration and global measured parameters, such as

power level and rod position, it is a more indirect indication of the core power distribu-

tion. Therefore, the results of the online simulator must be periodically confirmed.

While the online core simulator output is a calculation, it does represent a number of

measured global parameters and actual operating history. It is included as a measure-

ment system to differentiate between the online simulator and the licensing analysis and

to compare the output to the more traditional measurement systems.

3.2 Statistical Universal Power Reconstruction General Approach

The Statistical Universal Power Reconstruction approach utilizes all applicable informa-

tion on the core power distribution. The system with the highest data density and fre-

quency, the online core simulator, is used as the basis for the power distribution mea-

surement. More direct measurement systems with high data density, such as TIP, FIC,
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Figure 3-1 Categorization of Measurement Systems
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or Aeroball systems, are used to make adjustments to the power distribution provided by

the online core simulator. These adjustments are made using a power reconstruction

method, such as the kriging models discussed in Chapter 4. The resulting measured

reactor power distribution values are denoted 9. Alternatively, 9 is called the recon-

structed power, which is considered to be the best available approximation of measure-

ment.

For cores that do not use sufficiently high frequency measurement systems, SUPR-

FMTS also has the capability to use indirect measurements to check the accuracy of the

measured RPD. Indirect measurements, such as excore neutron detectors and assem-

bly exit thermocouples, can provide frequent measurements, but may have higher

uncertainties or provide only limited data. While these instruments might not be usable

to accurately and directly measure the core power distribution, they can be used to
"check" that the core continues to operate within the expected range of power distribu-

tions. This process is described in Section 4.3.
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The utility of these checking routines will depend on the monitoring instrumentation

available. If a sufficient number of nearly continuous measurements (e.g. FIC detectors)

are available, then the checking routines are not needed. However, for plants with only

infrequent measurement facilities (e.g. TIP systems in PWRs) these routines could sup-

plement the requirements of Technical Specification power distribution surveillance

requirements.

To provide a useful check, the higher uncertainties of these sparse-density, frequent-

measurement systems are reflected in the calculation uncertainty so that the recon-

structed power is not at risk of reflecting potentially poor quality data. Any uncertainty

will be accounted for in the margin calculation and is discussed in detail in Section 4.3.5

and Section 7.1.

3.3 SUPR-FMTS Processing Overview

To clarify the function of the SUPR-FMTS system, this section shows a generalized

example calculation. Details of the methodology, including variable definitions and

explanation, are found in Chapter 4 and a detailed example calculation is given in

Appendix A.

The reconstructed nodal RPD is calculated as:

D(Xo) = g(Xo) + r(xo) TIR-(y - g)

This equation is composed of three basic quantities: O(xo) is the reconstructed power at

node x0 , g(xo) is the most recent result for the core neutronic simulator at node x0 , and [

] The final term is calculated with each

new measurement and adjusts the neutronic simulator output to agree with measure-

ments.

The variance is then calculated as: [

I
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Where necessary-typically in reactors without fixed incore detectors-the RPD check-

ing routines are used. These routines produce expected values for frequently measured

parameters, such as assembly exit thermocouple and excore neutron detector measure-

ments, and compare the expected values to those measured. If the expected and mea-

sured values differ by more than [ ] , an augmentation factor is

applied to the variance. The new, increased, variance is chosen such that [

I

This augmented variance is incorporated into the total uncertainty applied to the LCO

peaking margin calculations, as shown in Chapter 7. The augmentation accounts for

the uncertainty due to differences between calculated and measured values as well as

the uncertainty introduced via spatial interpolation.

Figure 3-2 shows when the above equations are calculated and gives an idea of typical

frequencies. The types of PWRs are shown to illustrate the different SUPR-FMTS pro-

cessing required with and without frequent RPD measurement systems. The actions in

the left column (measurements) will trigger the calculations shown in the other two

columns, depending on the plant type.

For all of the actions shown in Figure 3-2 the core neutronic simulator is assumed to

provide a current calculation g.
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Figure 3-2 SUPR-FMTS Processing and Timing Overview
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4.0 CORE POWER DISTRIBUTION MEASUREMENT

The SUPR-FMTS measured power distribution is the output of an online core simula-

tor [7, 8]adjusted to match the available measured data. This approach is taken to cap-

italize on the highly detailed core simulator output by bias-correcting it to match the

sparser but accurate measurement data. That is, the core simulator output is adjusted

to produce a more detailed measured or reconstructed reactor power distribution that is

the most consistent with the reference measurements.

Some set of measured data are used to find the bias of the core simulator output in dis-

crete volumes (nodes) of the reactor. These biases (residuals) are then interpolated

using [ ] to produce the reconstructed power distribution in un-

instrumented locations. The concept [ ] is discussed in Section 4.1.

Kriging is a statistical process used for spatial and temporal interpolation which has

been adapted from the field of geostatistics for this application, as discussed in Sec-

tion 4.2.

In some cases, a "check" of the Best Estimate Relative Power Density (BE RPD, 0) is

necessary to ensure validity of the reconstructed power distribution between measure-

ments. If such a check is necessary, as discussed in Section 3.2, then the RPD check-

ing routines discussed in Section 4.3 are used.

4.1 The Model Illustrated

Each measured RPD is calculated [
] For example, a 177 Fuel Assembly (FA) plant modeled in 18 axial

levels [ ] While this may be computationally demand-

ing, it allows [ ] which is considered

to be more consistent with reactor physics behavior, [

] Any global bias is mitigated by the relative nature of the RPD and is

revealed through the RPD Check routines discussed in Section 4.3.
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Figure 4-1 Two Models Used for Calculating the Relative Power Density
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4.2 The Kriging Model

Kriging is a method to calculate the best unbiased linear estimator of an unknown field

by using a stochastic model of the spatial variance of the field. It was initially formalized

in the field of geostatistics, but has since been adapted to other fields, such as meteo-

rology, as an optimal interpolation technique. Kriging provides a method that minimizes

the variance of the prediction error, where the interpolation variance is quantified in a

relative form.

4.2.1 Interpolation with Kriging Models

The goal of kriging is to find an estimate of an unknown field y(x), the relative power in

this case, at a point x0 (boldface indicates a vector or matrix), given the value of this

field at a series of N points: y(xA), y(x 2), .... Y(XN). For a single kriging model, x0 would

be a scalar but multiple kriging models are used to make the reconstructed power distri-

bution. Since a series of x0 (and similar) values are needed to form Y, the vector nota-

tion is used. The statistical model used to develop this estimate is [9]

y(x) = g(x) + (x)

where

g(x) is the trend model

E(x) is the error, a random deviation from the trend

The choice of trend model determines the type of kriging. For this application, the trend

model is the output of the core simulator, which is known. Thus, there are no parame-

ters in the trend model to estimate when performing the interpolation (not even the

mean value of the trend, since the mean relative power density is one by definition).

The stochastic model used for the errors assumes that they are correlated and station-

ary-i.e., the covariance between two measurements depends only on the relative vec-

tor h (in space and time) between the two. Thus, the covariance of the residual field can

be written as a function of only one vector parameter:



I

AREVA NP Inc. ANP-10301NP
Revision 0

Statistical Universal Power Reconstruction
with Fixed Margin Technical Specifications Page 4-4

Cov[E(x), E(x + h)] = c(h)

which is valid for all x. The residual field is the distribution of error over x.

With the stochastic model of the spatial dependence quantified by the covariance, the

kriging estimator at xo is a linear combination of the measured values:

N
0(Xo) = ZWy(X)

i=1

where the weighting factors wi are chosen to minimize the variance of the difference

between the estimated value and the real value, which is called the kriging variance:

ak2(xo) = Var[&(x0) - y(xo)] (4-1)

which can be written [9]

o2(Xo) = wTc w + Var[y(xo)] -2 Co w

where

w is the vector of weighting factors

C is the matrix of covariances between the measured data, CY = c(xi - xj)

c0 is the vector of covariances between x0 and the location of each mea-

sured point, [c0]i = c(x0 - xi )

Note that k (no italics) denotes "kriging" while k (in italics) denotes an indexed value.

In addition, kriging assumes that the estimated value is unbiased

E[9(xo)] = E[y(xo)]

where E[x] denotes the expected value of the random quantity x. In this case, however,

y is the RPD, a relative quantity. Thus, its mean is known

E[dw(Xo)] = E[y(Xo)] = 1

and the unbiased condition is satisfied without requiring an additional constraint.

With this set of assumptions, the kriging predictor can be written
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O(Xo) = g (XO)+ CTC-1(y _g) (4-2)

where

y is the vector of measured points, y, - y(xi)

g is the vector containing the core simulator output at each of these loca-

tions, gi - g(xi)

Thus, (y - g) is the vector of residuals, which provide an estimate of the error.

] where a.2 is the variance of the error E and the covariance parameters Ok give a mea-

sure of the influence that a particular point has on its neighbors. For example, along the

k-th direction, the covariance of residuals at a distance greater than [ ] is less than

[ ] of the field's variance; thus, the influence of these residuals on the estimated

value can be considered negligible. [

] If the covariance parameters are all similar in value, this

region [

] For the implementation described here, the domain of the model [

] That is, only [

It is possible to verify both the assumption of a [ ] form for the covariance

function and the values of the parameters 0i with a leave-one-out cross-validation. In

particular, statistical software (in this case, packages for the R statistical programming
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language) allows the user of this technique to check different parameters, differently

sized domains, and even a different functional form for the covariance to ensure that the

average error is sufficiently small.

The variance of the error, a2 , which is still unknown, appears only in c0 and C in

Eq. (4-2). Thus, the kriging predictor is independent of this value, since these terms

cancel in cTC-1. This can be made explicit by introducing a correlation function that

retains only the exponential part of the covariance function between two vectors

a and b: [

I

The k indices are typically the three spatial dimensions, i, j, k, but any dimension, e.g.

time, can be valid if the covariance function is applicable. This function can be used to

define a vector that relates the location of the estimator, x0 , and the locations of the

measured data, X1 .... ,XN:

R(xo,x 1 ) 1
r(x0)= I

R(x0 , XN)

and a matrix that correlates the locations of the measured data to each other:

R(xl, xl) ... R(XN,Xl) 1
R•

R(xl,xN) ... R(XN, XN)

The vector r(xo) explicitly depends on the location xo of the estimate, and thus, this

dependence is indicated in the notation. The matrix R, on the other hand, has no

explicit dependence on x0 ; however, it should be noted that the set of measured points

that are used to construct R depend on the location x0 , since only the points in the

domain of the model D(xo) are included in the set.
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The kriging predictor can be rewritten using this new correlation vector and matrix as

D(x0) = g(x 0 ) + r(xo)TR-l(y - g)

4.2.2 Notation for the Core Simulator

For the particular application considered here, the trend function is the output of the

core simulator, which provides the core power on a regularly spaced arrangement of

nodes. Therefore, each location in the model can be represented by the indices of the

node's location in the simulator and the time. The following sets of indices are used in

the notation presented here:

(i, j, k, t) indicates a location x0

(i, j, k) indicates a location x0 that does not include the time of the measurement

or calculation

(i, j) indicates the two-dimensional (horizontal) location of an assembly in the

core

This notation is also applied to the reconstructed power, Y, and the kriging process vari-

ance, &.

4.2.3 Kriging Variance Calculation

As discussed in Section 4.2.1, kriging provides the unbiased estimate that minimizes

the kriging variance, which is given in Eq. (4-1). In terms of the correlation vector r(x0 )

and matrix R, this variance can be written [10]

2(x0) = 0-2 (1 - r(xo)TR-r(xo))

As the location xo of the interpolated value moves away from the measured data, the

uncertainty approaches its maximum value a2 , which is called the process variance.

Thus, a-2 represents an upper bound on the uncertainty of the [ ] model.
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The process variance includes variance due to error (residuals between calculation and

measurement) as well as the variance due to kriging (interpolation). The SUPR-FMTS

method relies on quantifying the uncertainty due to both sources, so the process vari-

ance is used.

[ ] is used to provide an objective

estimate of the process variance. If the error in the trend (core neutronic simulator out-

put) is [ ] then the series of residuals from the measurements used

for the model, (y- g), [ ] Thus the likelihood of the pro-

cess variance a-2 is equal to [

]

This estimate is used by the system to calculate the process variance [

Because the errors are assumed to be normally distributed, the 95% confidence interval

for each node in the model is

95% CI(i, j, k) = [Y(i, J, k) - 1.96 &(i, j, k), 0(i, j, k) + 1.96 &(i, j, k)]
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4.2.4 Temporal Dependence of the Kriging Model

Although the formalism for the method developed in this section contains a temporal

component, the frequency of measurement determines whether the elapsed time since

the measurement is significant enough to include in the interpolating scheme in prac-

tice. That is, for systems that provide nearly continuous measurements, such as fixed

incore detectors, the time between measurements, At is sufficiently short that [

for a choice of ot that is large enough to be used for less frequent (but more accurate)

measurement systems. Thus, for these nearly continuous systems, the temporal

dependence is dropped from R(a, b), and the components of r and R may have either

three or four terms depending on the source of the measured data.

The use of nearly continuous measurement systems has other consequences for the

monitoring system, as well. These consequences are discussed in further detail in Sec-

tion 3.2.

4.3 Checking the RPD and Uncertainty

The monitoring system includes a checking routine that takes the output RPD from the

kriging module (0), generates expected responses, and compares the expected

responses to measured responses. If the comparison of the two sets of values indi-

cates that the kriging variance is not sufficiently conservative, the variance is adjusted to

match the observations.

4.3.1 Converting the Best Estimate RPD to an Expected Response

The expected responses are compared with the measured responses to gauge whether

the kriging uncertainty needs to be adjusted to properly reflect the Observed Reactor

Behavior (ORB). In the current implementation, the responses from only two devices

are considered: the assembly exit thermocouples and the excore neutron detectors.
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The calculation of the response of these two devices is described below. For other sys-

tems, such as a sparse FIC system, the checking would be done [

4.3.1.1 Calculating the Thermocouple Response

The expected temperature of each thermocouple is calculated using an energy balance

over the length of the fuel assembly:

Tout = + Tin
rhCp

where

Tout is the exit temperature

Q(i, j) is the rate of heat generation by the assembly

rh is the coolant mass flow rate

Cp is the specific heat of the coolant

Ti, is the inlet temperature

The assembly power Q(i, j) is found using ý(i, j, k), which has been collapsed to two

dimensions, and the nominal assembly power. Nominal assembly power, Q(i, j) is cal-

culated by dividing the core thermal power by the number of assemblies in the core.

Q(i, jA = O(i, A). Q(i, jA

[ ] the specific heat capacity of the coolant, Cp, is

estimated at the average of the mean cold-leg and mean thermocouple temperatures. [

] Assembly inlet temperatures are esti-

mated from the measured cold-leg temperatures and plant-specific information.

4.3.1.2 Mass Flow Rate Calibration and Interpolation

Whenever a detailed flux measurement (e.g., using the TIP) is performed, a new set of

calibrated assembly mass flow rates is calculated using the current set of thermocouple

temperatures. There are two important ramifications of this procedure: (1) a detailed
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flux measurement must be taken before thermocouple data can be used as ORB, and

(2) there will be no difference between the expected and measured thermocouple

responses immediately after calibration.

The mass flow rates are calculated assuming an enthalpy balance at the calibration

time. No appreciable temperature increase between the cold leg measurement point

and the assembly inlet is assumed. Assembly inlet temperature calculations are taken

from the core monitoring software.

The enthalpy balance for a fuel channel is

1 [outlet
houtlet - h = - Jinlet q'(z) dtz

where

houtlet is the coolant enthalpy at the thermocouple location

hinlet is the coolant enthalpy at the assembly inlet

rh is the mass flow rate

q'(z) is the linear rate of heat generation

The integral in the expression above is the total power generated in the assembly. Solv-

ing for the mass flow rate in an individual assembly yields

Th~il j) (iI j). Q0(i, IjA

houtlet(i, j) - hinlet(i, j)

The SUPR-FMTS is flexible enough to include partial flux measurements as well, simply

by augmenting the integrated TIP measurements from the partial scan with TIP data

from previous scans. However, using old TIP data would indicate that the user is confi-

dent in the calibration values in the neighborhood of those measurements.
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4.3.2 ExCore Detector Responses

This method requires the addition of the axial weighting factors for the top and bottom

detectors, which are described below:

(0.j - calculated assembly weights
adjU

W- - excore detector response weights (upper axial direction)
(okjL _ excore detector response weights (lower axial direction)

A three-dimensional weighting factor matrix can be constructed for each detector. The

four upper-quadrant and four lower-quadrant weights are identical, so only two unique

matrices are required:

U jad adjUOi~j k = O~ (ij"Ok -

L j ) adj adj L
= k i,j "Ok

These arrays are pre-calculated and stored as a data file that contains both sets of

adjoint weighting factors.

