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REDUCTION OF ROD WORTH UNCERTAINTY ALLOWANCE FINAL DRAFT

_FOR CALLAWAY CYCLE 9 10/8/97

BACKGROUND

In the performance of the shutdown margin (SDM) calculation, the bark worth available for
reactor trip is determined from calculations. The core model used for these calcu.ations s
extensively tested at the beginning of the cycle The validity of that model during the depletion
is further ensured by the periodic power distribution and boron concentration measurements
taken during the cycie. The primary objective of the Low Power Physics Test (LPPT) program
performed at the beginning of life (BOL) is to demonstrate that the core design predictions are
consistent with the core as constructed, thus validating the bank worth component of the SDM
calculation. The Axial Offset Anomaly (AOA) affects the core, and thus the core mode! used to
make the original predictions is no longer valid. The core model has been modified to account
for the AOA and thus the updated model represents the new core conditions. By subsequent
power distribution and boron concentration measuremants, the updated core model has been
shown to accurately, if not conservatively, represent the core.

BANK WORTH IN SDM CALCULATIONS

The caiculation of the available bank worth for the SDM calculation uses the prediction of the
toial worth available by rods. By definition, this is the worth of all rods less the most reactive
stuck Rod Cluster Control Assembly (RCCA). This N-1 worth is the: (educed by an
uncertainty aliowance that accounts for possible measurement to prediction differences
Callaway, like all other plants is using this method of calculating the bank worth available for
SDOM  Normally the uncertainty allowance is 10%, however based on work performed by
Waestinghouse in the late 1970's and documented in WCAP-8217, this allowance can be
educed to 7% Currently, Callaway is using the 7% number in their SDM calculation

Because the SDM calculation uses the N-1 worth reduced by the uncertainty allowance,
certain implicit assumptions about the design validation are made Specifically, when the
measured total bank worth results are greater than the prediction less the uncertainty
allowance and the individual bank worths are within their respective review cnteria (no obvious
core desigrv, econstruction issues), the bank worth predictions are validated. However, failure
of an individual bank worth review criterion does not necessaiily imply a failure of the bank
wurth prediction. The failure indicates that the design and reconstructed core are not quite
consistent and that further measurements are required to characterize these differences and
determine the significance. Westinghouse requires a power distribution measurement prior to
exceeding 5% power if any individual bank worth measurement fails the review critena of 15%
or 100 pcm. The results of the power distribution measurement is then evaluated for anomaly

-1-
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or design/prediction differences This approach ensures that the core is consistent with the
designers calculation prior to significant power being generated. Since the design is validatad
using the total and individual bank worth measurement results, a significant reduction in the
SDM allowance would implicitly require a corresponding reduction in the individual bank worth
tolerance In the case where the measurement has yet to be performed, the individual bank
worth tolerance would be reduced commensurate with the total allowance reduction

Ano’er possible method of calculating the bank worth available for the SDM calculation is to
reduce the total predicted worth (N) by the uncertainty allowance, and then subtract the
predicted stuck RCCA worth (-1). This method is philosophically different from the current
methodology in a number of ways
1) This approach is more conservative at any given uncertainty allowance because the
resultant available v-orth is lower than the current methodology. The available bank
worth is lower because the full calcu'ated value of the stuck RCCA is taken into the
equation after the total bank worth is reduced by the uncertainty allowance. A
comparison of the calculation results using both approaches is shown on FIGURE 1
Using this approach. the bank worth measurements are considered to venfy the SDM
calculations instead of validating the core design calculations. This is inconsistent with
the definiti~~ that the measurement program is used to validate the core design mode!
Using this corv anson, the results evaluation critena for the individual banks don't have
any connectior,, implied or direct, to the SDM bank worth uncertainty allowance. The
traditional individual bank worth review criteria are applicable, even with a lower
uncertainty allowance in the SDM caiculation

MEASUREMENT EXPERIENCES

Westinghouse has performed an independent review of the Callaway bank worth
measurement resuits of Cycles 4 through 8. Cycles 4 and 5 rod worths were validated using
sequential dilution of the control banks. The prediction tools were provided by Westinghouse
Cycles 6 through 9 rod worths were validated using Rod Swag. Cycles 6 and 7 were predicted
using an older version of SIMULATE™. Cycles 8 and © were predicted using an updated
version of SIMULATE™ that accounted for shutdown cooling ar ~ other nuclear phenomenon
For consistency of comparison, cycles 6 and 7 were reanalyzed using the updated version of
SIMULATE™. A total of 36 individual bank worth measurements, over cycies 6 through 9 were
evaluated. Some key observations on these results are as follows

All results meet the accertance criteria. The sums of the measured banks are

greater than 90% of the predicted sums. This is independent of the design tool
1ed
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* The updated version of SIMULATE ™ performad significantly better than the older
version in predicting the bank worths and matching the Westinghouse APA™
predictions.

