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Abstract

This report describes and applies for the USNRC licensing of the methodology of Spatially Corrected Inverse
Count Rate (SCICR) for subcritical reactivity measurement, which determines the negative reactivity of a core
for any static subcritical core condition and control rod configuration using a combination of ex-core detector
signal measurements and advanced subcritical core condition prediction methods.

C Data from thirteen
operating cycles obtained from eight different operating plants have been analyzed to demonstrate and qualify
the SCICR methodology. Sensitivity analyses using 3D core simulations were performed to assess if the
dependency of SCICR on the spatial correction factors could have any appreciable masking effect on the
SCICR results.

It is concluded that the proposed SCICR methodology can be applied to measure the negative reactivity of any
subcritical static core condition with any possible control rod configuration. Therefore, the SCICR
methodology can be used to measure the core shutdown margin, the total rod worth, and forecast the
combination of rod configuration and/or reactor boron concentration that will result in criticality. The SCICR
method is also applicable to the accurate measurement of small reactivity changes, caused by such things as
reactor temperature changes, when the core is nearly critical and the ex-core detector signal levels are high and
not subject to poor signal-to-noise characteristics.
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1. Introduction

A key piece of information needed for the safe and efficient operation of a subcritical reactor core is the
amount that the core is subcritical. So far in the commercial nuclear industry, this information can only be
inferred, not directly measured. This topical report describes, and applies for the licensing of, the methodology
of Spatially Corrected Inverse Count Rate (SCICR) for subcritical reactivity measurement, that can determine
the negative reactivity of a subcritical core for any static subcritical condition and control rod configuration,
and consequently the change in reactivity due to the change in condition or configuration of the subcritical
core, via the use of ex-core detector signal measurements and advanced subcritical core condition predictions.

The existence of neutron flux in a subcritical core is maintained by the extraneous neutron sources in the core,
which consist of the implanted primary or secondary neutron source and the spontaneous fission source due to
certain isotopes that are generated in the process of fuel bum-up. For a point core model, the inverse of the
core flux level varies linearly with the magnitude of subcriticality of the core. [

" Currently, the lack of a method to
determine the expected subcritical core ICRR behavior that accounts for the influences of the changes in the
spatial distributions of the extraneous neutron sources prevents the proper interpretation of the measured
changes in the ex-core detector responses. Consequently it has not been possible to measure the reactivity of a
subcritical commercial core.

The Westinghouse core design code system, APA (References I - 3), can calculate the extraneous neutron
source distribution in a core and perform subcritical diffusion calculations in the presence of the extraneous
neutron sources, and also simulate the corresponding ex-cre detector signals. [

] * ' Consequently it becomes
possible to determine the negative reactivity of a subcritical core from the measured detector signals.

This process for subcritical core condition simulation and ICRR correction, as described in this report, is the
SCICR methodology submitted to the USNRC for licensing approval.

The SCICR methodology has many applications. The following applications are immediately feasible without
the need of any ex-core detector hardware changes or any methodology modification:

* The SCICR methodology can be applied to measure reactivity changes of a subcritical core [

],

Therefore, SCICR can serve as an alternative to the traditional startup physics test. The startup physics
testing is presently performed after a core has reached criticality on its critical path to power ascension.
The SCICR methodology allows the startup physics testing to be performed off the critical path to power
ascension. This will reduce the critical path time to power ascension.

* The SCICR methodology can be used to continuously provide accurate forecasts of the combination of
temperature, boron concentration, and control rod position needed for criticality using subcritical condition

3
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measurements. The improved knowledge of the reactor critical conditions will help speed up the process of
approaching criticality.

* The SCICR methodology can be applied to periodically measure and verify the core shutdown margin that
is predicted by core design and assumed in the safety analysis is satisfied.

* The SCICR methodology, if incorporated in a core monitoring system, can be used for on-line continuous
monitoring of the negative reactivity of a subcritical core.

This report is organized in the Sections as described below.

* Section 2 describes the theory for the SCICR method.
* Section 3 presents the methodology for performing SCICR.
* Section 4 provides demonstrations of SCICR using data recorded from source range and

intermediate range detectors obtained from many different plants and from different operating
cycles.

* Section 5 addresses the sensitivity of the SCICR method to potential biases in a core model used
for generating the spatial correction constants for SCICR.