To find the calculated or expected detector response, the weights are multiplied by the

RPD from the core simulator. Since the weights cover only one-quarter of the core (or a

quadrant), each weighting matrix is multiplied by each of the four quadrants to get a total

of eight detector responses:

yExCore.U (q) = I OiEj,k" 0(i, j, k)
i,j,k

yExCore,Lq) LF L
xrL(q) = Z Oi,j,k ' y(i, J, k)

i,j,k

These detector responses are normalized and compared to the excore voltages from

the plant process computer as described in the following section.
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4.3.3 Convert Kriging Variance to Expected Response Variance

In order to compare responses (the purpose of the RPD check routine), the kriging vari-

ance must be transformed to a response variance. This section describes this proce-

dure for the assembly exit thermocouples and excore neutron detectors.

4.3.3.1 Thermocouple Response Variance Calculation

As described in Section 4.3.1.2, the assembly exit temperature is calculated using an

enthalpy balance and a calibrated mass flow rate. [

The mass flow rate, rh, is calibrated to detailed flux measurements, and both enthalpy

terms are functions of a known temperature. Note that none of these three terms are

variance-free; rather, the assumption here is that the variance of the core simulator is

the primary contribution to the uncertainty. The secondary contributions will be quanti-

fied as part of the total observability error, which is discussed in Chapter 6.

The core thermal power (CTP) and number of assemblies in the core are also assumed

to be known exactly. Thus, the only term left containing significant uncertainty is the

two-dimensional RPD, which is an axially-averaged form of the best estimate (kriged)

RPD. Denoting the kriging variance at each of the N axial levels as [ ] and

assuming all other terms to be constant, the enthalpy balance equation reduces to:

I

] which is used in Section 4.3.4.
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4.3.3.2 ExCore Voltage Variance Calculation

The expected excore response is calculated as described in Section 4.3.1.2. Assuming

that the uncertainty of the weighting factors is a secondary effect quantified in the total

observability error calculation, the standard deviation of the excore response is calcu-

lated from [

]

4.3.4 Comparison of the Expected Response to the Measured Response

To test the reliability of the output of the model, the expected response given by the

model is compared to the response given by measurements.

[

I
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]

4.3.5 Adjustment of the Kriging Variance Based on the Test Results

] The superscript asterisk (*) denotes a value updated during the RPD checking pro-

cess. The value of [ ] then has to be [

] For the thermocouple locations, the enthalpy calculations described in Sec-

tion 4.3.3.1 are reversed to find [ ] A new

term is defined, the thermocouple adjustment factor, Rw, that is [

] for locations that pass the test. The values in uninstrumented

locations are interpolated from the neighboring measured locations.

A similar process is used to create the excore detector adjustment factor, RE"c(i, j).

Since the excore detectors do not give sufficient detail to discern individual node effects,

the adjustments are applied [ ] Any assemblies that could con-

tribute [
]

After the comparisons to the measured values have been made, the adjustments are

applied [ I
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I

I
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5.0 MEASUREMENT SYSTEM UNCERTAINTIES

The SUPR-FMTS requires a number of measured parameters to construct a core power

distribution. The core simulator needs the power level, inlet temperatures and rod posi-

tions. The kriging module needs the relative power values for the measured locations in

the core, from each of the power distribution measurement systems that are utilized.

Each of these measured values has an uncertainty that must be included in the evalua-

tion of the total SUPR-FMTS uncertainty. In addition, the online core simulator model

chosen has an uncertainty associated with it. Finally, the kriging method will estimate

an uncertainty based on the data density and this will be included in the total SUPR-

FMTS uncertainty. The overall flow of information and the uncertainties are depicted in

Figure 5-1.

Each of these uncertainties, including their sources, is described. Since the measure-

ment systems and their associated uncertainties vary based on the specific plant config-

uration, example values will be provided here for illustration. The application of this

method to a specific plant configuration will include performing a SUPR-FMTS system

uncertainty analysis for that plant configuration using the methods presented in this

report.

The method used to determine the total SUPR-FMTS uncertainty will be described in

Chapter 6.

5.1 Measured Plant Parameters

This type of measured parameter includes the power level, inlet temperatures and rod

positions which are generally used as inputs to the core neutronic simulator. Table 5-1

shows typical uncertainty values for a Westinghouse-designed 193 fuel assembly plant.

5.2 Power Distribution Measurement Systems

There are several core power distribution measurement systems currently in use. Each

of these systems uses detectors to measure a specific parameter and provide signals
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Figure 5-1 Flow of Information and Uncertainties in the SUPR-FMTS

Table 5-1 Example Plant Parameters and Their Uncertainties

which are converted to relative power in a given volume. In existing codes, these local

powers are extrapolated using various methods to produce a complete three-dimen-

sional power distribution for the core. In the SUPR-FMTS, the methods described in

Chapter 4 are used to expand the local relative power measurements from one or more
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measurement systems to a complete three-dimensional power distribution.

The uncertainty in the instrumentation systems includes sensor uncertainty, amplifier

and other electronics system uncertainty, the uncertainty of conversion of the signal to

power, and any uncertainty in the measured-to-unmeasured location expansion. This

uncertainty has previously been quantified and described for instrumentation that is

already in use. Therefore, for a specific installation, the values will be the same as

those already licensed for use and will only need to be quantified for a new type of

instrumentation system. Examples of present commonly used systems are shown in

Table 5-2 along with typical uncertainty values.

The uncertainty of these systems has been evaluated and applied in the licensing and

operation of previous fuel cycles. This system uncertainty includes both the uncertainty

for measured locations and also the uncertainty of extrapolating to the unmeasured

locations. Since the SUPR-FMTS constructs its own power distribution, only the infor-

mation from the instrumented locations is used from the power distribution measure-

ment systems and therefore, only the portion of the measurement system uncertainty

reflecting this measured subset of locations needs to be incorporated into the SUPR-

FMTS total system uncertainty evaluation. Where the measurement system uncertainty

value reflects the uncertainty in the peak and not just the instrumented locations, it will

be conservative to apply the peak uncertainty if the instrumented location uncertainty is

not available. As an example, for a TIP system, the uncertainty in the relative power in

Table 5-2 Typical Instrumentation Systems and Their Uncertainties
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the peak locations is typically [ ] Since this system is inter-calibrated among all

instrumented locations, the uncertainty in the instrumented locations should be much

less than [ ] Optionally, the [ ] value may be conservatively used in place of

the actual, lower instrumented location uncertainty value.

5.3 Online Core Simulator

Since the online core simulator uses 'the same model as is used to calculate the power

distribution-related LCO and LSSS limits, the uncertainty derived for the model and

applied in the determination of the operating limits will also be used in the SUPR-FMTS.

An example is the use of the NEMO [8] computer code. This model is used to provide

the base three-dimensional power distribution that represents the expected reactor state

based on the present core power level, inlet temperature and control rod positions. It

also reflects the present fission product distribution. This information is used to relate

the measured to the unmeasured locations. Therefore, the uncertainty in the nodal

power is incorporated in the SUPR-FMTS total uncertainty evaluation. For this code,

the uncertainty in the nodal power distribution is [ ]

5.4 Check Parameters

The high frequency but low density measured parameters, such as thermocouples and

excore detectors, must be calibrated to the high density measurements at the times that

they are performed, whether frequent or infrequent. Even when calibrated, the use of

these parameters to infer core power distribution has a high uncertainty. This uncer-

tainty includes the effects of several factors such as instrument drift, change in coolant

temperatures, and shift in power distribution due to changes in fuel burnup, xenon distri-

bution, and other fission products as well as large observability errors resulting from the

low data density. These uncertainties are included in the analysis, as described in

Chapter 6.

As discussed in Section 3.2 the check parameters are only used when sufficient, real-

time instrumentation is not available, such as for the use of TIP systems.
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6.0 DETERMINATION OF TOTAL SYSTEM UNCERTAINTY

This chapter describes the method used to evaluate the SUPR-FMTS total system

uncertainty. This uncertainty is applied in the online calculation of the peaking margin to

the LCO peaking limits (LOCA and IC-DNB). This method combines the uncertainties in

the measured plant parameters, power distribution measurement systems, and the core

simulator using a Monte Carlo simulator to quantify the total error of the system. Here

the total error includes both the known uncertainty in measurement and calculation sys-

tems as well as the limitations of the systems for a given reactor and instrumentation

configuration.

The following subsections discuss each of these uncertainty components. Section 6.1

discusses how the factors from Chapter 5 are applied as part of the total system uncer-

tainty quantification. The range of possible limiting power distribution cases are dis-

cussed in Section 6.2. Section 6.3 and Section 6.4 outline the total uncertainty determi-

nation and application, respectively.

6.1 Plant Parameter and Measurement System Uncertainties

As shown in Figure 2-1, the plant parameters define an important part of the input for

the online core simulator and therefore any uncertainty in these values will affect the

core simulator produced RPDs. The uncertainties in the detailed measured power dis-

tribution, including the effects of failed detectors or otherwise unavailable measure-

ments, will affect the Best Estimate RPD (0 in Chapter 4 ). The use of this power distri-

bution to generate frequent, sparse parameter values for such things as assembly exit

thermocouples and excore flux detectors for comparison to the measured values of

these parameters will produce additional uncertainty in the comparison. In the evalua-

tion of the total system uncertainty, all of these uncertainties are applied to the SUPR-

FMTS system.
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6.2 Expected Range of Limiting Power Distributions

A range of phenomena can occur which can cause increases in the local power distribu-

tion. The total amount of the increases may be under-measured by the power distribu-

tion measurement system. These effects are called the observability uncertainty.

The amount of under-measurement will depend on how local the power increase is and

the geometric distribution of detectors. This uncertainty must be included in monitoring

the core power distribution at conditions producing power peaking with a magnitude

approaching the power peaking limits. The quantification of this uncertainty is per-

formed by modeling events that would produce a significant localized power increase.

The types of events examined which produce these limiting power distributions are

given in Table 6-1.

This category of occurrences represents those phenomena that are either not monitored

or mis-measured and have an impact on the core power distribution. More global

effects will be reflected in the measured power distribution to relatively greater degrees.

Therefore, the focus of this analysis is on those occurrences that are most local in their

effect.

Another occurrence that increases the observability uncertainty in the power distribution

measurement is the reduction in the number of measured core locations due to events

such as the failure of a detector or electronics, or the plugging of a thimble tube. The

Table 6-1 Types of Events Examined
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effect of these can be evaluated by including a simulated random failure of a specified

fraction of the measurement locations in the system uncertainty analysis using the

methods described in Section 6.3. The SUPR-FMTS system uncertainty is quantified

as a function of the fraction of measurement failures and applied in the LCO monitoring.

The increase in system uncertainty with increasing failure fraction is incorporated as

shown in Section 7.1.4.2 and as described in Appendix D.

6.3 Method of Determining Total Uncertainty

The SUPR-FMTS total system uncertainty is determined through the use of a Monte

Carlo simulation of the reactor core, instrumentation systems, and the SUPR-FMTS

monitoring system. This is illustrated in Figure 6-1.

6.4 Application of the Total System Uncertainty

The total uncertainty in the measurement of the power distribution described above is

directly applied to the measured power distribution to calculate the margin to the
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peaking limits required by the LCO Technical Specification Limits. If the margin drops

below zero, an LCO alarm is generated by the computer and the operator must begin

actions to bring the power peaking back within allowable initial condition limits or reduce

reactor thermal power.
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Figure 6-1 Monte Carlo Simulation of Reactor Core and Measurement Systems to
-- Determine Total System Uncertainty --
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7.0 TECHNICAL SPECIFICATIONS AND MONITORING METHODS

The previous chapters have described the generation of measured power distributions,

the measurement systems and their uncertainties, and the evaluation of the total system

uncertainty. This chapter describes the types of Technical Specifications modifications

which are required to use the power distribution measured by the SUPR and monitored

by the FMTS to preserve the power peaking limits which provide assurance of fuel

integrity during Condition I and II events. Other Technical Specification modifications

required to change the flux map interval when using TIPs are also described. The

approach to modifying the Technical Specifications and changes to the Standard Tech-

nical Specifications based-on this approach are provided in Appendix B.

7.1 FMTS Requirements

In operation, limits can be placed on plant parameters that affect the core power distri-

bution to prevent power peaking from exceeding limits on FQ and FAH which in turn pre-

serve the assumptions used in the accident analyses to provide assurance of fuel

integrity during Condition I and II events. Common parameters used for LCO limits that

affect power peaking include individual control rod and control rod bank positions. Addi-

tional limits can be placed on measured parameters that reflect the power peaking, such

as axial power imbalance and quadrant power tilt. Both of these approaches include

conservatism that is not required if the power peaking is measured directly with suffi-

cient frequency and margin to the peaking limits is controlled. If power peaking is mea-

sured with sufficient accuracy, detail, and frequency, LCO alarms may be based on

proximity to the power peaking limits. This approach was approved previously [6] for

use with FIC detectors. For reactors with infrequently used power distribution measure-

ment equipment, a core simulator is used which reflects the effects of control rod posi-

tions, fission product distribution, and coolant temperature distributions. The core simu-

lator is adjusted by the infrequently measured power distribution and, for times between

those measurements, adjustments are derived from comparison of the power distribu-

tion inferred from the online core simulator to less detailed but more frequently mea-

sured power distribution indicators such as assembly exit thermocouples and excore
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flux detectors.

The SUPR-FMTS produces a measured power distribution every few minutes. This

methodology includes the 3-D core simulator as is presently used to determine the LCO

and LSSS power distribution-based core protective limits. For example, NEMO [8] or

PRISM [7] or any future approved core simulator could be used by this methodology.

The core simulator is the same as the licensing model (or validated to be consistent with

it) and is linked with the existing measurement system through SUPR-FMTS. Surveil-

lance requirements confirm that peaking limits are within the established boundaries of

the safety analysis of each plant. The typical limits of interest are a local peak limit com-

monly referred to as FQ and a planar peaking limit commonly referred to as FAH. This

comparison is made by calculating the margin to the peaking limit. Peaking margin is

defined as follows for local peaking margin.

Mi i~ RPDi,j,k * Rlocal"* Ftotai 1.l00
M j--i,j,-----k

where

i, j = the assembly location

k = the axial location

M = Percent margin to the limit

RPD = Relative Power Density for the i,j,k node

Rlocai = pin to assembly average power ratio

Ftotai = total uncertainty factor, see discussion in Section 7.1.4

L = Limit on relative pin power to provide assurance of fuel integrity

Similarly, the peaking margin for planar peaking limits is calculated for each assembly.

Mij lRPDij Rical Ftotal 100

Each type of plant licensing may include one or more of these limits that are verified typ-

ically to meet LOCA and/or DNBR limiting transient events. Each of the components

used in calculating the peaking margin is discussed in the following sections.
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7.1.1 Mi,j,k

The peaking margin is expressed as the percent difference between the measured peak

and the peaking limit at that location. A positive number indicates that the peak is below

the limit and zero indicates that the peak has reached the limit. This margin includes

both uncertainty and other factors to account for known effects not modeled by the core

simulator to provide appropriate assurance of fuel integrity.

7.1.2 RPDi,j,k

The nodal relative power densities, each of which represents a nodal volume rather than

a single fuel pin, is taken from the kriging process.

7.1.3 Riocai

Since the RPDi,j,k is a nodal power, the ratio of the pin power to the nodal power, Riocai,

is calculated by the core simulator and applied to RPDi,j,k to find the peak pin power in

each location.

7.1.4 Ftotai

This factor is a combination of all of the statistically and non-statistically quantified peak-

ing factors and uncertainties that are not already included in the generation of the peak-

ing limit, including allowances for effects that are not modeled but are known to be

present, such as spacer grid peaking factors. The statistically and non-statistically

quantified components are combined separately and then multiplied together to deter-

mine the total peaking augmentation factor.

Ftotal = Fstat FmuIt

7.1.4.1 Fstat

The total uncertainty factors which are statistically quantified are combined based on

that quantification.
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tCU2 1

Fstat = 1 + k 95/9 5 • /

where

Fstat = the combined uncertainty factor

k95/95 = tolerance factor (95/95) for a normal distribution

a7 = uncertainty factors (see Table 7-1 for examples)

ki = 95/95 tolerance factors used to determine the original individual uncer-

tainties

Values of the 95/95 tolerance limit, k95/95 , are linearly interpolated from the data in refer-

ence [11] using the calculated number of degrees of freedom, Nt. The Welch-Satterth-

waite equation [12] is used to calculate an approximation to the effective degrees of

freedom.

Nt _ ki )J1

H4
Typical factors that could be included in this component are described in Table 7-1. The

actual effects included will be consistent with the licensing basis of the particular plant

where SUPR-FMTS is applied.
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Table 7-1 Statistically Quantified Effects Included in the Total Peaking Factor

The values of these components depend on manufacturing processes, specific fuel

designs, detector layouts and other implementation-specific details. Typical values are

provided in the example in Appendix C.

7.1.4.2 Fmuit

These factors are multiplied together and are typically biases.

Frnult = I(1 + Fi)

Effects that could be included in this component are described in Table 7-2. These gen-

erally account for known effects that have been quantified but are not included in the

power distribution calculation model.
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Table 7-2 Additional Effects Included in the Total Peaking Factor

These are the presently applied typical peaking uncertainty and augmentation factors.