* The average difference for the total worths of cycles 6 through 9 is IS with a
standard deviation of [l Al results are bounded by a +3% tolerance, except
for Cycle 8, which had a difference of (ISR

* Al individual bank worth results meet the relevant Westinghouse review criteria
Specifically, each bank is within 15% or 100 pcm of the predicted value.

* An analysis of the measuiements of cycles 7, 8, and 9 using the Westinghouse Rod
Swap methodology shows results that are comparable to prior Westinghouse
experience. Furthermore, these results are very consistent with the SIMULATE ™
based results

MEASUREMENT PRCCESS VALIDATION

A review of the measurement processes in use at Callaway indicated that the necessary
controls are in place to sufficiently ensure valid measurements with a minimum of
measurement error being introduced. Some of the testing and evaluations performed to
prevent the identified problems are described in the following sections

Errors in the Reactivity Computer Function or Instrumentation

Callaway uses a reactivity computer function on the plant computer with inputs from the
excore intermediate range channels. Channel calibrations of the intermediate range
channels are performed every 18 months. During this calibration, all instruments are
checked for accurate and reliable operations. The computer and associated interfaces are
also checked as part of the startup program prior to and immediately following criticality
Errors in the reactivity computer function are evident during the static checkout performed
prior to criticality. The response of the flux signal prior to cniticality and reactivity after
criticality are indicative of any instrumentation problems.

R
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Relayed Neutron Constants Error

The parformance of the intemal reactivity computer checkout will determine if the delayed
neutrun constants from the nuclear design report (NDR) are not property enterec into the
reactivity comg uter Comparing the reactivity computer indication for a given penod to the
inhour based reactivity value from the NDR will validate that the constants have been
entered correctly If the constants are reported incorrectly, both the NDR and the reactivity
computer will have identical errors and this will not be discernible by the stable period
testing

Callaway Lses the intermediate range channels to provide input to the reactivity computer
These channels are compensated ion detectors which have the gamma contribution 1o the
signal compensated for by nature of the hardware design. The compensation adjustment
is performed at the beginning of each refueling outage as the reactor is being shut down

Boron C sration Valid { Reactivity M I

Measurements of the reference bank worth by dilution provide an independent set of
numbers fcr companson (pem and Appm) that will quickly identify that there is a problem
with either the measurement process or the delayed neutron constants.  With the exception
of the cycle 8 data, the results are consistent between the boron difference and the total
bank worth. The specific results from cvcle 8 indicate that either a small measurement bias
existed that cause the measurement to indicate low wortt,, or one of the boron endg oint
measurements was in arror by approximately § ppm
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SDM TOLERANCES

With the results of the measurements of Cycles 6 through 8, an overall rod worth uncertainty
of 3% can be justified for the remainder of cycle 9 providing the following requirements are

met
1

The full value of the stuck RCCA is accounted for in the determination of the bank
worth available, or all individual bank worth measurements are within 4 5% or 30 pem
of the prediction

The sum of the individual bank worth measurements is within the 3% of the predicted
sum

The measured to predicted boron concentration is within 50 ppm with the modified core
design model for the current plant operating conditions

The measured to predicted power distribul,on (reactior. rate errors) are wihin 10% of
tho . predictio Y from the modified core model

Fur the case of Callaway Cycle 9, all of the above requirements are met

1

The rod worth available for the SDM calculation will be calculated by determining the N
worth, accounting for the uncertainty allowance, and then subtracting the stuck RCCA
worth  Furthermore, all individual bank worth measurement results fall within 4 5% or
30 pcm of the predictions.

For the previous four cycles, the results ol the bank worth measurements averaged
BEAA% itferent from the prediction with maximum ditferance being for the cycle 8
startup, which was Sl less than the prediction The total bank worth measurement
result for cycle 9 was [l less than the prediction

The measured to predicted boron concentration difference is less than 50 ppm

The measured reaction rate errors in the flux map analysis are within 10% of the
prediction from the modified core modal
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Excessive SOM Reactivity (pcm)

FIGURE 1: Excessive Shutdown Margin
vs. Bank Worth Tolerance
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Shutdown Margin Analysis

Nuclear Regulatory Commission

Westinghouse Energy Center

October 7-8, 1997

J. R. Secker
Core Engineering

Westinghouse Commercial Nuclear Fuel Division

Axial Offset Anomaly - AOA core models and shutdown margin analysis



Axial Offset Anomaly and
Core Depletion

Thin crud layer builds ap on upper spans of
fresh fuel

Subcooled boiling concentrates boric acid
and lithium in porous crud

Lithium-Boron precipitate forms in crud

Boron absorbs neutrons - flux shifts toward
bottom of core

Axial Offset Anomaly - AOA core models and shutdown margin analysis



Axial Offset Anomaly
Affect on Core Depletion

Axial power distribution shifts toward core
inlet

Depletion with bottom skewed power
distribution results in bottom skewed
burnup distribution