* Section 6 presents the conclusions on the validity of the SCICR method.

4
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2. Theory

2.1 Spatial Correction to ICRR

I
I

I
I 8, C (2-1)

I

I.

[
I a, C (2-2)

I

I

I

IC

I
I a, c (2-3)

I

IaC

I Iac

I
I a, (2-4)

I

Ia,

Introducing a Source Shape Factor (SSF), Equation (2-4) can be written as,
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[ I a, c (2-5)

(2-6)[ I a, c

I

I2 SC

[

I,

[
I a, c (2-7)

This factor obviously is always less than 1.0. Using this factor, we can relate the total source
source through Equation (2-1) as

to the extraneous

(2-8)I
I a, c

Substituting Equations (2-6) and (2-8) into Equation (2-5), we obtain

I
I a, C (2-9)

I

I.C
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Introducing a Multiplication Spatial Factor (MSF), Equation (2-9) can be written as

[ I a, c (2-10)

[ Ia, c (2-11)

[

Iac

[
I ]

[ I , C (2-12)

[ I s, c (2-13)

Substituting Equations (2-12) and (2-13) into Equation (2-10) and recognizing the integral over S as part of the
unspecified normalization constant, we get the following relation,

[ I a, c (2-14)

[

I] .

[

Ia. C

2.2 Causes for Subcritical Spatial Redistribution

When a core is not generating power, there are no reactivity feedback effects that can cause spatial flux
redistribution. For a subcritical core, there are basically two kinds of causes for spatial redistribution; the
(negative) reactivity induced spatial redistribution and the configuration induced spatial redistribution.

The reactivity induced redistribution is due to the difference between the distribution shape of the extraneous
neutron source and the fundamental mode of the core. This difference increases with the magnitude of the core
subcriticality, the more subcritical the core is the more dominant the extraneous neutron sources is. But it
disappears if the core is very close to criticality.

7
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The configuration induced redistribution is due to the core configuration change that alters the fundamental
mode of the core. This redistribution effect is more pronounced as the core is close to criticality where the
fundamental mode dominates the flux distribution. For a very subcritical core, this effect is relatively much
smaller.

The two kinds of redistribution can often happen at the same time. Examples of purely reactivity induced
redistribution are changes in boron concentration or the isothermal change in core temperature. The
configuration induced redistribution is mostly due to rod movement. However, rod movement changes the core
reactivity also, and thus a reactivity induced redistribution as well, unless the core is very close to criticality. It
will become important to address the two kinds of redistribution when it comes to the sensitivity analysis
described in Section 6.

The configuration induced redistribution is more familiar and not a unique feature for a subcritical core. The
reactivity induced redistribution, however, is less familiar and unique to a subcritical core. Figure 2-1 shows
an example of the reactivity induced redistribution. [

] "' This effect is greatly and rapidly amplified as the core goes more subcritical.

8
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Figure 2-1: Comparison of Power Distributions in a Quarter of a 4-loop Core
Modeled with and without Extraneous Neutron Sources

(Critical and lOOppm Subcritical cases) a, b, c
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3. Methodology

The methodology of implementing the theory outlined in Section 2 to perform SCICR is presented as follows.

1. Follow the normal process of core operation (henceforth referred to as Process) during the startup of a
core from a subcritical state. The Process usually involves a planned combination of programmed rod
movements, boron dilution and temperature increase.

2. Choose a number of states in the Process where the subcritical (negative) reactivity or the change of
the reactivity, for each of the states (henceforth referred to as States), is of interest for the SCICR
measurement.

3. [
]"'

4. [
]

5. 1

]2.C

6. [:

0

7. [

IS. C

ISC

8. [

ISC

9. If SCICR is implemented with an on-line continuous monitoring system that has the installed
capability of APA, the SCF can be calculated on-line for any core condition and the States need not be
pre-chosen.

10. If SCICR is implemented with a reactivity meter or a similar device using the SCF calculated off-line,
then the States need to be pre-chosen. Software needs to be installed in the device to read the SCF file,
to perform the spatial correction to the ICRR data, to generate the Line via least square fit and to use of
the Line as the SCICR meter.