If another factor is found to be required, it can be included in the calculation of the peak-

ing limit. If it is not included there, it will be included in Ftotai. If it is statistically quanti-

fied, it is included in the statistical portion of this factor or, if not statistically quantified, in

the multiplicative portion of this factor.

7.1.5 Li,j,k

These are the power peaking limits necessary to provide assurance of fuel integrity dur-

ing Condition I and II events. If any power peaking uncertainties are not applied in the

calculation of these limits, then they are applied in the Ftotai factor described above.
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7.1.6 Margin Monitoring

These peaking margins are monitored every few minutes by SUPR-FMTS. If either the

total or planar type of margin drops below zero, either the power distribution must be

changed (primarily by control rod movements) to obtain positive margin, or the power

level must be reduced in the same time-frame and amount as is required by the present

plant Technical Specifications for the LCO power peaking actions. Technical Specifica-

tion changes are required to replace power distribution related LCO limits on power

imbalance, quadrant power tilt, and rod insertion with peaking margin monitoring via

FMTS when FMTS is in use.

7.2 TIP Flux Map Interval Modification Requirements

This section describes the modifications required to the present Technical Specifications

for plants where a movable detector system is used in order to accommodate possible

longer periods between detailed flux maps afforded by the SUPR-FMTS methodology.

Such plants have Technical Specifications that require monthly power maps to monitor

the total and planar power distribution.

When the SUPR-FMTS methodology is applied to a movable detector system, the

power peaking is monitored (every one to two minutes) and the differences between the

online simulator and the thermocouple and excore detector system measurements are

frequently monitored and any increasing differences are factored into the margin calcu-

lation. This is done through the RPD Check method, which incorporates a dynamically

quantified deviation that grows if the thermocouple and excore measurements diverge

from similar values derived from the SUPR-FMTS measured power distribution, as
Cdescribed in Section 4.3.5 and Section 7.1.4.1. As 0 jj,k increases, the margins to the

peaking limits will decrease. This peaking margin will be trended to estimate the time

when the reduced margin will begin to restrict operability at the operating power level.

Before this occurs, another flux map can be taken to restore indicated margins or the

power level can be reduced. This restoration of margin is the expected outcome

because much of the margin reduction will be due to instrument drift and the flux map

will be used to re-calibrate and eliminate the differences. If the margin decrease is not
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due mainly to instrument drift but rather to an unanticipated problem with the core power

distribution, then the flux map will indicate that. In either case, adequate margin to the

peaking limits is preserved.

The Technical Specifications are required to be modified so that with SUPR operating,

the monthly surveillance using the flux map required in the Technical Specifications is

replaced by the use of the power distribution from SUPR-FMTS along with the continu-

ous online direct margin monitoring and the monitoring of the adjusted kriging variance.

The monthly requirement for a flux map is changed to the projected time when the peak-

ing margin becomes insufficient to support continued operation at that power.

7.3 SUPR-FMTS System Monitoring

The periodic power distribution monitoring required by present Technical Specifications

provides surveillance of the operation of the core to indicate when the LCO limits may

not preserve the fuel integrity during condition I and II events. Since, with SUPR-FMTS,

the power distribution is monitored every few minutes and operation is limited to within

the power distribution limits, a means is provided to monitor the performance of SUPR-

FMTS on the same frequency as the power distribution monitoring. This is accom-

plished by comparing the adjusted kriging process variance ((sgmaCijk or ADJKPV) to

limits supplied in the COLR at the same frequency as the FQ and FN monitoring. The

adjusted kriging process variance is a quantification of the differences between the

power distribution calculated by the core simulator and the measured power distribution.

It also reflects the variance augmentation produced by the RPD Check methodology.

This augmentation provides a conservative check on the operation of SUPR-FMTS

since a portion of the variance increase will probably be due to excore and thermocou-

ple signal drift rather than deviation of the core from the planned depletion. In addition,

ADJKPV is included as a penalty in the FMTS calculation of margin to the FQ and

F N limits, thereby decreasing the peaking margin and further restricting operation asAH

the variance increases. For reactors using Traveling Incore Probes (TIPs), this will man-

date that a new flux map be taken at the appropriate time to reduce ADJKPV. In time
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periods that see little change in the power distribution and little change in the thermo-

couple and excore measurements, the time between required flux maps could be

extended to many months. In periods where there is significant change in these param-

eters, a flux map could be required more frequently. In either case, the required period

is determined by the measured degradation of the system rather than by a fixed sched-

ule.
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Appendix A EXAMPLE KRIGING AND VARIANCE CALCULATION

This section will present an example calculation of the best estimate RPD, 0 in Chap-

ter 4 , and the process variance, a 2 . While the kriging models include up to four dimen-

sions (three spatial and one temporal), this example will be done in in the x,y plane to

simplify the presentation. The vector notation is also modified from Chapter 4 as only

one kriging model (one node) is calculated in this appendix. Thus the x values are

scalars rather than vectors.

The input data are shown below. Figure A-1 shows the core simulator results for one

axial node level at around three-quarters of the core height. Figure A-2 shows the cor-

responding measurement data translated to nodal power with spacer grid effects

removed.

Node (6,10) will be evaluated in the example calculation. The range parameter, o, is

equal to [ ] assembly widths in both radial directions. The shaded area denotes the
"area of influence" corresponding to all nodes within [ ] of node (6,10).

First, the vector r(xo) is calculated based on:

R(xo, x,)
r(xo)= =

R(xo, XN)

and [

Point x0 is (6,10) while Table A-1 gives the coordinates of each xi.

The R matrix is then calculated as:
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Figure A-1 Example Core Simulator Data
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Figure A-2 Example Processed Measurement Data
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Table A-1 Example Correlation Vector

R(xl, xi) ... R(xN, xl)
R•

R(xl,XN) ... R(xN, XN)

The results are shown in Table A-2.

The final component is the residual vector, (y-g). Table A-3 shows the calculated

residuals for the N locations, g.

Evaluating g(Xo)+ r(xO)mR-1(y-g) yields a value of[ ] Thus, at the measure-

ment time, the best estimate RPD, Y, value for location (6,10) would be [ I

The R matrix and residual (y- b) vector are already formed, thus the kriging variance is

calculated as: [

I
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Table A-2 Example Covariance Matrix
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Table A-3 Example Residual Vector

2

3

4

5

6

7

8

9

10

11

12

13

(y - g)

0.076

0.106

0.065

0.086

0.076

0.082

0.082

0.087

0.063

0.067

0.054

0.063

0.063

For this example, &2 is calculated to be [ ] or a standard deviation of approxi-

mately [ I
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Appendix B EXAMPLE TECHNICAL SPECIFICATION FOR SUPR-FMTS USE

Changes required to the Standard Technical Specifications (STS) for Babcock and

Wilcox 1 , Westinghouse 2 , and Combustion Engineering 3 Plants to implement SUPR-

FMTS are provided in the section.

B.1 General Approach

The general approach to implementing SUPR-FMTS in Technical Specifications is

shown in Figure B-i. The upper portion of the figure shows the parameters that are lim-

ited to preserve the limits on power peaking. The lower part of the figure shows the

parameters that are monitored to confirm proper operation of the system. The left side

of the figure depicts the approach contained in the present Standard Technical Specifi-

cations and the right side shows how that is modified to implement SUPR-FMTS. In this

approach, which applies to section 3.2 Power Distribution Limits, the indirect means of

limiting power peaking, which is regulating rod position, axial power shaping rod position

(if present), axial power imbalance, and quadrant power tilt limits are replaced by

Relaxed LCO Limits for these parameters. This is possible because these parameters

are used to limit the initial power peaking for multiple events, and the parameter limits to

preserve the ejected rod prompt energy deposition and shutdown margin requirements

can be less restrictive than the parameter limits required to preserve the Loss of

Coolant Accident and loss of forced reactor coolant flow design criteria. The parameter

limits to preserve the latter two design criteria are replaced with the direct limitation of

1NUREG-1430, Standard Technical Specifications Babcock and Wilcox Plants, Division of Regulatory
Improvement Programs, U.S. Nuclear Regulatory Commission, Washington, DC, Vol. 1 and 2, Rev. 3.0,
June 2004

2NUREG-1431, Standard Technical Specifications Westinghouse Plants, Division of Regulatory Im-

provement Programs, U.S. Nuclear Regulatory Commission, Washington, DC, Vol. 1 and 2, Rev. 3.0, June
2004

3NUREG-1432, Standard Technical Specifications Combustion Engineering Plants, Division of Regu-
latory Improvement Programs, U.S. Nuclear Regulatory Commission, Washington, DC, Vol. 1 and 2, Rev.
3.0, June 2004
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Figure B-1 General Approach to SUPR-FMTS Implementation in Technical Speci-
F- fications
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margin to the peaking limits.

Since FQ and F N are now limited directly, they are monitored with a frequency equiva-
Q AH

lent to the frequency with which the indirect parameters were monitored. This is usually

a maximum of 15 minutes.

The present requirements to periodically measure FQ and FN provide assurance that

the core is operating as designed and that the indirect parameter limits are preventing

the peaking limits from being exceeded. Under SUPR-FMTS, FQ and F N are limitedQ AH
directly and frequently and the surveillance requirement is changed to monitor the per-

formance of SUPR-FMTS to provide assurance that SUPR-FMTS is operating properly

and therefore the peaking limits will not be exceeded. This new surveillance is accom-

plished by examining the SUPR-FMTS adjusted kriging process variance, called

ADJKPV, for all locations in the core which have relative power densities greater than

1.0 and comparing the values with limits provided in the COLR. This is done with a fre-

quency which is the same or higher than the frequency of the previous FQ and

F N measurements.
AH

Since ADJKPV is a quantification of the difference between the measured and calcu-

lated power distribution, it is used to judge the performance of SUPR-FMTS. If the

ADJKPV values exceed their limits at equilibrium conditions, then SUPR-FMTS must be

declared inoperable and the system performance must be evaluated. Operation then

changes to the Restricted LCO Limits provided in the COLR, which provides the same

basis for operation as before SUPR-FMTS was implemented. Twelve hours are allowed

for this change to provide adequate time to determine and correct the cause of the

excessive variance. This is deemed prudent to avoid creating a situation which

increases the peaking because the operator is required to make sudden changes in reg-

ulating rod position and since the amount of ADJKPV is included in the online margin

calculation.

The SUPR-FMTS system can therefore be inoperable either because of hardware fail-

ure or because it fails the ADJKPV self-performance-check. In either case, the primary



AREVA NP Inc. ANP-10301NP
Revision 0

Statistical Universal Power Reconstruction
with Fixed Margin Technical Specifications Page B-4

Technical Specification action required when the system becomes inoperable is to begin

use of the restricted LCO limits. This is because if the margins were greater than zero

then FQ and FNH were within their limits when the system became inoperable. And, if

the margins were less than zero then Technical Specification actions to reduce F and

F to below their limits would have already been initiated.

The following are examples of how this general approach is applied, using the Standard

Technical Specifications as the base. Modifications to each of these Technical Specifi-

cations and Bases will be presented separately. The changes are presented as dele-

tions, which are indicated in gray text, and additions, which are indicated in red text with

a change bar in the margin. Only those sections affected by the implementation of

SUPR-FMTS are included here. To make the changes as clear as possible, an effort

was made to show the present STS context unmodified for spacing and line breaks.

B.2 Babcock and Wilcox Plants

The following power distribution related Technical Specification modifications and

accompanying Bases are required for Babcock and Wilcox Plants using Standard Tech-

nical Specifications.
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B.2.1 Technical Specifications

3.2 POWER DISTRIBUTION LIMITS

3.2.1 Regulating Rod Insertion Limits

LCO 3.2.1 Regulating rod groups shall be within the physical insertion, sequence,
and overlap limits specified in the COLR.

- -------------------------- NOTES ----------------------
1. Not required for any regulating rod repositioned to perform SR 3.1.4.2.

2. Relaxed limits specified in the COLR may be used when SUPR-FMTS
is OPERABLE.

APPLICABILITY: MODES 1 and 2.

3.2.2 AXIAL POWER SHAPING ROD (APSR) Insertion Limits

LCO 3.2.2 APSRs shall be positioned within the limits specified in the COLR.

--------------------------- NOTE --------------------------------------------
Relaxed limits specified in the COLR may be used when SUPR-FMTS
is OPERABLE.

APPLICABILITY: MODES 1 and 2.
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3.2.3 AXIAL POWER IMBALANCE Operating Limits

LCO 3.2.3 AXIAL POWER IMBALANCE shall be maintained within the limits
specified in the COLR.

------------------------------- NOTE ----------------------
Relaxed limits specified in the COLR may be used when SUPR-FMTS
is OPERABLE.

APPLICABILITY: MODE 1 with THERMAL POWER > 40% RTP.

3.2.4 QUADRANT POWER TILT (QPT)

LCO 3.2.4 QPT shall be maintained less than or equal to the steady state limits
specified in the COLR.

-- ------------------------- NOTE --------------------------------------------
Relaxed limits specified in the COLR may be used when SUPR-FMTS
is OPERABLE.

APPLICABILITY: MODE 1 with THERMAL POWER > [20]% RTP.



AREVA NP Inc. ANP- 0301NP
Revision 0

Statistical Universal Power Reconstruction
with Fixed Margin Technical Specifications

3.2.5 Power Peaking Factors

Page B-7

ACTIONS

CONDITION REQUIRED ACTION COMPLETION TIME

D. SUPR-FMTS D.1 Control the reactor core to 1 hour
INOPERABLE comply with the Restricted

LCO Limits specified in the
COLR.

AND

Perform SR 3.2.5.1 24 hours
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3.2.5 Power Peaking Factors

SURVEILLANCE REQUIREMENTS

SURVEILLANCE FREQUENCY

SR 3.2.5.1 -NOTE ------------------------------
Only required to be performed when specified in
LCO 3.1.8, "PHYSICS TESTS Exceptions -
MODE 1," or when complying with Required Actions
of LCO 3.1.4, "CONTROL ROD Group Alignment
Limits," LCO 3.2.1, "Regulating Rod Insertion
Limits," LCO 3.2.2, "AXIAL POWER SHAPING ROD
(APSR) Insertion Limits," LCO 3.2.3, "AXIAL
POWER IMBALANCE Operating Limits," LCO 3.2.4,
"QUADRANT POWER TILT (QPT)."

Verify FQ(Z) and F N are within limits by using the
AH

Incore Detector System to obtain a power
distribution map.

OR

-NOTE ------------------------------
Only required to be performed when SUPR-FMTS is
OPERABLE.

Verify FQ(Z) and FN are within limits by using the
SUPR-FMTS System

AND

Verify ADJKPV(X,YZ) for nodes with Relative Power
> 1.0 is less than the limits specified in the COLR.

As specified by
the applicable
LCO(s)

15 minutes

15 minutes
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B.2.2 Bases

B 3.2 POWER DISTRIBUTION LIMITS

B 3.2.1 Regulating Rod Insertion Limits

BASES

BACKGROUND The insertion limits of the regulating rods are initial condition assumptions
used in all safety analyses that assume rod insertion upon reactor trip.
The insertion limits directly affect the core power distributions, the worth
of a potential ejected rod, the assumptions of available SDM, and the
initial reactivity insertion rate.

The applicable criteria for these reactivity and power distribution design
requirements are described in 10 CFR 50, Appendix A, GDC 10, "Reactor
Design," GDC-26, "Reactivity Control System Redundancy-and
Capability," GDC 28, "Reactivity Limits" (Ref. 1), and in 10 CFR 50.46,
"Acceptance Criteria for Emergency Core Cooling Systems for Light
Water Nuclear Power Plants" (Ref. 2).

Limits on regulating rod insertion have been established, and all rod
positions are monitored and controlled during power operation to ensure
that the power distribution and reactivity limits defined by the design
power peaking and SDM limits are not violated.

The regulating rod groups operate with a predetermined amount of
position overlap, in order to approximate a linear relation between rod
worth and rod position (integral rod worth). To achieve this approximately
linear relationship, the regulating rod groups are withdrawn and operated
in a predetermined sequence. The automatic control system controls
reactivity by moving the regulating rod groups in sequence within
analyzed ranges. The group sequence and overlap limits are specified in
the COLR.

The regulating rods are used for precise reactivity control of the reactor.
The positions of the regulating rods are normally controlled automatically
by the automatic control system but can also be controlled manually.
They are capable of adding reactivity quickly compared with borating or
diluting the Reactor Coolant System (RCS).

The power density at any point in the core must be limited to maintain
specified acceptable fuel design limits, including limits that ensure that the
criteria specified in 10 CFR 50.46 (Ref. 2) are not violated. Together,
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LCO 3.2.1, "Regulating Rod Insertion Limits," LCO 3.2.2, "AXIAL POWER
SHAPING ROD (APSR) Insertion Limits," LCO 3.2.3, "AXIAL POWER
IMBALANCE Operating Limits," and LCO 3.2.4, "QUADRANT POWER
TILT (QPT)," provide limits on control component operation and on
monitored process variables to ensure that the core operates within the
FQ(Z) and FN limits in the COLR.

Portions of these LCO limits may be replaced by the continuous monitoring
of F and FNH provided by SUPR-FMTS, thereby providing for the use of a
set of Relaxed LCO Limits.

Operation within the FQ limits given
in the COLR prevents power peaks that would exceed the loss of coolant
accident (LOCA) limits derived from the analysis of the Emergency Core
Cooling Systems (ECCS). Operation within the F N limits given in theAH
COLR prevents departure from nucleate boiling (DNB) during a loss of
forced reactor coolant flow accident. In addition to the FQ(Z) and F N

AH
limits, certain reactivity limits are met by regulating rod insertion limits.
The regulating rod insertion limits also restrict the ejected CONTROL
ROD worth to the values assumed in the safety analysis and maintain the
minimum required SDM in MODES 1 and 2.

This LCO is required to minimize fuel cladding failures that breach the
primary fission product barrier and release fission products into the
reactor coolant in the event of a LOCA, loss of flow accident, ejected rod
accident, or other postulated accidents requiring termination by a Reactor
Protection System trip function.

APPLICABLE The fuel cladding must not sustain damage as a result of normal
SAFETY operation (Condition 1) or anticipated operational occurrences
ANALYSES (Condition 2). The LCOs governing regulating rod insertion, APSR

position, AXIAL POWER IMBALANCE, and QPT preclude core power
distributions that violate the following fuel design criteria:

a. During a large break LOCA, the peak cladding temperature must not
exceed 2200AOF (Ref. 2).

b. During a loss of forced reactor coolant flow accident, there must be at
least 95% probability at the 95% confidence level (the 95/95 DNB
criterion) that the hot fuel rod in the core does not experience a DNB
condition (Ref. 1).

c. During an ejected rod accident, the fission energy input to the fuel
must not exceed 280 cal/gm (Ref. 3).

d. The CONTROL RODS must be capable of shutting down the reactor
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with a minimum required SDM with the highest worth CONTROL
ROD stuck fully withdrawn (Ref. 1).

Fuel cladding damage does not occur when the core is operated outside
the conditions of these LCOs during normal operation. However, fuel
cladding damage could result if an accident occurs with the simultaneous
violation of one or more of the LCOs limiting the regulating rod position,
the APSR position, the AXIAL POWER IMBALANCE, and the QPT.
This potential for fuel cladding damage exists because changes in the
power distribution can cause increased power peaking and
correspondingly increased local linear heat rates (LHRs).

When FQ and F N limits are monitored by SUPR-FMTS, design criteria

a. and b. are preserved by limiting margin to the FQ and FNH peaking
limits rather than by compliance with the regulating rod insertion,
APSR position, AXIAL POWER IMBALANCE, and QPT limits.

The SDM requirement is met by limiting the regulating and safety rod
insertion limits such that sufficient inserted reactivity is available in the
rods to shut down the reactor to hot zero power with a reactivity margin
that assumes that the maximum worth rod remains fully withdrawn upon
trip (Ref. 4). Operation at the SDM based regulating rod insertion limit
may also indicate that the maximum ejected rod worth could be equal to
the limiting value.

Operation at the regulating rod insertion limits may cause the local core
power to approach the maximum linear heat generation rate or peaking
factor with the allowed QPT present.

The regulating rod and safety rod insertion limits ensure that the safety
analysis assumptions for SDM, ejected rod worth, and power distribution
peaking factors remain valid (Refs. 3, 5, and 6).

The regulating rod insertion limits LCO satisfies Criterion 2 of
10 CFR 50.36(c)(2)(ii).

LCO The limits on CONTROL ROD sequence, including group overlap, and
insertion positions as defined in the COLR, must be maintained because
they ensure that the resulting power distribution is within the range of
analyzed power distributions and that the SDM and ejected rod worth are
maintained.

The overlap between regulating groups provides more uniform rates of
reactivity insertion and withdrawal and is imposed to maintain acceptable
power peaking during regulating rod motion.

Error adjusted maximum allowable setpoints for regulating rod insertion
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are provided in the COLR. The setpoints are derived by an adjustment of
the measurement system independent limits to allow for THERMAL
POWER level uncertainty and rod position errors.

Actual alarm setpoints implemented in the unit may be more restrictive
than the maximum allowable setpoint values to provide additional
conservatism between the actual alarm setpoint and the measurement
system independent limit.

LCO 3.2.1 has been modified by a Note that suspends the LCO
requirement for those regulating rods not within the limits of the COLR
solely due to testing in accordance with SR 3.1.4.2, which verifies the
freedom of the rods to move. This SR may require the regulating rods to
move below the LCO limit, which would otherwise violate the LCO.

LCO 3.2.1 has been modified by a Note that provides for the use
of Relaxed Regulating Rod Limits when SUPR-FMTS is operable.
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B 3.2 POWER DISTRIBUTION LIMITS

B 3.2.2 AXIAL POWER SHAPING ROD (APSR) Insertion Limits

BASES

BACKGROUND The insertion limits of the APSRs are initial condition assumptions in all
safety analyses that are affected by core power distributions. The
applicable criterion for these power distribution design requirements are
10 CFR 50, Appendix A, GDC 10, "Reactor Design" (Ref. 1), and
10 CFR 50.46, "Acceptance Criteria for Emergency Core Cooling
Systems for Light Water Nuclear Power Plants" (Ref. 2).

Limits on APSR insertion have been established, and all APSR positions
are monitored and controlled during power operation to ensure that the
power distribution defined by the design power peaking limits is
maintained.

The power density at any point in the core must be limited to maintain
specified acceptable fuel design limits, including limits that meet the
criteria specified in Reference 2. Together, LCO 3.2.1, "Regulating Rod
Insertion Limits," LCO 3.2.2, "AXIAL POWER SHAPING ROD (APSR)
Insertion Limits," LCO 3.2.3, "AXIAL POWER IMBALANCE Operating
Limits," and LCO 3.2.4, "QUADRANT POWER TILT (QPT)," provide limits
on control component operation and on monitored process variables to
ensure that the core operates within the FQ(Z) and F N limits in the
COLR.

Portions of these LCO limits may be replaced by the continuous monitoring
of F and FNH provided by SUPR-FMTS, thereby providing for the use of a
set of Relaxed LCO Limits.

Operation within the FQ(Z) limits given in the COLR prevents
power peaks that exceed the loss of coolant accident (LOCA) limits
derived from the analysis of the Emergency Core Cooling Systems
(ECCS). Operation within the FN limits given in the COLR prevents
departure from nucleate boiling (DNB) during a loss of forced reactor
coolant flow accident. The APSRs are not required for reactivity insertion
rate on trip or SDM and, therefore, they do not trip upon a reactor trip.

This LCO is required to minimize fuel cladding failures that would breach
the primary fission product barrier and release fission products to the
reactor coolant in the event of a LOCA, loss of flow accident, ejected rod
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accident, or other postulated accident requiring termination by a Reactor
Protection System trip function.

APPLICABLE The fuel cladding must not sustain damage as a result of normal
SAFETY operation (Condition 1) or anticipated operational occurrences
ANALYSES (Condition 2). Acceptance criteria for the safety and regulating rod

insertion, APSR position, AXIAL POWER IMBALANCE, and QPT LCOs
preclude core power distributions that violate the following fuel design
criteria:

a. During a large break LOCA, the peak cladding temperature must not
exceed 2200A°F (Ref. 2),

b. During a loss of forced reactor coolant flow accident, there must be at
least 95% probability at the 95% confidence level (the 95/95 DNB
criterion) that the hot fuel rod in the core does not experience a DNB
condition,

c. During an ejected rod accident, the fission energy input to the fuel
must not exceed 280 cal/gm (Ref. 3), and

d. CONTROL RODS must be capable of shutting down the reactor with
a minimum required SDM with the highest worth CONTROL ROD
stuck fully withdrawn (GDC 26, Ref. 1).

When FQ and F N limits are monitored by SUPR-FMTS, design criteria

a. and b. are preserved by limiting margin to the FQ and F N peaking limits
rather than by compliance with the regulating rod insertion, APSR
position, AXIAL POWER IMBALANCE, and QPT limits.

Fuel cladding damage does not occur when the core is operated outside
these LCOs during normal operation. However, fuel cladding damage
could result should an accident occur simultaneously with violation of one
or more of these LCOs. This potential for fuel cladding damage exists
because changes in the power distribution can cause increased power
peaking and corresponding increased local linear heat rates.

Operation at the APSR insertion limits may approach the maximum
allowable linear heat generation rate or peaking factor with the allowed
QPT present.

The APSR insertion limits satisfy Criterion 2 of 10 CFR 50.36(c)(2)(ii).

LCO The limits on APSR physical insertion as defined in the COLR must be
maintained because they serve the function of controlling the power
distribution within an acceptable range.
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LCO 3.2.2 has been modified by a Note that provides for the use of
Relaxed Axial Power Shaping Rod Limits when SUPR-FMTS is operable.

The fuel cycle design assumes APSR withdrawal at the effective full
power days (EFPD) burnup window specified in the COLR. Prior to this
window, the APSRs cannot be maintained fully withdrawn in steady state
operation. After this window, the APSRs are not allowed to be reinserted
for the remainder of the fuel cycle.

Error adjusted maximum allowable setpoints for APSR insertion are
provided in the COLR. The setpoints are derived by adjustment of the
measurement system independent limits to allow for THERMAL POWER
level uncertainty and rod position errors.

Actual alarm setpoints implemented in the unit may be more restrictive
than the maximum allowable setpoint values to allow for additional
conservatism between the actual alarm setpoints and the measurement
system independent limits.
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B 3.2 POWER DISTRIBUTION LIMITS

B 3.2.3 AXIAL POWER IMBALANCE Operating Limits

BASES

BACKGROUND This LCO is required to limit the core power distribution based on
accident initial condition criteria.

The power density at any point in the core must be limited to maintain
specified acceptable fuel design limits, including limits that satisfy the
criteria specified in 10 CFR 50.46 (Ref. 1). This LCO provides limits on
AXIAL POWER IMBALANCE to ensure that the core operates within the
FQ(Z) and FN limits in the COLR. Portions of these LCO limits may be
replaced by the continuous monitoring of F and FN provided byQ AH b
SUPR-FMTS, thereby providing for the use of a set of Relaxed LCO Limits.
Operation within the FQ(Z) limits
given in the COLR prevents power peaks that exceed the loss of coolant
accident (LOCA) limits derived from the analysis of the Emergency Core
Cooling Systems (ECCS). Operation within the F N limits given in theAH
COLR prevents departure from nucleate boiling (DNB) during a loss of
forced reactor coolant flow accident.

This LCO is required to limit fuel cladding failures that breach the primary
fission product barrier and release fission products into the reactor
coolant in the event of a LOCA, loss of forced reactor coolant flow
accident, or other postulated accident requiring termination by a Reactor
Protection System trip function. This LCO limits the amount of damage to
the fuel cladding during an accident by maintaining the validity of the
assumptions in the safety analyses related to the initial power distribution
and reactivity.

Fuel cladding failure during a postulated LOCA is limited by restricting the
maximum linear heat rate (LHR) so that the peak cladding temperature
does not exceed 2200A°F (Ref. 2). Peak cladding temperatures > 2200AOF
cause severe cladding failure by oxidation due to a Zircaloy water
reaction. Other criteria must also be met (e.g., maximum cladding
oxidation, maximum hydrogen generation, coolable geometry, and long
term cooling). However, peak cladding temperature is usually most
limiting.

Proximity to the DNB condition is expressed by the departure from
nucleate boiling ratio (DNBR), defined as the ratio of the cladding surface
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heat flux required to cause DNB to the actual cladding surface heat flux.
The minimum DNBR value during both normal operation and anticipated
transients is limited to the DNBR correlation limit for the particular fuel
design in use and is accepted as an appropriate margin to DNB. The
DNB correlation limit ensures that there is at least 95% probability at the
95% confidence level (the 95/95 DNB criterion) that the hot fuel rod in the
core does not experience DNB.

The measurement system independent limits on AXIAL POWER
IMBALANCE are determined directly by the reload safety evaluation
analysis without adjustment for measurement system error and
uncertainty. Operation beyond these limits could invalidate the
assumptions used in the accident analyses regarding the core power
distribution.

APPLICABLE The fuel cladding must not sustain damage as a result of normal
SAFETY operation (Condition 1) and anticipated operational occurrences
ANALYSES (Condition 2). The LCOs based on power distribution, LCO 3.2.1,

"Regulating Rod Insertion Limits," LCO 3.2.2, "AXIAL POWER SHAPING
ROD (APSR) Insertion Limits," LCO 3.2.3, "AXIAL POWER IMBALANCE
Operating Limits," and LCO 3.2.4, "QUADRANT POWER TILT (QPT),"
preclude core power distributions that would violate the following fuel
design criteria:

a. During a large break LOCA, peak cladding temperature must not
exceed 2200A°F (Ref. 1).

b. During a loss of forced reactor coolant flow accident, there must be at
least a 95% probability at the 95% confidence level (the 95/95 DNB
criterion) that the hot fuel rod in the core does not experience a DNB
condition.

The regulating rod positions, the APSR positions, the AXIAL POWER
IMBALANCE, and the QPT are process variables that characterize and
control the three dimensional power distribution of the reactor core.

When F and F N limits are monitored by SUPR-FMTS, design criteria
Q AH

a. and b. are preserved by limiting margin to the F and FNH peaking limits
rather than by compliance with the regulating rod insertion, APSR
position, AXIAL POWER IMBALANCE, and QPT limits.

Fuel cladding damage does not occur when the core is operated outside
this LCO during normal operation. However, fuel cladding damage could
result should an accident occur with simultaneous violation of one or
more of the LCOs governing the four process variables cited above. This
potential for fuel cladding damage exists because changes in the power
distribution can cause increased power peaking and corresponding
increased local LHRs.
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LCO The power distribution LCO limits have been established based on
correlations between power peaking and easily measured process
variables: regulating rod position, APSR position, AXIAL POWER
IMBALANCE, and QPT.

LCO 3.2.3 has been modified by a Note that provides for the use
of Relaxed AXIAL POWER IMBALANCE Limits when SUPR-FMTS
is operable.

The AXIAL POWER IMBALANCE envelope
contained in the COLR represents the setpoints for which the core power
distribution would either exceed the LOCA LHR limits or cause a
reduction in the DNBR below the Safety Limit during the loss of flow
accident with the allowable QPT present and with the APSR positions
consistent with the limitations on APSR withdrawal determined by the fuel
cycle design and specified by LCO 3.2.2.

Operation beyond the power distribution based LCO limits for the
corresponding ALLOWABLE THERMAL POWER and simultaneous
occurrence of either the LOCA or loss of forced reactor coolant flow
accident has an acceptably low probability. Therefore, if the LCO limits
are violated, a short time is allowed for corrective action before a
significant power reduction is required.
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B 3.2 POWER DISTRIBUTION LIMITS

B 3.2.4 QUADRANT POWER TILT (QPT)

BASES

BACKGROUND This LCO is required to limit the core power distribution based on
accident initial condition criteria.

The power density at any point in the core must be limited to maintain
specified acceptable fuel design limits, including limits that preserve the
criteria specified in 10 CFR 50.46 (Ref. 1). Together, LCO 3.2.1,
"Regulating Rod Insertion Limits," LCO 3.2.2, "AXIAL POWER SHAPING
ROD (APSR) Insertion Limits," LCO 3.2.3, "AXIAL POWER IMBALANCE
Operating Limits," and LCO 3.2.4, "QUADRANT POWER TILT (QPT),"
provide limits on control component operation and on monitored process
variables to ensure that the core operates within the FQ and F N

Q AH
limits given in the COLR. Portions of these LCO limits may be replaced
by the continuous monitoring of FQ and FN provided by SUPR-FMTS,
thereby providing for the use of a set of Relaxed LCO Limits.
Operation within the FQ limits given in the COLR
prevents power peaks that exceed the loss of coolant accident (LOCA)
limits derived by Emergency Core Cooling Systems (ECCS) analysis.
Operation within the FNH limits given in the COLR prevents departure
from nucleate boiling (DNB) during a loss of forced reactor coolant flow
accident.

This LCO is required to limit fuel cladding failures that breach the primary
fission product barrier and release fission products to the reactor coolant
in the event of a LOCA, loss of forced reactor coolant flow, or other
accident requiring termination by a Reactor Protection System trip
function. This LCO limits the amount of damage to the fuel cladding
during an accident by maintaining the validity of the assumptions used in
the safety analysis related to the initial power distribution and reactivity.

Fuel cladding failure during a postulated LOCA is limited by restricting the
maximum linear heat rate (LHR) so that the peak cladding temperature
does not exceed 2200A°F (Ref. 2). Peak cladding temperatures > 2200A°F
cause severe cladding failure by oxidation due to a Zircaloy water
reaction. Other criteria must also be met (e.g., maximum cladding
oxidation, maximum hydrogen generation, coolable geometry, and long
term cooling). However, peak cladding temperature is usually most
limiting.
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Proximity to the DNB condition is expressed by the departure from
nucleate boiling ratio (DNBR), defined as the ratio of the cladding surface
heat flux required to cause DNB to the actual cladding surface heat flux.
The minimum DNBR value during both normal operation and anticipated
transients is limited to the DNBR correlation limit for the particular fuel
design in use, and is accepted as an appropriate margin to DNB. The
DNBR correlation limit ensures that there is at least 95% probability at the
95% confidence level (the 95/95 DNB criterion) that the hot fuel rod in the
core does not experience DNB.