II
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4. Demonstration Using Plant Data

To demonstrate and qualify SCICR, data from thirteen operating cycles of eight plants have been analyzed
following the methodology described in Section 3. The core geometry covers the Westinghouse Type 2-loop, 3-
loop and 4-loop PWR cores and the Combustion Engineering (CE) Type 217-assembly PWR core. Six of the
plants (eleven cycles) contain secondary sources, while the other two plants (two cycles) do not. Data from
cores without secondary source or from cores with very deep subcriticality have lower detector signals, and
hence provide a more severe test of the SCICR method. Results for cores with and without secondary source
are separately discussed in Sections 4.1 and 4.2. A conclusion from these analyses is provided in Section 4.3.

4.1 Cores with Secondary Source

This section presents SCICR analysis of data from eleven cycles of six different plants that have cores
containing secondary sources. The six plants are 2-loop, 3-loop and 4-loop type PWR built by MHI or
Westinghouse. The data available from these plants come in three categories.

4.1.1 Cores with Both Rod Pull and Dilution Data Available

Data in this category covers the whole normal process of core startup; rod pull followed by boron dilution. The
data is from eight cycles of four MHI PWR plants; two cycles of one 2-loop plant (Cycles 8 and 9 of Plant 1),
three cycles of one 3-loop plant (Cycles 4 to 6 of Plant 2), and three cycles of two 4-loop plants (Cycles 3 and
5 of Plant 3, and Cycle 8 of Plant 4). All of the data stops at the condition of all control banks in but shutdown
banks being out, except for Cycle 8 of Plant 4 which does cover the all rods in condition. The cores are very
heavily borated such that some of the data cover deeply subcritical conditions, in particular for two cycles of
the 3-loop plant the core is more than 10% subcritical. The detector signals become very low at these deeply
subcritical conditions. The results of SCICR analysis for these eight cycles' data are presented in Figures 4-I to
4-8. One can see that the original ICRR data before the spatial correction all show very strong non-linear
behavior versus the core subcriticality. After spatial corrections, all data line up very nicely as the theory of
SCICR predicts.

4.1.2 Cores with Only Rod Pull Data Available

Cycles 9 and 10 of Plant 5, a Westinghouse 4-loop PWR, provide data of rod pull only, and the data covers the
all rods in condition. Results of analyzing the data by SCICR are shown in Figures 4-9 and 4-10. Again we see
that the strong irregularity in ICRR is almost completely removed with the spatial corrections.

4.1.3 Core with Both Rod Pull and Rod Drop Data Available

The data from Cycle I I of Plant 6, a Westinghouse 4-loop PWR, is unique.[

' The data are processed with the SCICR method, and the results are presented in Figure 4-1 1. In the lower left
part of the Figure, there are overlapping data from both rod pull and rod drop. The original ICRR data in this
region shows extreme irregularity.

13



WCAP-16260-NP

Figure 4-1: 2-Loop Core with Secondary Source
Plant 1 Cvcle 8 (Rod Pull and Dilution Data) wa, b, c

Figure 4-2: 2-Loop Core with Secondary Source
Plant 1 Cycle 9 (Rod Pull and Dilution Data) ---- a,by c
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Figure 4-3: 3-Loop Core with Secondary Source

Plant 2 Cycle 4 (Rod Pull and Dilution Data)

Figure 4-4: 3-Loop Core with Secondary Source
Plant 2 Cycle 5 (Rod Pull and Dilution Data)

*ma0 b, c

bi, c
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Figure 4-5: 3-Loop Core with Secondary Source
Plant 2 Cycle 6 (Rod Pull and Dilution Data) .. na, b, c

Figure 4-6: 4-Loop Core with Secondary Source
Plant 3 Cycle 3 (Rod Pull and Dilution Data) ,b, c
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Figure 4-7: 4-Loop Core with Secondary Source
Plant 3 Cycle 5 (Rod Pull and Dilution Data)

Figure 4-8: 4-Loop Core with Secondary Source
Plant 4 Cycle 8 (Rod Pull and Dilution Data)

u,b,yc

-... a, b, c
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Figure 4-9: 4-Loop Core with Secondary Source
Plant 5 Cycle 9 (Rod Pull Data Only)

Figure 4-10: 4-Loop Core with Secondary Source
Plant 5 Cycle 10 (Rod Pull Data Only)

a, b, c

-- ,a, b, c
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Figure 4-11: 4-Loop Core with Secondary Source
Plant 6 Cycle i 0 (Rod Pull and Rod Drop Data) -.- ,a, b, c

4.2 Cores without Secondary Source

[

Ia, c

[
] ac
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Figure 4-12: 2-Loop Core without Secondary Source
Plant 7 Cycle 25 (Rod Pull Data Only) eb, c

Figure 4-13: CE 217-assembly Core without Secondary Source
Plant 8 Cycle 16 (Rod Pull Data Only)

9 b, c
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43 Conclusion on Demonstration Results

Table 4-1 summarizes the data base used for SCICR qualification. Table 4-2 provides a summary of the quality
of the SCICR Line fit for all the cases analyzed. Table 4-3 compares plant startup physics test measurements to
SCICR measurements.