The measurement system independent limits on QPT are determined
directly by the reload safety evaluation analysis without adjustment for
measurement system error and uncertainty. Operation beyond these
limits could invalidate core power distribution assumptions used in the
accident analysis. The error adjusted maximum allowable alarm
setpoints (measurement system dependent limits) for QPT are specified
in the COLR.

APPLICABLE The fuel cladding must not sustain damage as a result of normal
SAFETY operation (Condition 1) and anticipated operational occurrences
ANALYSES (Condition 2). The LCOs based on power distribution (LCO 3.2.1,

LCO 3.2.2, LCO 3.2.3, and LCO 3.2.4) preclude core power distributions
that violate the following fuel design criteria:

a. During a large break LOCA, the peak cladding temperature must not
exceed 2200A°F (Ref. 3).

b. During a loss of forced reactor coolant flow accident, there must be at
least 95% probability at the 95% confidence level (the 95/95 DNB
criterion) that the hot fuel rod in the core does not experience a DNB
condition.

When F and F N limits are monitored by SUPR-FMTS, design criteria
SAH

a. and b. are preserved by limiting margin to the F and F N peaking limits
rather than the regulating rod insertion, APSR position, AXIAL POWER
IMBALANCE, and QPT limits.

QPT is one of the process variables that characterize and control the
three dimensional power distribution of the reactor core.

Fuel cladding damage does not occur when the core is operated outside
this LCO during normal operation. However, fuel cladding damage could
result if an accident occurs with simultaneous violation of one or more of
the LCOs governing the core power distribution. Changes in the power
distribution can cause increased power peaking and correspondingly
increased local LHRs.
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The dependence of the core power distribution on burnup, regulating rod
insertion, APSR position, and spatial xenon distribution is taken into
account during the reload safety evaluation analysis. An allowance for
QPT is accommodated in the analysis and resultant LCO limits. The
increase in peaking taken for QPT is developed from a database of full
core power distribution calculations (Ref. 4). The calculations consist of
simulations of many power distributions with tilt causing mechanisms
(e.g., dropped or misaligned CONTROL RODS, broken APSR fingers
fully inserted, misloaded assemblies, and burnup gradients). An increase
of < 2% peak power per 1% QPT is supported by the analysis, therefore a
value of 2% peak power increase per 1% QPT is used to bound peak
power increases due to QPT.

Operation at the AXIAL POWER IMBALANCE or rod insertion limits must
be interpreted as operating the core at the maximum allowable FQ(Z) or

FNH peaking factors for accident initial conditions with the allowed QPT
present.

QPT satisfies Criterion 2 of 10 CFR 50.36(c)(2)(ii).

LCO The power distribution LCO limits have been established based on
correlations between power peaking and easily measured process
variables: regulating rod position, APSR position, AXIAL POWER
IMBALANCE, and QPT. The regulating rod insertion limits and the AXIAL
POWER IMBALANCE boundaries contained in the COLR represent the
measurement system independent limits at which the core power
distribution either exceeds the LOCA LHR limits or causes a reduction in
DNBR below the safety limit during a loss of flow accident with the
allowable QPT present and with an APSR position consistent with the
limitations on APSR withdrawal determined by the fuel cycle design and
specified by LCO 3.2.2.

LCO 3.2.4 has been modified by a Note that provides for the use
of Relaxed Quadrant Power Tilt Limits when SUPR-FMTS is operable.

Operation beyond the power distribution based LCO limits for the
corresponding allowable THERMAL POWER and simultaneous
occurrence of one of a LOCA, loss of forced reactor coolant flow accident,
or ejected rod accident has an acceptably low probability. Therefore, if
these LCO limits are violated, a short time is allowed for corrective action
before a significant power reduction is required.

The maximum allowable setpoints for steady state, transient, and
maximum limits for QPT applicable for the full symmetrical Incore
Detector System, Minimum Incore Detector System, and Excore Detector
System are provided; the setpoints are given in the COLR. The setpoints
for the three systems are derived by adjustment of the measurement
system independent QPT limits given in the COLR to allow for system
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observability and instrumentation errors.

Actual alarm setpoints implemented in the plant may be more restrictive
than the maximum allowable setpoint values to allow for additional
conservatism between the actual alarm setpoint and the measurement
system independent limit.

It is desirable for an operator to retain the ability to operate the reactor
when a QPT exists. In certain instances, operation of the reactor with a
QPT may be helpful or necessary to discover the cause of the QPT. The
combination of power level restriction with QPT in each Required Action
statement restricts the local LHR to a safe level, allowing movement
through the specified applicability conditions in the exception to
Specification 3.0.3.
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B 3.2 POWER DISTRIBUTION LIMITS

B 3.2.5 Power Peaking Factors

BASES

BACKGROUND The purpose of this LCO is to establish limits that constrain the core
power distribution within design limits during normal operation
(Condition 1) and during anticipated operational occurrences
(Condition 2) such that accident initial condition protection criteria are
preserved. The accident initial condition criteria are preserved by
bounding operation at THERMAL POWER within specified acceptable
fuel design limits.

FQ(Z) is a specified acceptable fuel design limit that preserves the initial
conditions for the Emergency Core Cooling Systems (ECCS) analysis.
FQ(Z) is defined as the maximum local fuel rod linear power density
divided by the average fuel rod linear power density, assuming nominal
fuel pellet and rod dimensions. Because FQ(Z) is a ratio of local power
densities, it is related to the maximum local (pellet) power density in a fuel
rod. Operation within the FQ(Z) limits given in the COLR prevents power
peaking that would exceed the loss of coolant accident (LOCA) linear
heat rate (LHR) limits derived from the analysis of the ECCS.

The F N limit is a specified acceptable fuel design limit that preserves theAH
initial conditions for the limiting loss of flow transient. F N is defined as

AH
the ratio of the integral of linear power along the fuel rod on which the
minimum departure from nucleate boiling ratio (DNBR) occurs to the
average integrated rod power. Because FN is a ratio of integrated
powers, it is related to the maximum total power produced in a fuel rod.
Operation within the FNH limits given in the COLR prevents departure
from nucleate boiling (DNB) during a postulated loss of forced reactor
coolant flow accident.

Measurement of the core power peaking factors using the Incore Detector
System to obtain a three dimensional power distribution map provides
direct confirmation that FQ(Z) and F N are within their limits, and may beAH
used to verify that the power peaking factors remain bounded when one
or more normal operating parameters exceed their limits.

When SUPR-FMTS is operable, FQ(Z) and F N are continuouslyAH
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monitored so that the power distribution can be maintained within
the FQ(Z) and FN limits.

APPLICABLE The limits on FQ(Z) are determined by the ECCS analysis in order to limit
SAFETY peak cladding temperatures to 2200A°F during a LOCA. The maximum
ANALYSES acceptable cladding temperature is specified by 10 CFR 50.46 (Ref. 1).

Higher cladding temperatures could cause severe cladding failure by
oxidation due to a Zircaloy water reaction. Other criteria must also be
met (e.g., maximum cladding oxidation, maximum hydrogen generation,
coolable geometry, and long term cooling). However, peak cladding
temperature is usually most limiting.

The limits on FNH provide protection from DNB during a limiting loss of
flow transient. Proximity to the DNB condition is expressed by the DNBR,
defined as the ratio of the cladding surface heat flux required to cause
DNB to the actual cladding surface heat flux. The minimum DNBR value
during both normal operation and anticipated transients is limited to the
DNBR correlation limit for the particular fuel design in use, and is
accepted as an appropriate margin to DNB. The DNBR correlation limit
ensures that there is at least 95% probability at the 95% confidence level
(the 95/95 DNB criterion) that the hot fuel rod in the core does not
experience DNB.

This LCO precludes core power distributions that violate the following fuel
design criteria:

a. During a large break LOCA, peak cladding temperature must not
exceed 2200A°F (Ref. 1).

b. During a loss of forced reactor coolant flow accident, there must be at
least 95% probability at the 95% confidence level (the 95/95 DNB
criterion) that the hot fuel rod in the core does not experience a DNB
condition.

The reload safety evaluation analysis determines limits on global core
parameters that characterize the core power distribution. The primary
parameters used to monitor and control the core power distribution are
the regulating rod position, the APSR position, the AXIAL POWER
IMBALANCE, and the QPT. Either these parameters can be
used to monitor and control the core power distribution because their
measurements are continuously observable or SUPR-FMTS can be
used to directly and continuously monitor proximity to the FQ(Z)

and F N limits. Limits are placed on theseAH
parameters to ensure that the core power peaking factors remain
bounded during operation in MODE 1 with THERMAL POWER greater
than 20% RTP. Nuclear design model calculational uncertainty,
manufacturing tolerances (e.g., the engineering hot channel factor),
effects of fuel densification and rod bow, and modeling simplifications
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(such as treatment of the spacer grid effects) are accommodated through
use of peaking augmentation factors in the reload safety evaluation
analysis.

When SUPR-FMTS is in use, the regulating rod position, the APSR
position, the AXIAL POWER IMBALANCE, and the QPT limits are no
longer required to limit the core power distribution to preserve
design criteria a. and b. on a frequent basis and therefore they may be
relaxed to to less restrictive values which are needed to preserve
other design criteria such as reactivity or accident initial conditions.
When SUPR-FMTS is inoperable, the regulating rod position, the APSR
position, the AXIAL POWER IMBALANCE, and the QPT limits are
restricted to also limit design criteria a. and b.

FQ(Z) and FNH satisfy Criterion 2 of 10 CFR 50.36(c)(2)(ii).

LCO This LCO for the power peaking factors FQ(Z) and FN ensures that the
core operates within the bounds assumed for the ECCS and thermal
hydraulic analyses. Verification that FQ(Z) and FNH are within the limits of
this LCO as specified in the COLR allows continued operation at
THERMAL POWER when the Required Actions of LCO 3.1.4,
"CONTROL ROD Group Alignment Limits," LCO 3.2.1, "Regulating Rod
Insertion Limits," LCO 3.2.2, "AXIAL POWER SHAPING ROD Insertion
Limits," LCO 3.2.3, "AXIAL POWER IMBALANCE Operating Limits," and
LCO 3.2.4, "QUADRANT POWER TILT," are entered. Conservative
THERMAL POWER reductions are required if the limits on FQ(Z) and FN

are exceeded. Verification that FQ(Z) and FN are within limits is also
required during MODE 1 PHYSICS TESTS per LCO 3.1.8, "PHYSICS
TESTS Exceptions - MODE 1."

Measurement uncertainties are applied when FQ(Z) and FN are
determined using the Incore Detector System. The measurement
uncertainties applied to the measured values of F (Z) and FNH account
for uncertainties in observability and instrument string signal processing.

Uncertainties are applied to the power distribution measured by
SUPR-FMTS to preserve the FQ(Z) and FN limits. One is the dynamic
variance of the SUPR-FMTS methodology, which is calculated by the
system based on the number and type of power distribution measurement
instruments being used. Another is a static uncertainty that is
quantified by an analysis of the specific core and control rod geometry
and power distribution measurement instrument geometry. In addition,
the measured peak is augmented by other known bias factors.
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ACTIONS When SUPR-FMTS is inoperable, the operator must
take care in interpreting the relationship of the power
peaking factors FQ(Z) and F N to their limits. Limit values of FQ(Z) andAH
FN in the COLR may be expressed in either LHR or in peaking units.AH
Because FQ(Z) and FN are power peaking factors, constant LHR is
maintained as THERMAL POWER is reduced, thereby allowing power
peaking to be increased in inverse proportion to THERMAL POWER.
Therefore, the FQ(Z) and F N limits increase as THERMAL POWER

decreases (assuming FQ(Z) and FNH are expressed in peaking units) so
that a constant LHR limit is maintained.

When SUPR-FMTS is operable, a three-dimensional power distribution
is produced based on all available data related to power distribution
and the proximity of this power distribution to the FQ(Z) and F N peaking
limits is monitored. When either type of limit is exceeded, the
respective actions specified for exceeding that limit must be taken.

SURVEILLANCE
REQUIREMENTS

SR 3.2.5.1
Core monitoring is performed using the SUPR-FMTS system, when
operable. The peaking margin is monitored and is prevented from
becoming negative by changing soluble boron to move control rods,
by the use of APSR movement, or by reduction in THERMAL POWER.
When SUPR-FMTS is inoperable, core monitoring is performed
using the Incore Detector System to obtain
a three dimensional power distribution map. Maximum values of FQ(Z)

and F N obtained from this map may then be compared with the FQ(Z)
and limits in the COLR to verify that the limits have not been exceeded.
Measurement of the core power peaking factors in this manner may be
used to verify that the measured values of FQ(Z) and F N remain withinAH
their specified limits when one or more of the limits specified by
LCO 3.1.4, LCO 3.2.1, LCO 3.2.2, LCO 3.2.3, or LCO 3.2.4 is exceeded,
or when LCO 3.1.8 is applicable. If Fa(Z) and FN remain within their
limits when one or more of these parameters exceed their limits,
operation at THERMAL POWER may continue because the true initial
conditions (the power peaking factors) remain within their specified limits.

The SUPR-FMTS produced power distribution variance, ADJKPV(X,YZ),
is the variance of the measurement and core simulator. Periodic
comparison of this parameter with the expected values provided in the
COLR provides assurance that SUPR-FMTS is operating as expected.

Because the limits on FQ(Z) and FNH are preserved when the parameters
specified by LCO 3.1.4, LCO 3.2.1, LCO 3.2.2, LCO 3.2.3, and LCO 3.2.4
are within their limits, a Note is provided in the SR to indicate that
monitoring of the power peaking factors is required only when complying
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with the Required Actions of these LCOs and when LCO 3.1.8 is
applicable.

Frequencies for monitoring of the power peaking factors
and ADJKPV(X,YZ) are specified in
the Action statements of the individual LCOs. These Frequencies are
reasonable based on the low probability of a limiting event occurring
simultaneously with either FQ(Z) or FN exceeding its limit, and they
provide sufficient time for the operator to obtain a power distribution map
from the Incore Detector System when SUPR-FMTS is not operable.
When SUPR-FMTS is operable, the monitoring is more frequent since the
F,(Z) or FNH limits are being limited directly rather than by the indirect
means of limiting the regulating rod position, the APSR position, the AXIAL
POWER IMBALANCE, and the QPT limits, which, because their limits are
independent of each other, can limit the power peaking to less than the
FQ(Z) or FNH limit values. Indefinite THERMAL POWER
operation in a Required Action of LCO 3.1.4, LCO 3.2.1, LCO 3.2.2,
LCO 3.2.3, or LCO 3.2.4 is not permitted, in order to limit the potential for
exceeding both the power peaking factors assumed in the accident
analyses due to operation with unanalyzed core power distributions and
spatial xenon distributions beyond their analyzed ranges.



AREVA NP Inc. ANP-10301NP
Revision 0

Statistical Universal Power Reconstruction
with Fixed Margin Technical Specifications Page B-28

B.3 Westinghouse Plants

The following power distribution related Technical Specification modifications and

accompanying Bases are required for Westinghouse Plants using Standard Technical

Specifications. The Standard Technical Specifications reflect three different operating

methodologies, CAOC-Fxy (Constant Axial Offset Control), RAOC-W(Z) (Relaxed Axial

Offset Control), and CAOC-W(Z) (Constant Axial Offset Control). Since operation with

SUPR-FMTS will be similar to RAOC, the changes provided here are based on RAOC

methodology Standard Technical Specifications.
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B.3.1 Technical Specifications

3.2 POWER DISTRIBUTION LIMITS

3.2.1B Heat Flux Hot Channel Factor (FQ(Z) (RAOC-W(Z) Methodology)

LCO 3.2.1B

APPLICABILITY:

F,(Z), as approximated by Fc(Z) and FV(Z), shall be within the limits

specified in the COLR.

MODE 1.

ACTIONS

CONDITION REQUIRED ACTION COMPLETION TIME

D. SUPR-FMTS D.1 Control the reactor core to 1 hour
INOPERABLE comply with the Restricted

LCO Limits specified in the
COLR.

AND

Perform SR 3.2.1.1 24 hours
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SURVEILLANCE REQUIREMENTS
-NOTE-

During power escalation at the beginning of each cycle, THERMAL POWER may be increased
until an equilibrium power level has been achieved, at which a power distribution map is
obtained.

SURVEILLANCE FREQUENCY

SR 3.2.1.1 Verify FC(Z) is within limit. Once after each
refueling prior to
THERMAL
POWER
exceeding
75% RTP

AND

Once within
[12] hours after
achieving
equilibrium
conditions after
exceeding, by
> 10% RTP, the
THERMAL
POWER at which
FC(Z) was last
verified

AND

31 EFPD
thereafter

15 minutes

OR

-NOTE ------------------------------
Only required to be performed when SUPR-FMTS is
OPERABLE.