Table 4-1: Summary of All Plant Data Analyzed with SCICR

Table 4-2: Quality of the Line Fit in the SCICR Analysis Results
(RMS = Root Mean Squared, pcm=10 5)

- iab, c

. , b, c
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The quality assessment of the SCICR Line fit is given in Table 4-2 in terms of the three measures defined in
Section 3. The RMS measures the scatter of the data points to the Line, the ratio of Mean/RMS measures if
there is any appreciable systematic error in the Line fit, and the maximum deviation gives the worst outlier in
the fit. From this table we see that in general the fit is quite good. The worst case RMS is about [ IJ'' if
measured by fractional deviation and about [ J .C in termns of absolute deviation. The worst mean to
RMS ratio is about [ ] *. 'The worst single point outlier in the whole data base is about [ I "a. A
closer look of the corresponding figures in Sections 4-1 and 4-2 shows that the worst fit points are all coming
from the small group of data close to the most subcritical conditions of the cores, where the signal is very low
and subject to the worst signal to noise ratio.

In Table 4-3, actual measurements from plant startup physics tests of total rod worth and critical boron
concentration are compared to the corresponding measurements by the SCICR method. The total rod worth
measurements from the two methods are generally quite consistent and comparable. It should be pointed out
though that SCICR is not appropriate for the determination of individual bank worth due to the statistical
variation of the deviation in the Line fit, except for the cases using only data collected with special regard
given to obtaining large statistical ex-core detector measurement value accuracies. A good example for such an
exceptional case is the rod drop data shown in Figure 4-11. The critical boron concentration determined from
SCICR by extrapolating the Line fit is generally quite consistent with the corresponding physics test
measurement. The difference between the two should diminish in real SCICR applications where the dilution
data will keep accumulating and continuously update the SCICR Line fit and its extrapolation to criticality.

Table 4-3: Comparison of SCICR Analysis Results to
Plant Startup Physic Test Measurements

(Difference = Measured - Predicted) b, c

From these thirteen cases of SCICR demonstration applications, it is concluded that SCICR works well for all
these plant data. Among these cases, there are cores without secondary sources and cores with deeply
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subcritical conditions, where the detector signal can become very low. Even for these challenging cases SCICR
works quite well. 1

j '. Specific improvements in the ex-core detector signal data collection process for low signal level
core conditions will further improve the quality of SCICR measurements.

The SCICR method can determine the state of a subcritical reactor, and also measures the total rod worth. For
individual bank worth measurements, where the reactivity changes are much smaller, the signal measurement
statistics are not, in general, stable enough to demonstrate generically accurate results. Ex-core detector signals
obtained from near critical conditions, where the signals are high, result in accurate individual control bank
worth measurements. This means that when applying the SCICR method to measure smaller reactivity changes,
such as temperature reactivity coefficients or individual bank worth measurements, either special care must be
taken to ensure the ex-core detector response data is collected properly, or the measurements should be carried
out closer to core criticality.

23
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5. Sensitivity Analysis

A key question on the SCICR methodology is how much and in which way the measurement is sensitive to the
core model, on which the calculated SCF is based. We need to assure that this sensitivity is either easily
identifiable, or small, or is in the conservative direction in the sense of enlarging the difference between
measurement and prediction.

The SCF is needed to correct for the spatial redistribution effect on ICRR. Two kinds of subcritical
redistribution are discussed in Section 2.2, the configuration induced redistribution and the (negative)
reactivity induced redistribution. Mathematically, the configuration induced redistribution is due to the
fundamental mode change, while the reactivity induced redistribution is due to the dominance of the
extraneous source shape over the fundamental mode shape. The fundamental mode change happens practically
only with rod movement. The reactivity induced redistribution on the other hand happens with rod movement,
boron change and isothermal temperature change as well. The sensitivity of spatial correction due to these two
types of redistribution will be discussed separately.