Verify Fc(Z) is within limits by using the
SUPR-FMTS System
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AND

Verify ADJKPV(X,YZ) for nodes with Relative Power
> 1.0 is less than the limits specified in the COLR.

AND

Verify measured values of FQ(Z) are within limits
specified in the COLR.

15 minutes

before
ADJKPV(X,Y,Z)
exceeds its limit

i __________________________
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SURVEILLANCE REQUIREMENTS

SURVEILLANCE FREQUENCY

SR 3.2.1.2 ----------------------- NOTE ---------------
Only required if SUPR-FMTS is INOPERABLE.

If measurements indicate that the
maximum over z [ FC(Z) / K(Z)]

has increased since the previous evaluation of
Fc(z):

a. Increase FW(Z) by the greater of a factor of
[1.02] or by an appropriate factor specified in

the COLR and reverify FV(Z) is within limits or

b. Repeat SR 3.2.1.2 once per 7 EFPD until either
a. above is met or two successive flux maps
indicate that the
maximum over z [ Fc(Z) / K(Z)]
has not increased.

Verify Fw(Z) is within limit. Once after each
refueling prior to
THERMAL
POWER exceed-
ing 75% RTP

AND

Once within
[12] hours after
achieving
equilibrium
conditions after
exceeding, by
> 10% RTP, the
THERMAL
POWER at which
Fwv(Z) was last

verified

AND
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31 EFPD
thereafter
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3.2.2 Nuclear Enthalpy Rise Hot Channel Factor (FN)

LCO 3.2.2 F N shall be within the limits specified in the COLR.

APPLICABILITY: MODE 1.

ACTIONS

CONDITION REQUIRED ACTION COMPLETION TIME

D. SUPR-FMTS D.1 Control the reactor core to 1 hour
INOPERABLE comply with the Restricted

LCO Limits specified in the
COLR.

AND

Perform SR 3.2.2.1 24 hours
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SURVEILLANCE REQUIREMENTS

SURVEILLANCE FREQUENCY

SR 3.2.2.1 Verify FNH is within limits specified in the COLR.

OR

---------------NOTE -----------------
Only required to be performed when SUPR-FMTS is
OPERABLE.

Once after each
refueling prior to
THERMAL
POWER
exceeding
75% RTP

AND

31 EFPD
thereafter

15 minutes

15 minutes

before
ADJKPV(X,Y,Z)
exceeds its limit

Verify F Nis within limits by using the
SUPR-FMTS System

AND

Verify ADJKPV(X,YZ) for nodes with Relative Power
> 1.0 is less than the limits specified in the COLR.

AND

Verify measured values of F are within limits
specified in the COLR.
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3.2.3BAXIAL FLUX DIFFERENCE (AFD) (Relaxed Axial Offset Control (RAOC)
Methodology)

LCO 3.2.3 The AFD in % flux difference units shall be maintained within the limits
specified in the COLR.

--- - - - - - - - - - - - - - - - - - - - -I'ILJ " r.r ----------------------------------------------

1. The AFD shall be considered outside limits when two or more
OPERABLE excore channels indicate AFD to be outside limits.

2. Relaxed limits specified in the COLR may be used when SUPR-FMTS
is OPERABLE.

APPLICABILITY: MODE 1 with THERMAL POWER _> 50% RTP.

SURVEILLANCE REQUIREMENTS

SURVEILLANCE FREQUENCY

SR 3.2.3.1 Verify AFD within limits for each OPERABLE excore 7 days

channel.

OR

Verify AFD is within limits using SUPR-FMTS 15 minutes



AREVA NP Inc. ANP-1 0301 NP
Revision 0

Statistical Universal Power Reconstruction
with Fixed Margin Technical Specifications Page B-37

B.3.2 Bases

B 3.2 POWER DISTRIBUTION LIMITS

B 3.2.1B Heat Flux Hot Channel Factor (FQ(Z) (RAOC-W(Z) Methodology)

BASES

BACKGROUND The purpose of the limits on the values of FQ(Z) is to limit the local
(i.e., pellet) peak power density. The value of FQ(Z) varies along the axial
height (Z) of the core.

FQ(Z) is defined as the maximum local fuel rod linear power density
divided by the average fuel rod linear power density, assuming nominal
fuel pellet and fuel rod dimensions. Therefore, Fa(Z) is a measure of the
peak fuel pellet power within the reactor core.

When SUPR-FMTS is operable, FQ(Z) and F N are directly and
Q LxH

continuously monitored so that the power distribution can be
maintained within the F,(Z) and F N limits.

When SUPR-FMTS is inoperable, the global power distribution is limited by
LCO 3.2.3, "AXIAL FLUX DIFFERENCE (AFD)," and LCO 3.2.4,
"QUADRANT POWER TILT RATIO(QPTR)," which are directly and
continuously measured process variables. These LCOs, along with
LCO 3.1.6, "Control Bank Insertion Limits," maintain the core limits on
power distributions on a continuous basis.

LCO The Heat Flux Hot Channel Factor, FQ(Z), shall be limited by the following
relationships:

FQ(Z) < (CFQ / P) K(Z)

FQ(Z) < (CFQ / 0.5) K(Z)

for P > 0.5

for P < 0.5

where: CFQ is the FQ(Z) limit at RTP provided in the COLR,

K(Z) is the normalized FQ(Z) as a function of core height
provided in the COLR, and
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P = THERMAL POWER / RTP

For this facility, the actual values of CFQ and K(Z) are given in the COLR;
however, CFQ is normally a number on the order of [2.32], and K(Z) is a
function that looks like the one provided in Figure B 3.2.1B-1.

For Relaxed Axial Offset Control operation, FQ(Z) is approximated by

FC(Z) and FW(Z). Thus, both FC(Z) and FW(Z) must meet the preceding
limits on FQ(Z).

When SUPR-FMTS is inoperable,
an FC(Z) evaluation requires obtaining an incore flux map in MODE 1.

From the incore flux map results we obtain the measured value ( Fm(Z) ) of
FQ(Z). Then,

Fc(Z) = FM(Z) [1.0815]

where [1.0815] is a factor that accounts for fuel manufacturing tolerances
and flux map measurement uncertainty.
FC(Z) is an excellent approximation for FQ(Z) when the reactor is at the

steady state power at which the incore flux map was taken.

The expression for Fw(Z) is:

FW(Z) = FC(Z) W(Z)

where W(Z) is a cycle dependent function that accounts for power
distribution transients encountered during normal operation. W(Z) is
included in the COLR. The FC(Z) is calculated at equilibrium conditions.

When SUPR-FMTS is operable, FQ(Z) is directly and continuously
monitored so that the power distribution can be maintained within limits.
The measured peak is augmented by both SUPR-FMTS uncertainty factors
and other known bias factors before comparison with the limit.

SURVEILLANCE
REQUIREMENTS

SR 3.2.1.1
Verification that FC(Z) is within its specified limits involves

increasing FM(Z) to allow for manufacturing tolerance and measurement

uncertainties in order to obtain FC(Z) . Specifically, Fm(Z) is the
measured value of FQ(Z) obtained from incore flux map results and

Fc(Z) = FM(Z) [1.0815] (Ref. 4). FC(Z) is then compared to its specified
limits.
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The limit with which FC(Z) is compared varies inversely with power above
50% RTP and directly with a function called K(Z) provided in the COLR.

Performing this Surveillance in MODE 1 prior to exceeding 75% RTP
ensures that the FC(Z) limit is met when RTP is achieved, because
peaking factors generally decrease as power level is increased.

If THERMAL POWER has been increased by _> 10% RTP since the last
determination of FC(Z) , another evaluation of this factor is required
[12] hours after achieving equilibrium conditions at this higher power level
(to ensure that FC(Z) values are being reduced sufficiently with power
increase to stay within the LCO limits).

The Frequency of 31 EFPD is adequate to monitor the change of power
distribution with core burnup because such changes are slow and well
controlled when the plant is operated in accordance with the Technical
Specifications (TS).

When SUPR-FMTS is operable, the Fm(Z) is maintained within the
FQ(Z) limit and the surveillance verifies that the SUPR-FMTS is
performing as expected. This is accomplished by comparing the
Fm(Z) variance (ADJKPV) to the expected value provided in the COLR.
If the variance exceeds the limit, then SUPR-FMTS is declared
inoperable, the restricted AFD and QPTR limits are used, and FM(Z)
is verified to be within the Technical Specification limits with an
incore flux map.

SR 3.2.1.2
The Frequency is changed under SUPR-FMTS because that methodology
incorporates an automatic variance adjustment which is based on a
comparison to frequently monitored assembly exit thermocouples and
excore flux detectors and which is included in the calculation of the
margin to the FQ(Z) limits. The need for a flux map is instead indicated by
the variance, ADJKPV, exceeding the limits in the COLR. If SUPR-FMTS
becomes INOPERABLE and it has been more than 31 EFPD since the last
power distribution measurement, then the surveillane reverts to the other
part of SR 3.2.1.2 and another measurement is required as soon as
practical to meet the 31 EFPD frequency requirement.
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B 3.2 POWER DISTRIBUTION LIMITS

B 3.2.2 Nuclear Enthalpy Rise Hot Channel Factor (FN)

BASES

BACKGROUND The purpose of this LCO is to establish limits on the power density at any
point in the core so that the fuel design criteria are not exceeded and the
accident analysis assumptions remain valid. The design limits on local
(pellet) and integrated fuel rod peak power density are expressed in terms
of hot channel factors. Control of the core power distribution with respect
to these factors ensures that local conditions in the fuel rods and coolant
channels do not challenge core integrity at any location during either
normal operation or a postulated accident analyzed in the safety
analyses.

F N is defined as the ratio of the integral of the linear power along the fuel
AH

rod with the highest integrated power to the average integrated fuel rod
power. Therefore, F N is a measure of the maximum total powerAH
produced in a fuel rod.

F N is sensitive to fuel loading patterns, bank insertion, and fuel burnup.
AH

FNH typically increases with control bank insertion and typically decreases
with fuel burnup.

F N is not directly measurable but is inferred from a power distribution
AH

map obtained with the movable incore detector system. Specifically, the
results of the three dimensional power distribution map are analyzed by a
computer to determine FNH. This factor is calculated at least every
31 EFPD. However, during power operation, the global power distribution
is monitored by LCO 3.2.3, "AXIAL FLUX DIFFERENCE (AFD)," and
LCO 3.2.4, "QUADRANT POWER TILT RATIO (QPTR)," which address
directly and continuously measured process variables.
The Restricted Limits in the COLR for the process variables are
monitored when SUPR-FMTS is inoperable. When, SUPR-FMTS is
operable, the Relaxed Limits in the COLR for the process variables are
monitored and margins to FQ(Z) and F N are continuously monitoredAH
so that the power distribution can be maintained within these limits.

LCO F N shall be maintained within the limits of the relationship provided in
AH

the COLR.
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The F N limit identifies the coolant flow channel with the maximum
AH

enthalpy rise. This channel has the least heat removal capability and
thus the highest probability for a DNB.

The limiting value of FN , described by the equation contained in the
AH

COLR, is the design radial peaking factor used in the unit safety
analyses.

A power multiplication factor in this equation includes an additional
margin for higher radial peaking from reduced thermal feedback and
greater control rod insertion at low power levels. The limiting value of is
F N allowed to increase 0.3% for every 1% RTP reduction in THERMAL
POWER.

When SUPR-FMTS is operable, FQ(Z) and F N are continuously
monitored so that the power distribution can be maintained within limits.

SURVEILLANCE SR 3.2.2.1
REQUIREMENTS

The value of F N is determined by using the movable incore detectorAH
system to obtain a flux distribution map. A data reduction computer
program then calculates the maximum value of F N from the measuredAH
flux distributions. The measured value of F N must be multiplied by 1.04AH emlile y10
to account for measurement uncertainty before making comparisons to
the F N limit.

AH

After each refueling, F N must be determined in MODE 1 prior toAH
exceeding 75% RTP This requirement ensures that F N limits are met atAH
the beginning of each fuel cycle.

The 31 EFPD Frequency is acceptable because the power distribution
changes relatively slowly over this amount of fuel burnup. Accordingly,
this Frequency is short enough that the F N limit cannot be exceeded forAH
any significant period of operation.

When SUPR-FMTS is operable, the FNH is maintained within the

FH limit and the surveillance verifies that the SUPR-FMTS is
performing as expected. This is accomplished by comparing the
SUPR-FMTS variance (ADJKPV) to the expected value provided in the
COLR. If the variance exceeds the limit, then SUPR-FMTS is declared
inoperable, the restricted AFD and QPTR limits are used and
a flux map is taken to determine if the variance is due to
a real deviation between the core simulator and the core or
to problems with the thermocouple data.
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The Frequency is extended under SUPR-FMTS because that methodology
incorporates an automatic variance adjustment which is based on a
comparison to frequently monitored assembly exit thermocouples and
excore flux detectors and which adjustment is included in the calculation
of the margin to the F N limits. The need for a flux map is therefore
indicated by the variance, ADJKPV, exceeding the limits in the COLR.
If SUPR-FMTS becomes INOPERABLE and it has been more than
31 EFPD since the last power distribution measurement, then the
surveillance reverts to the other part of SR 3.2.1.2 and another
measurement is required as soon as practical to meet the 31 EFPD
frequency requirement.
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B 3.2 POWER DISTRIBUTION LIMITS

B 3.2.3B AXIAL FLUX DIFFERENCE (AFD) (Relaxed Axial Offset Control (RAOC)

Methodology)

BASES

BACKGROUND The purpose of this LCO is to establish limits on the values of the AFD in
order to limit the amount of axial power distribution skewing to either the
top or bottom of the core. By limiting the amount of power distribution
skewing, core peaking factors are consistent with the assumptions used
in the safety analyses. Limiting power distribution skewing over time also
minimizes the xenon distribution skewing, which is a significant factor in
axial power distribution control.

RAOC is a calculational procedure that defines the allowed operational
space of the AFD versus THERMAL POWER. The AFD limits are
selected by considering a range of axial xenon distributions that may
occur as a result of large variations of the AFD. Subsequently, power
peaking factors and power distributions are examined to ensure that the
loss of coolant accident (LOCA), loss of flow accident, and anticipated
transient limits are met. Violation of the AFD limits invalidate the
conclusions of the accident and transient analyses with regard to fuel
cladding integrity.

Portions of these LCO limitsmay be replaced by the continuous monitoring
of FQ and FNH provided by SUPR-FMTS, thereby providing for the use of a
set of Relaxed LCO Limits.

APPLICABLE The AFD is a measure of the axial power distribution skewing to either the
SAFETY top or bottom half of the core. The AFD is sensitive to many core related
ANALYSES parameters such as control bank positions, core power level, axial

burnup, axial xenon distribution, and, to a lesser extent, reactor coolant
temperature and boron concentration.

The allowed range of the AFD is used in the nuclear design process to
confirm that operation within these limits produces core peaking factors
and axial power distributions that meet safety analysis requirements.

When SUPR-FMTS is operational, this function of the AFD limits is not
required to preserve the LOCA and LOFA initial conditions and so a set
of Relaxed AFD limits may be used.
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LCO The shape of the power profile in the axial (i.e., the vertical) direction is
largely under the control of the operator through the manual operation of
the control banks or automatic motion of control banks. The automatic
motion of the control banks is in response to temperature deviations
resulting from manual operation of the Chemical and Volume Control
System to change boron concentration or from power level changes.

Signals are available to the operator from the Nuclear Instrumentation
System (NIS) excore neutron detectors (Ref. 3). Separate signals are
taken from the top and bottom detectors. The AFD is defined as the
difference in normalized flux signals between the top and bottom excore
detectors in each detector well. For convenience, this flux difference is
converted to provide flux difference units expressed as a percentage and
labeled as %A flux or %AI.

The AFD limits are provided in the COLR. Figure B 3.2.3B-1 shows
typical RAOC AFD limits. The AFD limits for RAOC do not depend on the
target flux difference. However, the target flux difference may be used to
minimize changes in the axial power distribution.

Violating this LCO on the AFD could produce unacceptable
consequences if a Condition 2, 3, or 4 event occurs while the AFD is
outside its specified limits.

LCO 3.2.3B has been modified by a Note that provides for the use of
Relaxed AFD Limits when SUPR-FMTS is operable.
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B 3.2 POWER DISTRIBUTION LIMITS

B 3.2.4 QUADRANT POWER TILT RATIO (QPTR)

BASES

APPLICABLE
SAFETY
ANALYSES

This LCO precludes core power distributions that violate the following fuel
design criteria:

a. During a large break loss of coolant accident, the peak cladding
temperature must notexceed 2200AF (Ref. 1),

b. During a loss of forced reactor coolant flow accident, there must be at
least 95% probability at the 95% confidence level (the 95/95
departure from nucleate boiling (DNB) criterion) that the hot fuel rod
in the core does not experience a DNB condition,

c. During an ejected rod accident, the energy deposition to the fuel
must not exceed 280 cal/gm (Ref. 2), and

d. The control rods must be capable of shutting down the reactor with a
minimum required SDM with the highest worth control rod stuck fully
withdrawn (Ref. 3).

When F0 and F N limits are monitored by SUPR-FMTS, design criteria
Q AH

a. and b. are preserved directly rather than by limiting the regulating rod
insertion, AXIAL POWER IMBALANCE, and QPT.

LCO The QPTR limit of 1.02, at which corrective action is required, provides a
margin of protection for both the DNB ratio and linear heat generation rate
contributing to excessive power peaks resulting from X-Y plane power
tilts. A limiting QPTR of 1.02 can be tolerated before the margin for
uncertainty in FQ(Z) and (FA N) is possibly challenged.

LCO 3.2.4 has been modified by a Note that provides for the use of
Relaxed QPTR Limits when SUPR-FMTS is operable.
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B.4 Combustion Engineering Plants

The following power distribution related Technical Specification modifications and

accompanying Bases are required for Combustion Engineering Plants using Standard

Technical Specifications. The Standard Technical Specifications reflect two different

monitoring methodologies, Analog and Digital. Since operation with SUPR-FMTS will

be similar to Digital, the changes provided here are based on Digital methodology Stan-

dard Technical Specifications. Furthermore, since the SUPR-FMTS is a computer-

based monitoring system, similar to the Core Operating Limit Supervisory System

(COLSS), references in the Standard Technical Specifications to COLSS were not

changed to SUPR-FMTS to highlight only the Technical Specification changes neces-

sary to implement SUPR-FMTS. In this context, COLSS is used to indicate the combi-

nation of the present COLSS functionality and the SUPR-FMTS. Since the SUPR-

FMTS approach is similar to the COLSS, fewer changes are required to Combustion

Engineering Technical Specifications to implement SUPR-FMTS than for other plant

types.
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B.4.1 Technical Specifications

3.2 POWER DISTRIBUTION LIMITS

3.2.1 Linear Heat Rate (LHR) (Digital)

LCO 3.2.1 LHR shall not exceed the limits specified in the COLR.

APPLICABILITY: MODE 1 with THERMAL POWER > 20% RTP.

ACTIONS

CONDITION REQUIRED ACTION COMPLETION TIME

D. SUPR-FMTS D.1 Control the reactor core to 1 hour
INOPERABLE comply with the Restricted

LCO Limits specified in the
COLR.

AND

Perform SR 3.2.1.1 and within 2 hours
SR 3.2.1.2
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SURVEILLANCE REQUIREMENTS

SURVEILLANCE FREQUENCY

SR 3.2.1.3

--------------------- NOTE -----------------
Only required to be performed when SUPR-FMTS is
OPERABLE.

Verify ADJKPV(X,YZ) for nodes with Relative Power 15 minutes
> 1.0 is less than the limits specified in the COLR.
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3.2.2 Planar Radial Peaking Factors (Fxy) (Digital)

LCO 3.2.2 The measured Planar Radial Peaking Factors (F c(Z)) shall be equal to or
less than the Planar Radial Peaking Factors (Fxy). (These factors are
used in the Core Operating Limit Supervisory System (COLSS) and in the
Core Protection Calculators (CPCs)).

APPLICABILITY: MODE 1 with THERMAL POWER > 20% RTP.

ACTIONS

CONDITION REQUIRED ACTION COMPLETION TIME

B. SUPR-FMTS B.1 Control the reactor core to 1 hour
INOPERABLE comply with the Restricted

LCO Limits specified in the
COLR.

AND

Perform SR 3.2.2.1 24 hours
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SURVEILLANCE FREQUENCY

i

SR 3.2.2.1 Verify measured F M(Z) obtained using the Incore
Detector System is equal to or less than the value of
FxC(Z) used in the COLSS and CPCs.

Once after each
fuel loading with
THERMAL
POWER
> 40% RTP but
prior to operations
above 70% RTP

AND

31 EFPD
thereafter

15 minutes

SR 3.2.2.2

-------------------- NOTE
Only required to be performed when SUPR-FMTS is
OPERABLE.

Verify ADJKPV(X,YZ) for nodes with Relative Power
> 1.0 is less than the limits specified in the COLR.
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3.2.5 AXIAL SHAPE INDEX (ASI) (Digital)

LCO 3.2.5 ASI shall be within the limits specified in the COLR.

--NOTE

Relaxed limits specified in the COLR may be used when SUPR-FMTS
is OPERABLE.

APPLICABILITY: MODE 1 with THERMAL POWER > 20% RTP.
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B.4.2 Bases

B 3.2 POWER DISTRIBUTION LIMITS

B 3.2.1 Linear Heat Rate (LHR) (Digital)

BASES

ACTION B.1
When ADJKPV is above the limits specified in the COLR, the
system must be declared inoperable and the restricted limits
applied.

SURVEILLANCE SR 3.2.1.3
REQUIREMENTS

The SUPR-FMTS produced power distribution variance, ADJKPV(x,yz),
is the variance of the measurement and the core simulator. Periodic
comparison of this parameter with the expected values provided in the
COLR provides assurance that SUPR-FMTS is operating as expected.
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B 3.2 POWER DISTRIBUTION LIMITS

B 3.2.2 Planar Radial Peaking Factors (Fxy) (Digital)

BASES

ACTION B.1
When ADJKPV is above the limits specified in the COLR, the
system must be declared inoperable and the restricted limits
applied.

SURVEILLANCE SIR 3.2.2.2
REQUIREMENTS

The SUPR-FMTS produced power distribution variance, ADJKPV(x,yz),
is the variance of the measurement and the core simulator. Periodic
comparison of this parameter with the expected values provided in the
COLR provides assurance that SUPR-FMTS is operating as expected.
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B 3.2 POWER DISTRIBUTION LIMITS

B 3.2.5 AXIAL SHAPE INDEX (ASI) (Digital)

BASES

BACKGROUND The purpose of this LCO is to limit the core power distribution to the initial
values assumed in the accident analysis. Operation within the limits
imposed by this LCO either limits or prevents potential fuel cladding
failures that could breach the primary fission product barrier and release
fission products to the reactor coolant in the event of a loss of coolant
accident (LOCA), loss of flow accident, ejected control element assembly
(CEA) accident, or other postulated accident requiring termination by a
Reactor Protection System (RPS) trip function. This LCO limits the
amount of damage to the fuel cladding during an accident by ensuring
that the plant is operating within acceptable conditions at the onset of a
transient.

Portions of the ASI limit may be replaced by the continuous monitoring
of the LHR and DNBR provided by SUPR-FMTS, thereby providing for
the use of a set of Relaxed ASI Limits.

LCO
LCO 3.2.5 has been modified by a Note that provides for the use
of Relaxed ASI Limits when SUPR-FMTS is operable.
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Appendix C EXAMPLE APPLICATION

An example application of the methodology is given for the generation of the measured

power distribution from the online core simulator and the movable incore detector (TIP)

readings. The generation of the RPD variance at an intermediate time between TIP

measurements based on the measured assembly exit thermocouples and excore detec-

tors is also provided. An example calculation of peaking margin for the limiting location

in the core based on the measured core power distribution and the adjusted variance is

then provided. An example of FQ and FAH monitoring is provided. Sections C.1

through C.4 show the Statistical Universal Power Reconstruction (SUPR). Section

C.5 shows the Fixed Margin Tech Specs (FMTS) application.

C.11' Movable Incore Detector Results

The traveling incore probes (TIPs) are used to measure the neutron flux in the moni-

tored subset of fuel assembly locations. These readings are interpreted by presently

used methods [2] and provide a set of relative powers. An example set of unprocessed

and processed measured relative powers are shown in Figures C-1 and C-2. Note that

the figures in this section only show five axial levels while flux maps are typically taken

using 60 axial levels and monitoring is done using many more than five levels. The

reduced data set is used for brevity, in actual operation many more axial levels can be

accommodated. Also note that "0.000" values for measured parameters represent

failed measurement locations.
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Figure C-1 Example Unprocessed TIP Values (Raw Signals)

X 1 2 3 4 5 6 7
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0.158
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0.214

8 9 10
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0.225

11 12 13 14 15
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0.391
0.469
0.520
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0.214
0.452
0.524
0.573
0.580
0.265
0.422
0.495
0.535
0.546

0.290
0.463
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0.616
0.620

0.287
0.421
0.502
0.565
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4 0.305
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0.345
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0.504
0.564
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5
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0.446
0.534
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0.615
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0.482
0.568
0.621
0.621

0.317
0.447
0.535
0.601
0.606

1 0.312
0.462
0.553
0.623
0.629

0.100
0.167

6 0.198
0.221
0.224

0.288
0.462
0.548
0.613
0.625

0.326
0.457
0,536
0.594
0.598

0.324
0.491
0.571
0.620
0.623

0.253
0.396
0.473
0.521
0.523

7

0.292
0.467
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0.593
0.596

0.318
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10

11

12

13

14
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0.483
0.566
0.626
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0.543
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0.611

0.290
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0.629
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0.317
0.448
0.528
0.589
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0.464
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0.592
0.595

0.318
0.455
0.537
0.598
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0.080
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0.178
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0.290
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0.000
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0.344
0.417
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0.170
0.192
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0.428
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0.389
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0.171 FkF1I

k=2
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Figure C-2 Example Processed TIP Values (RPDs)

X 1 2 3 4

1
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00.
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1.336 1.366 1.566 0.367
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.035 1.397 0.686
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0.000
0.000
0.000
0.000
0.000
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1.238
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1.148
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9 0.000
0.000
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10
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13
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1.086
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1.591
1.397

0

1.090
1.631
1.681
1.614
1.440

0.768
1.250
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1.218
1.067
0.236
0.346
0.367
0.361
0.336

1.074
1.627
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1.570
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0

0
0.222
0.333
0.357
0.352
0.334
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Fk= 1,1

k=2
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C.2 Core Simulator Results

The online core simulator is run with the same plant parameter values (temperatures,

rod positions, burnup, and offset) as were present at the time the movable incore detec-

tors were used to measure the power distribution in the subset of fuel assembly loca-

tions. An example set of calculated relative powers are shown in Figure 0-3.
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Figure C-3 Example Core Simulator Results
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1.298 1.612
1.258 1.541
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1.072 0.916
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1.325
1.325
1.252
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1.317
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1.206
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1.540 1.252 1.111 1.260 11.542 1.201
1.369 1.152 1.037 1.161 1.372 1.097
0.899 1.099 0.855 J1.105 I0.902 1.095
1.240 1.558 1.172 1 565 1 ,242 1.577
1.269 1.579 1.201 1 585 1.273 1.604
1.238 1.517 1.178 1.524 1.243 1.532
1.135 1.360 1.088 1.366 11.139 1.355
1.120 0.898 1 60 .898~ 1.120 0.899
1.593 1.240 1.577 1.240 1.592 1.240
1.615 1.270 1.600 1:270 1.'615 1 1.269
1.548 1.240 1.536 1.240 11.548 11.238
1.381 1.134 11.1372 1 1135 1.381 1.133
0.898 1.095 10.884 1.095 0.898 1.098
1.240 1.573 i1.217 1.573 1.240 1.557
1.270 1.604 1.253 1.604 1.270 1.577
1.,240 1.538 1.228 1.538 I1.239 1.516
1.135 1.366 1.131 j1.366 1.133 .1.358

1.109 0.884 0.803 0.885 1.107 0.855
1.580 1.217 1.101 1.218 11.577 1.171
1,601 1.253 1. 141 1.254 1.599 1.200
1.538 1.228 1.126 1.230 1.536 .1.177

1.374 i1.131 1.046 1.132 1.372 1.087

0.488 0.242
0.699 0.342
0.716 0.355
0.695 0.349
0.631 0.324___
1.028 0.833 0.244
1.507 1.223 0.346
1.508 1.223 0.358
1.416 1.159 0.351
1.231 1.025 0.324
0.881 1.0327-T6b48 6
1.227 1.514 0.696
1.250 11.514 0.712
1.206 1.420 0.689
1.092 1.232 0.623
0.870 1.106 0.900 0.233
1.206 1.623 1.324 0.332
1.237 1.625 1.323 0.344
1.203 1.522 1.251 0.339
1,097 1.316 1.099 0.314
1.120 096 0b~~.938  0.295
1.594 1.276 1.372 0.413
1.611 1.299 1.378 0.428
1.539 1.257 1.310 0.422
1.367 1.140 1.158 :0.392
0.910 1.ý0560 0.740 0.287
1.25 1541034 0.396
1.279 1.543 1.057 0.415
1.249 1.472 i1.029 0.415
1.149 1.307 0.945 0.393

f-- 4 -r
0.896 0911 0336

0.342
0.479
0.499
0.496
0.467
0.289
0.399
0.4 17
0.417
0.397
0.296
0.414
0.428
0.423
0.393

0.92 1
1.329
1.342
1.290
1.161
0.744
1.038
1.060
1.033
0.948
0.939
1.373
1.379
1.3 11
1.159

0.902 0.803
1.241 1.093
1.266 1.125
1.234 1.110
1.1,36 1.037
1.064 0.915
1.530 It1.256
1.548 1.284
1.477 1.254
1.312 1.154
0.918 1.122
1;277 1.597
1.300 11.613
1.258 11.540
1.142 3!1.369

0.856
1.173
1.202
1.179
1.089

0.800
1.090
1.121
1.106
1.032

0.896
1.236
1.261
1.229
1.130

126 1.318 0.471
1.61.1332 0,491
129 1.280 0.487
110 1.150 0.458

0.737 0.274
1.030 0.379
1.053 0.397
1.026 0.397
0.941 0.377

1.101
1.561
1.581
1.520
1.362
0.901
1.241
1.270
1.239
1.135

0.903 1.096 0.884 1.095
1.247 1.576 1.217 1.574
1.276 1.606 1.253 1.604
1.245 1.539 1.228 1.538
1.138 1.367 1.131 1.366
1.123 0.899 i1.100-.-900
1.597 1.241 .1.580 1.242
1.618 1.271 1.602 1.272
1.551 1.241 1.538 1.241
1.383 1.135 1.374 1.135

0.898 1.102
1.240 1.562
1.,270 1.583
1.240 1.521
1.134 1.363

0.912
1.253
1.282
1.252
1.152

1.063
1.529
1.548
1.477
1.311

1.121 i0.901
1.593 1.241
1.615 11.272
1.548 1.242
1.381 1.139

1.115
1.588
1.607
1.536
1.366

0.907
1.265
1.290
1.250
1.136

0.923 0.289
1.354 0.406
1.364 0.422
1.298 0.417
1.149 0.388

0:233
0.331

11 0344I 0.339
L0.314

12

13

0.900
1.323
1.322
1.250
1.098
0.485
0.696
0.711
0.688
0.623
0.243
0.345
0.357
0.350
0.323

1.106 10.870
1.622 :1.206
1.623 1.236
1.522 1.203
1.315 1.097
1.031 0.877
1.512 i1.222
1.512 1.244
1.417 1.202
1.230 1.088
0.832 1.024
1.221 1.502
1.222 1.504
1.158 1.412
1.024 1.228
0.244 0.484
0.347 10.693
0.360 0.711
0.354 0.690
0.327 0.626

1.095 0.905 1.107 0.861 1.101 0.900 1.093
1.578 1.246 .1.569 1.180 1.561 1.241 1.575
1.605 1.278 1.588 1.209 1.581 1.270 1.602
1.533 1.247 1.526 1.184 1.519 1.239 1 1.530
1.356 1.143 1.368 1.093 1.362 1.134 1.353
0.867 1.120 0.917 0.804 0.916 1.121 0.869
1.202 1.594 1.258 1.094 1.257 1.596 1.204
1.232 1.613 1.287 1.125 1.285 1.613 1.235
1.200 1.541 1.256 1.111 1.255 1.540 1.201
1.096 _1.372 .1.157 1.037 1.155 1.368 1.095
1.097 0.914 1.071 0.901 1.064 0.97 '1.104
1.609 1.272 1.540 1.241 1.530 1.277 1.620
1.614 1.296 1.557 1:265 1.548 1.299 1.621
1.515 1.256 1.486 1.234 1.477 I1.258 1.520
1.313 1.141 1.319 1.135 1.312 1.141 1.313
0.896 0.935 0.748 0.921 I0.744 0.939 0.899
1.318 1.368 1.043 1.329 1.037 1.373 11.321
1.320 1.375 .1.065 1.341 1.059 1.377 I1.321
1.250 1.310 1.038 1.289 1.032 1.310 i1.249
1.101 1.161 0.954 1.160 0.948 1.159 11.097
0.239 0.297 0.301 0.-342 0280.295 0.233
0.338 0.415 0.414 0.479 0:398 0:414 0.331

032I041 0:433 0.498 0.416 0.428 0.344
0.349 0.426 0.433 0.495 0.417 0.422 0.339

0.326 0.397 0.411 0.466 0.396 0.393 0.314

0.864 1.091 0.889 0.237
1.198 1.601 1.310 0.335
1.230 1.608 1.313 10.349
1.198 1.509 1.244 1 0.346
1.094 1.307 1.094 110.322
0.875 1.019 0.482
1.220 1.496 0.690
1.243 1.499 0.708
1.200 1.408 0.688
1.086 1.224 0.624
1.028 0.828 0.240
1.508 1.216 0.340
1.508 1.217 0.353
1.414 1.153 0.348
1.228 1.021 0.322
0.484 0.242
0.694 0.344
0.710 0.355I
0.687 0.349
0.622 ,0.321

k1
k:21

k4
k=5

14

15 I
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C.3 Kriging Results

The detailed core simulator results and the processed TIP measurements are input to

the kriging process. An example of the resulting relative power distribution is shown in

Figure C-4. An example of the estimate of the variance (shown as standard deviation)

is shown in Figure C-5.