5.1 Configuration Induced Redistribution

Here we consider the effect of fundamental mode change only without reactivity change. In theory, this could
happen with coordinated movements of rod banks in opposite directions, or adjusting boron concentration to
compensate for the reactivity change due to rod movements. In practice, this is essentially the case for rod
movements near criticality where the fundamental mode dominates, such as the case of Dynamic Rod Worth
Measurement (DRWM, Reference 4).

The effect of the fundamental mode change on the ex-core detector signal, and consequently its effect on SSF,
has been extensively investigated in the Westinghouse DRWM Topical Report (Reference 4). It was shown
there that the effect was either very small or was in the conservative direction. In Reference 5, it was also
analytically shown why the effect should be conservative. If the core model would predict the rod worth
heavier than actual, the fundamental mode change would make the flux too low at the inserted rod bank
location. Unless the rods are close to the core center, where its impact on the ex-core detector is small anyway,
this core model bias would tend to predict too much of a decrease on the peripheral flux and hence on the ex-
core detector signal as well. Therefore, the SSF based on this biased model would be smaller than it should be
and hence make the corrected ex-core signal larger than it should be. So an over-prediction in rod worth makes
the corrected ex-core signal too high, which would lead to an under-measurement of the rod worth. This is a
negative feedback effect on rod worth measurement, leading to an enlargement of the prediction to
measurement difference in rod worth.

The same analysis and conclusion regarding the effect of configuration induced redistribution that is valid for
DRWM applies to SCICR as well.

5.2 Reactivity Induced Redistribution

Now consider the effect of reactivity change while the fundamental mode remains the same. An example for
this is given in Section 2.2 where the boron concentration in a subcritical core changes without any control rod
configuration change. [

1,"
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I

From Equations (2-13) and (2-14), we see that the detector signal is given by, to a normalization constant,

[ ]a, c (5-1)

[

I

[
] a, C (5-2)

Substituting Equation (5-1) into Equation (5-2), we obtain the following relation,

[ ]a,C (5-3)

I

I a, C

[ I S' and vice versa. (5-4)

This condition can be rewritten, using Equation (5-3), as follows.

[ Ia, C and vice versa. (5-5)

I
I, C

[ I a, C (5-6)

I

[
] a, c (5-7)

26



WCAP-16260-NP

Substituting Equation (5-7) into Equation (2-11), we find

[, c (5-8)

Numerical simulation shows that the value of a in the above equation is small, and MSF does not have much
variation with k.

[

5.3 Sensitivity Study via Numerical Simulation

We will consider two types of numerically simulated "experiments" to investigate the sensitivity issue
discussed previously. The first one introduces a boron concentration bias in the core and the second introduces
a bias in the control rod constant in the core model. The first simulation gives reactivity induced redistribution
only, while the second gives both the reactivity induced and the configuration induced redistribution. These
two types of biases are the mostly likely and serious ones to consider in reality.

The data of the simulated experiments are generated by modeling reference core conditions covering the
process of pulling shutdown and control banks from the all rods in condition followed by boron dilution. This
data provides the "measured" ICRR. Then we use biased models corresponding to perturbed cores to calculate
the "contaminated" spatial correction factors, SCF. We carry out the SCICR process of applying the biased
SCF to the measured ICRR to obtain the total rod worth "measured" by SCICR. Comparing the SCICR
measured total rod worth to the "true" total rod worth of the reference core we can assess the sensitivity of
SCICR to the core model biases and determine how much masking effect could be caused by the biases.

5.3.1 Core Reactivity Bias Case

The core perturbation is introduced by increasing or decreasing the boron concentration in the core [
I ' ' relative to the reference core. Table 5-1 presents the sensitivity of the SCICR measured total rod

worth with respect to the reactivity bias induced by the boron change. Although the[ I" ' bias in core
reactivity is quite significant in reality, it changes the predicted total rod worth by [ "s.c. But the
impact of the biased SCF on the SCICR measured total rod worth can be much larger than [ I S.C for some
cases. The impact, when appreciable, is in the opposite direction such that the observed discrepancy between
the measured and predicted appears enlarged, which is in the conservative direction. So there is an anti-
masking effect rather than a masking effect.
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Table 5-1: SCICR Sensitivity to Core Reactivity Bias
- b, c