C.4 Variance Adjustment at Intermediate Times

This section will show the adjustments made to the calculated variance at times without

a direct power measurement. Data for the following figures uses the core simulator out-

put and plant process data, including the thermocouple and excore detector readings,

approximately two weeks after the flux map presented previously.

For systems where the power distribution is infrequently measured, such as movable or

TIP systems, the more frequently measured power distribution-related parameters, such

as excore detector and assembly exit thermocouple readings, are compared to values

derived from the kriged power distribution at times between the infrequent measure-

ments. When the difference between the expected and measured response no longer

bound by the error estimate for the RPD, the kriging variance is augmented, as

described in Section 4.3.

The measured excore detector voltage values are compared to values generated from

the measured (kriged) power distribution using weighting factors that represent the con-

tribution of each node in the core to the flux at the detector location.

Applying these weighting factors to the kriging results provides the example voltages

(imbalance can be calculated if desired) and variance adjustment factors shown in Ta-

ble C-1 below.

Applying the calculated mass flow rate from the previous TIP measurement time to the

kriged RPD and plant parameters (inlet temperature, core thermal power, etc.), an

expected set of thermocouple temperatures are calculated. Example calculated values
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Figure C-4 Example Kriging Results
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Figure C-5 Example Kriging Standard Deviation Results
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Table C-1 Example Variance Adjustment Factors from the Excore Comparison

are shown in Figure C-6 with the corresponding measured values and the variance

adjustment, as discussed in Section 4.3.4. "0.0" values in Figure C-6 represent failed

measurement locations.

The final adjusted variance is calculated according to Section 4.3.5. The resulting val-

ues - expressed as the standard deviation at one-sigma - are shown in Figure C-7.

C.5 Peaking Margin to Limiting Criteria

The total uncertainty is calculated and included in the calculation of margin to the LOCA

and IC-DNB limits for LCO monitoring, as specified in Section 7.1.

C.5.1 Uncertainty Calculation

The total uncertainty is calculated by combining the uncertainty of all the components.

This includes the adjusted kriging variance and the statistically quantified and multiplica-

tive components. Table C-2 contains typical values for each component. These are

combined with the nodal value from Figure C-7 above to produce the total statistically

quantified uncertainty applied in calculating the peaking margin. For the peak node, at

location (4,6,2), the adjusted process variance from SUPR is [ ] and the observ-

ability error is assumed to be [ ]
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Figure C-6 Example Variance Adjustment Factors from the Thermocouple Com-
parison
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Figure C-7 Example Adjusted Kriging Standard Deviation Results
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Table C-2 Uncertainties in the Components

] and for IC-DNB [

]

The multiplicative factors will address other effects, such as lack of explicit modeling of

the fuel assembly spacer grids. In this example, a peaking factor of 1.015 will be used.

The total uncertainty factors to be applied in the margin calculations is the product of

these. For LOCA [

] and for IC-DNB
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[

C.5.2 Margin Calculation

The margin to the LCO limiting criteria, such as LOCA kW/ft limits and Initial Condition

DNB peaking limits, is calculated from the power distribution from the kriging process

and the total uncertainty calculated above. The LOCA margin is calculated for each

monitored node, which excludes the top and bottom 10% of the core. The calculation of

the peaking margin in percent for the peak node is shown below. The values of L are

representative numbers for high-power locations from maneuvering analysis. [

]

The IC-DNB margin is for each fuel assembly as follows. [

To calculate the peaking margin for the peak pin in each core node, the ratio of the peak

to average pin is obtained from the core simulator and applied to the measured nodal

powers. An example set of peak-to-average pin power factors is shown in Figure C-8.

In this case, the margin is positive and no alarm is generated.
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Figure C-8 Example Peak-to-Average Pin Power Factors

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

2.087 1.774 1.680 1.611 1.628 1.752 2.103
2.070 1.825 1.707 1.611 1.641 1.795 2.098
2.040 1.796 1.684 1.596 1.623 1.769 2.067
2.015 1.762 1.657 1.581 1.601 1.737 2.040
1.992 1.718 1.622 1.562 1.579 1.696 2.012

2.195 1.642 1.278 1.213 1.243 1.187 1.250 1.207 1.273 1.649 2.185
2.183 1.612 1.265 1.214 1.256 1.183 1.263 1.209 1.261 1.630 2.179

2 2.152 1.592 1.259 1.208 1.245 1.179 1.250 1.203 1.255 1.607 2.146
2.122 1.573 1.257 1.205 1.232 1.178 1.237 1.201 1.252 1.584 2.114
2.091 1.552 1.258 1.202 •.217 1.178 1.221 1.198 1.253 1.55741 .-3

2.178 1.339 1.144 1.072 1.056 1.090 1.087 1.087 1.073 1.072 1.14 1.339 2.193
2.161 1.315 1.139 1.070 1.066 1.093 1.109 1.089 1.068 1.069 1.135 1.314 2.178

3 2.129 1.309 1139 1.070 1.060 1.093 1.101 1.090 1.069 1.069 1.136 1 1.309 2.147
2.098 1.307 1.140 1.069 1.056 1.092 1.093 1.089 1.070 1.070 1.137 1.307 2.118
2.066 1.306 1.140 1.076 1.051 1.090 1. 084 1.087 1.074 1.077 1 1.137 1.306 2.086
1.649 1.141 1.076 1.055 1.058 1.100 1.044 1 1.083 1.057 1.056 1.076 1.144 1.641
1.630 1.135 1.090 1.062 1.058 1.116 1.045 1.091 1.059 1.063 1.091 1.139 1.612

4 1.607 1.136 1.082 1.059 1.059 1.110 1.043 1.088 1.060 1.061 1.082 1.139 1.592
1.584 1.138 1.076 1.059 1.058 1.103 1.038 1.084 1.057 1.061 1.077 1.140 1.573
1.558 1.138 1.069 1.065 1.056 1.094 1.035 1.079 11.056 1.062" 1.070 1.140 1.552

2.104 1.274 1.073 1.056 1.069 1.036 1.077 1.064 1.077 1.040 1.069 1.054 1.072 1.278 2.087
2.100 1.261 1.069 1.064 1.070 1.044 1.080 1.074 1.080 1.042 1.070 1.061 1.070 1.265 2.070

5 2.069 1.255 1.069 1.061 1.069 1.044 1.074 1.073 1.074 1.041 1.069 1.059 1.070 1.259 2.041
2.041 1:253 1:070 1:061 1.069 1.044 1.073 1.071 1.073 1.041 1.068 1.059 1.070 1.257 2.016
2.013 1.253 1.077 1.062 1.069 1.044 1.078 1.068 1.078 1.046 1.069 1.064 1.076 1.258 1.993
1.753I1.207 1.072 1.057 1.039 1.036 1.070 1.036 1.053 1.1.036 1.058 1.057 1.214 1.778
1.796 1.209 I 1.068 1.059 1.042 1.054 1.040 1.079 1.041 1.054 1.044 1.058 1.067 1.215 1.828

6 1.770 1.203 1.068 1.060 1.041 1.057 1.040 1.072 1.040 1.057 1.044 1.059 1.061 1.209 1.799
1.738 1.201 1 1.070 1 1.057 1.041 1.056 1.040 1.071 1.039 1.055 1.044 1.057 1.056 1.206 1.765
1.696 1.198 1.074 11.056 1.045 1.051 1.040 1.076 1.039 1.051 1.044 1.056 1.051 1.203 1.721
1-.6-2-9-- 250~ 1.0871 1.084 1.077 1.036 1.069 r1.087 1.069 1.3 .7 .101 1.092 1.244 1.686
1.643 1:262 1.089 1.092 1.080 1.040 1.073 1.099 1.072 1.040 1.080 1.116 1.094 1.257 1.712

7 1.625 1.250 1.089 11.089 1.074 1 1.040 1.070 1.095 1.070 1.040 1.074 1.110 1.094 1.245 1.689
1.603 1.236 1.089 1.085 1.073 1 039 1.069 1.089 1.068 1.040 1.073 1.104 1.093 1.233 1.662
1.579 1.220 1.087 1.080 1.078 1.038 1.067 1.084 1.066 1.040 1.078 1.095 1.091 1 1.218 1.627

1.614 08 1.044 1.064 1.069 1.087 1.049 1.087 1.070 1.065 1.044 1.086 1.188 1.624
1.615 :1184 1 1.109 1.044 1.074 1.078 1.099 1.052 1.099 1.079 1 1.075 1.045 1.108 1.185 1.625

8 1.600 1.180 1.101 1.043 1.073 . 1.072 1.095 1.049 1.094. 1:072 1.074 1.043 1.100 1.181 1.609
1.584 1.178 I 1.093 i 1.038 1.071 1.071 1.089 1.045 1.089 1.071 1.072 1.038 1.092 1.180 1.593
1.565 1.179 1 1.084 1.035 1.068 1.076 1.084 1.038 1.084 1.076 1.069 1.034 1.083 1.180 1.575
1.680 1.245 1 .091' 1.101 ~:1.077 1.037 1.070 :1.08 1.069 1.037 1.077 :1.085 1.088 1.258 1.701
1.707 1.257 1.094 1 1.116 1.080 1.042 1.073 1.100 1.073 1.042 . 1.080 1.093 1.090 1.269 1.707

9 1.684 1.246 1.093 1.110 1.074 1.041 1 1.071 1.095 1.070 1.041 1.074 1.090 1.090 1.257 1.686
1.657 1.233 1.092 1 .104 1.073 1041 1.069 1.089 1.069 1.040 1.073 1.086 1 090 1.243 1.666
1.622 1.219 1.091 1.095 1.0781.041 1.067 1.085 1.067 1.039 1 1.078 1.081 108 228 1.644
1.776 1.2131.057 1.058 1.036 1.053 1.0369 1.0969 1"'.036 1.053 I109 .57 1.074 11.211 1.774
1.826 1.215 1.066 1.057 1.044 1.054 1.041 1.078 1.040 1.054 1 1.042 1.058 1.068 1.213 1.816

10 1.797 1.208 1.060 1.059 1.044 1.057 1.040 1.072 1.040 1.057 1 1.041 1.060 1.069 1.207 1.789
1.763 1.205 1.055 1.058 1.044 1.055 1.039 1.071 1.040 1.055 1.041 1.057 1.071 1.204 1.758
1.719 _,1.202 1 1.050 1.057 1.045 _ 1.051 1.039 1.075 1.040 1 1.056 1.074 1.202 1.716
2.070 1.278 1.0-7-2- -11.0655 1-.0-6-9- 1 1.0-40- 1.0-76- 1-. 0 64 I1.076 1.036 1.069 1.056 1.073 1.274. 2.104
2.052 1.265 1.070 1.061 1.070 1.044 1.080 1.075 1.080 1.044 1.070 1.063 1.070 1.262 2.100

11 2.024 1.259 1.070 1.059 1.069 1.042 1.073 1.074 1 1.074 1.044 1.069 i 1.061 1.070 1.256 2.069
2.002 1.257 1.070 1.060 1.069 1.042 1.072 1.072 1.073 1.044 1:069 1:060 1.070 1.254 2.041
1.983 1.258 1.077 1.065 1.070 1.047 1.077 1.069 1.078 1.044 1.070 1.061 1.078 1.254 2.014

1.642 i 1.144 1.076 1.056 1.057 1.085 1.045-, 1.101 1.059 1.055 1.076 1 1.142 i 1.649
1.612 1.139 1.090 1.063 1.058 1.093 1.045 1.117 1.058 1.062 1.090 1.136 i 1.630

12 1.592 1.139 1.082 1.061 1.060 1.090 1.044 1.111 1:059 1.059 1.082 1.136 1.608
1.573 11.140 1.076 1.061 1.058. 1.086 1.039 1.105 1.0581 1.060 1.076 1.138 1.585
1.552 1.140 I 1.069 1.062 1.056 1.081 1.034 1.096 1.057 1.065 1.069 1.138 1.557
2-211931='1.337 1.:141 :1.'073" 1.03 1.0871.087 1.091 1.056 1.072 1.144 1.339 2.185
2.179 1.313 1.135 1.069 1.068 1.089 1.109 1.094 1.066 1.070 1.139 1.315 2.17913 2.149 1.308 113 1.06 9 10 1.089 1.101 1.094 1.060 1.070 1.139 1.309 2.146
2.120 1.306 1.138 1.070 1.070 1.089 1.093 1.093 1.055 1.070 1.141 1.307 2.114
2089 1.305 1.138 1.077 1.074 1.087 1.084 1.091 1.050 1.077 1.140 1.306 2.078

2.187 1.650 1.274 1.2071.250 .1187 1.245 1.213 1.279 1.642i2196
2.169 1.631 1.261 1.209 1.263 1.184 1.257 1.215 1.265 1.613 2.183

14 2.135 1.608 1.255 1.203 1.250 1.179 1.246 1.208 1.259 1.592 2.152
2.103 1.585 1.253 11.201 1.236 1.178 1.233 1.205 1.257 1.574 2.124
2.068 1.558 1.253 1.198 1.221 1.179 1.218 1.202 1.258 1.553 2.092

2.105 1.752 1.629 1.614 1.680 1.776 1 2.088
2.101 1.795 1.644 1.615 1.707 1.826 2.071

15 2.069 1.769 1.626 1:600 1.684 1.797 1 2:041 3
2.041 1.737 1.603 1.584 1.657 1.763 2.016 k=4
2.014 1.696 1.580 1.565 1.622 1.719 1.993 k=5



AREVA NP Inc. ANP-10301NP
Revision 0

Statistical Universal Power Reconstruction
with Fixed Margin Technical Specifications Page D-1

Appendix D EXAMPLE UNCERTAINTY ANALYSIS

This section provides an example of the analysis to quantify the system uncertainty val-

ues, as, to be applied in the calculation of the margin to the peaking limit in Section 7.1

as part of Ftotai described in Section 7.1.4.

This example is artificial and represents a power increase in a fuel assembly in a posi-

tion farthest from the TIPs. In actual application, the events described in Section 6.2

would be examined to determine the most limiting event. In addition, a range of failed

thermocouples and TIP locations would be examined and the variation in as would be

quantified and applied as a function of those parameters. This particular example case

only examined thermocouple failures.

A computer code called UAC has been written to perform the Monte Carlo analysis

described in Section 6.3. In this analysis, a power distribution representing the desired

plant conditions is generated by a core simulator code, NEMO. This power distribution

is used for the assumed true power distribution. The Monte Carlo code then simulated

operation of the SUPR-FMTS by applying the specified uncertainties to the measured

parameters such as power level, rod position, incore, thermocouple, and excore mea-

surements. This simulated plant data is used by the SUPR-FMTS to produce a "mea-

sured" power distribution. The ratio of the true to the simulated measured power distri-

bution is calculated.

RPD Tueij,k
Ri,j,k = RPDMeasi,j,k

The amount this quantity exceeds 1.0 represents the amount that the true RPD is

under-measured. This simulated power distribution measurement is repeated a suffi-

cient number of times to build a distribution. In this example, [ ] trials were run but

in actual application more may be run to obtain a better distribution.

For each nodal location in the core, the results of all the trials are examined with a D'
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normality test.1 If the data for that node is deemed normal, an upper 95/95 tolerance

limit is determined from the mean ratio and the standard deviation. If the data fails the

normality test, a distribution-free tolerance limit is obtained from the data. In the exam-

ple shown here, the ratios for the node are ranked and the 4th from the top, correspond-

ing to a 95/95 tolerance limit for [ ] trials, is used for the tolerance limit for that

node.

Since the margin calculation includes the Kriging Augmented Variance, ccj.k , as

described in Section 4.3.5, this factor is removed from the tolerance limits calculated

above for each node.

Radi - Ri,j,k
i,j,k - 1 + k. -cc

The adjusted ratios for all nodes in the core are plotted against the true RPD in Fig-

ure D-1.

From this we see that a multiplicative factor of [ ] for as combined with the appli-

cation of ccjk in the margin calculation will ensure that none of the high-powered or lim-

iting nodes in the core will be greater than the true power 95% of the time with a 95%

confidence. This analysis is repeated while including various amounts of random instru-

ment failure. The resulting additional uncertainty factor, as, above 'cjk required to pro-

vide the same assurance for a range, covering the percent of thermocouple instrument

locations anticipated to fail without requiring a restriction in operation, is shown in Fig-

ure D-2.

1ANSI Standard ANS N15.15-1974 American National Standard Assessment of the Assumption
of Normality (Employing Individual Observed Values).
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Figure D-1 Adjusted Tolerance Limits for Nodes vs True RPD
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Figure D-2 Additional Uncertainty Factor vs Percentage of Failed Thermocouples