I

I C
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Table 5-2: Quality of the SCICR Line Fit in the Simulated Cases
With Core Reactivity Biases

(RMS = Root Mean Squared, pcm=10 5)
' ,atb, c

5.3.2 Control Rod Constant Bias Case

Here the core perturbation is introduced by increasing or decreasing the control rod absorption cross-section by
[I - ]*'. When the control rods are inserted, this bias will cause both reactivity induced and configuration
induced flux redistribution. Table 5-3 presents the sensitivity of the SCICR measured total rod worth with
respect to the reactivity and configuration bias induced by the control rod constant change. [

] 9', The impact of the biased SCF on the SCICR measured total rod worth is very small for some cases, but
quite large for others. Unfortunately for the cases of large impact, the impact on the measurement is in the
same direction as the change in the model prediction such that the observed discrepancy between the measured
and predicted is reduced which is in the non-conservative direction. So there can be a masking effect due to
control rod constant bias. It is seen from Table 5-3 that the magnitude of the masking can be about half of the
bias in the predicted total rod worth.

The cases of masking are 2-loop with or without secondary source, and 3-loop without secondary source. It is
interesting to see that when the location of the secondary source in the 2-loop core is relocated slightly to an
assembly diagonally next to the original assembly, the masking effect disappears. This shows the intricacy of
the dependency of SCF on the relative orientation of the secondary source and the ex-core detector.
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Table 5-3: SCICR Sensitivity to Control Rod Constants
(With Absorption Cross-section Changed [ ]2' C)

-- la, b, c

It is important to assure that when masking occurs, the bias can be characteristically identified so that the
acceptance criteria of SCICR can properly exclude masking. Table 5-4 presents three measures for assessing
the quality of the SCICR Line fit for these cases in Table 5-3 with control rod constant bias. Again as
compared to the real cases shown in Table 4-2, a distinct difference in the comparison is the ratio of
Mean/RMS. In Table 4-2 this ratio is about [ ]JaC for the worst case, while for the biased cases in Table
5-4 this ratio is between [ I" c. Just as concluded in the previous section, the ratio of Mean/RMS
successfully captures the symptom of any appreciable bias when existing.
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Table 5-4: Quality of the SCICR Line Fit in the Simulated Cases
With Control Rod Constants Biases I

(RMS = Root Mean Squared, pcm=10 5)

5.4 Conclusion on Sensitivity Analysis

The sensitivity of SCICR methodology to a core reactivity bias [ ] in a
core model is very small or conservative and non-masking. The sensitivity of SCICR to a control rod constant
bias [ ]' depends on the core geometry; the presence or absence of a primary or
secondary source; and the relative position of the source to the detector. Depending on these features, there can
be masking effect of the magnitude up to about half of the bias. However, regardless of masking or not,
whenever a bias has an appreciable impact, the quality of the SCICR Line fit significantly deteriorates such
that one of the quality measures for the SCICR Line, the ratio of MeanIRMS, increases [

]U "The MeanIRMS measure can be properly included in the
acceptance criteria of SCICR to exclude the impact of model biases. It is of course also possible to do a plant
specific sensitivity analysis to predetermine the masking effect so that it can be accounted for in SCICR
applications to the plant.

), C
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6. Conclusion

This report describes and applies for the USNRC licensing of the SCICR methodology for subcritical reactivity
measurement, which determines the negative reactivity of a core for any static subcritical core condition and
control rod configuration using a combination of ex-core detector signal measurements and advanced
subcritical core condition prediction methods.

The theory of the method is to use the APA core design code system to calculate three-dimensional spatial
correction factors for the measured ICRR data [

] * '. The specific steps of applying this methodology are prescribed to
process the ICRR data that are routinely available in the normal process of operating a subcritical core.[

]a,

Data of thirteen operating cycles from eight plants have been analyzed to demonstrate and qualify the SCICR
methodology. The database covers PWR cores of Westinghouse Type 2-loop, 3-loop and 4-loop and CE 217-
assembly Type. Six of the eight plants have a secondary source and two do not have. All the data shows good
results, confirming the applicability of SCICR methodology to real measurements.

Sensitivity analyses using 3D core simulation were performed to assess if the dependency of SCICR on the
spatial correction factors could have any appreciable non-conservative impact on the SCICR results in the
sense of masking the discrepancy between measurement and prediction. The conclusion is that this can happen
when the core model has a control rod constant bias conspiring with the unfavorable combination of the core
geometry, the extraneous neutron source distribution, and the relative position of the source to the detector.
However, regardless of masking or not, whenever a bias exists, the quality of the SCICR Line fit significantly
deteriorates such that one of the quality measures for the SCICR Line, the ratio of Mean/RMS, increases [

] "'. The Mean/RMS measure can be
properly included in the acceptance criteria of SCICR to exclude the impact of model biases. It is also possible
to do a plant specific sensitivity analysis to predetermine the masking effect so that it can be accounted for in
SCICR applications to the plant.

The demonstration using plant data and the sensitivity analysis confirm that the proposed SCICR methodology
can be applied for the following measurements to a subcritical core,

* The negative reactivity of any subcritical static core condition and configuration
* The core shutdown margin
* The total rod worth
* The estimated criticality forecast

SCICR, as it is, should also be applicable to the measurement of reactivity change due to temperature changes,
when the core is close to criticality. This application needs to be demonstrated with measurement data.

Appendix A describes the intended immediate applications of SCICR to improve plant and human
performance.

33



WCAP-16260-NP

Page Intentionally Left Blank

34



WCAP-16260-NP

References

1. Liu, Y.S., et. al., "ANC: A Westinghouse Advanced Nodal Computer Code", WCAP-10965-P-A
(Proprietary), and WCAP-10966-A (Nonproprietary), September, 1986

2. Nguyen, T.Q., et. al., "Qualification of the PHOENIX-P/ANC Nuclear Design System for Pressurized
Water Reactor Cores", WCAP-1 1596-P-A (Proprietary), and WCAP- 11579-A (Nonproprietary), June,
1988

3. Ouisloumen, M., et. al., "Qualification of the Two-Dimensional Transport Code PARAGON", WCAP-
16045-P (Proprietary), March, 2003

4. Chao, Y.A., et. al., "Westinghouse Dynamic Rod Worth Measurement Technique", WCAP-13360-P-A
(Proprietary), and WCAP-1336 1-A (Nonproprietary), November, 1998

5. Chao, Y.A., et. al., "Dynamic Rod Worth Measurement", Nuclear Technology, 132, 403-412, 2000

35



WCAP-16260-NP

Page Intentionally Left Blank

36



WCAP-16260-NP

Appendix A: Intended Immediate Applications of SCICR
to Improve Plant and Human Performance

A methodology to measure the Total Rod Worth of the Control and Shutdown Banks at
subcritical conditions using ex-core neutron detector measurements provided by the plant
Nuclear Instrumentation System (NIS) at subcritical reactor conditions. This methodology
is used to verify the core is constructed and operates as the core designers intended.

In Mode 3 a Subcritical Rod Worth Measurement (SRWM) Data Acquisition System (DAS) will
be connected to the installed plant NIS. Baseline SCICR data will be collected at the reactor
conditions that exist with all Control (or Regulating) and Shutdown Banks inserted. NIS signals,
and other core condition parameters, are measured as the control rods are being withdrawn. The
predicted subcritical neutron source distribution is generated for the core conditions present at
each point where NIS data is collected. [

] ''. Deviations between the intended core behavior and the actual
core behavior can be identified from the linearity of the spatially corrected ICRR relationship.

A method to continuously determine the amount of negative reactivity inserted into the
subcritical reactor using measured data from the NIS.

Continuous on-line monitoring of changes to K-effective once the subcritical baseline conditions
for the reactor are modeled and a baseline K-effective has been calculated. The on-line
monitoring system will track changes from the baseline conditions, and by applying the SCICR
methodology, will trend the changes in K-effective of the reactor. As part of an on-line
continuous monitoring system, changes in K-effective will be available to Plant Operations
personnel for information and action as required.

A method for using measured NIS signals from the subcritical reactor to accurately
determine the combination of boron concentration and control rod position that will result
in criticality.

The SCICR methodology, when applied and used in conjunction with updated reactor condition
information, can provide continuous Estimated Critical Positions (ECP) and Estimated Critical
Boron (ECB) projections based on the current measured K-effective value. The continuous on-
line availability of critical condition information will assist the Operators in performing a safe
and controlled startup.
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