Steady state xenon distribution is also
bottom skewed

Axial Offset Anomaly - AOA core models and shutdown n.argin analysis



Core Model for AOA

Boron modeled in upper spans of fresh fuel

Boron number densities adjusted with
burnup t» match core behavior

Core average axial offset
Assembly average power

Assembly axial offset

Axial Offset Anomaly - AOA core models and shutdown margin analysis



AOA Modeling in ANC

ANC control rod model used for AOA
No code modifications required

Control rod model applies cross section
modifiers to nodes containing control rods

For AOA, cross section modifiers
determined based on boron absorption
Cross sections

Boron microscopic cross sections from ZrB2
IFBA used for fast, thermal absorption

Axial Offset Anomaly - AOA core models and shutdown margin analysis



Callaway Cycle 9 AOA
Modeling in ANC

Boron modeled in upper portions of fuel

84 inches - 138 inches from bottor of
fuel stack

Consistent with location of crud from
Callaway visual exams

Uniform axial distribution

Four different boron densities modeled in
Cycle 9

All affected assemblies are fHiesh asseinblies

Axial Offset Anomaly - AOA core models and shutdown margin analysis
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Axial Offset Anomaly -

Location and Relative Boron Number Densities for AOA Model
Callaway Cycle 9
Piedicted Power at 8000 MWD /MTU - Nominal Model

AOA core models and shutdown margin analysis
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Callaway AOA Modeling
for Cycle 9

Affected assemblies selected based on
review of flux map data

Assemblies selected based on reaction rate
errors in upper portion of fuel

Affected assemblies will show larger
negative reaction rate errors compared to

predictions

Review of raw flux traces used to confirm
selection of assemblies

Affected assemblies will show large flux
depressions in top portion of trace below
grids

Axial Offset Anomaly - AOA core models and shutdown margin analysis



AOA Modeling in ANC

Boron number densities varied with burnup
to match

Core average axial offset
Assembly average power

Assembly axial offset

Axial Offset Anomaly - AOA core models and shutdown margun analysis



AQOA Model Results for

Cycle 9

Core average axial offset

Assembly average power

Assembly axial offset

Critical boron concentration vs. burnup

Resulting boron content in crud

Axial Offset Anomaly - AOA core models and shtdown margin analysis
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Callaway Cycle 9
Measured and Predicted Axial Offset
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Comparison to Measured Core Behavior

Callaway Cycle 9 AOA Model
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Boron Weight in Crud

Callaway Cycle 9
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Additional reactivity insertion after trip
Boron absorber dissolves
Currently assumed to be instantaneous
Bottom skewed burnup distribution effects
Burnup in top of core is lower
Flux shift to top at zero power is larger
Bottom skewed xenon distribution effects
Additional flux redistribution

Xenon distribution to skew AFD to most positive
allowed value is more adverse

Axial Offset Anomaly - AOA core models and shutdown margin analysis



ANC Model Shutdown
Margin Analysis

Cycle 9 ANC AOA model used with actual
operating history modeled

Standard 3D methods used for SDM
analysis

Very conservative assumption used that all
AOA boron immediately disappears after

tnp

Axial Offset Anomaly - AOA cors models and shutdown margin analysis



A Model Sh wn
Margin Analysis

Case 1- Base Case: HFP, D-bank at RIL,
xenon skewed 30 AFD is at positive limit,
inlet temperature increased for
temperature uncertainty, AOA boron

present

Case 2 - Power DPefect: HZP, inlet
temperature decreased for temperature
uncertainty, AOA boron removed, no
change to soluble boron, xenon, RCCA

Case 3 - Total Rodworth: Insert all RCCA,
no other change from Case 2

Case 4- N-1 Rodworth: Remove highest
worth stuck rod

Axial Offset Anomaly - AOA core models and shutdown margin analysis



Shutdown Margin Analysis

Conservatism

D-Bank assumed to be at RIL

AFD skewed by xenon to positive limit
despite D-Bank at RIL

Maximum temperature uncertainty
assumed

Void reactivity assumed

Worst stuck rod assumed to remain out of
core

Rodworth uncertainty assumed

AOA boron removed instantaneously

Axial Cffset Anomaly - AOA core models and shutdown margin analysis



Shutdown Margin
Conservatism

Callaway Cycle 9 12965 MWD/MTU 70% Power AOA

Shutdown Margin Calculations at 100% Power

Shutdown SDM
Margin (pcm) - Change (pein
NDR Model Nominal 4995 Nominal
AOA Model Nominal 5192 +197
AOA Fully Removed 0% Power 3096 - 2096
+ Temperature Uncertainty 2991 - 105
+ HFP Rod Inseition (201 Steps Withdrawn) 2929 - 62
+ Axial Flux Difference to +6 (D-201) 2650 - 279
+ Worst Stuck Rod 1710 - 940
+ Void Collapse 1660 - 50
+ 7% N-1 Worth Uncertainty 1275 - 385
Sources of Additional SDM
Reduced Rodworth Uncertainty - 3% N 1467 +192

Relaxation of Instantaneous AOA Boron Loss

Assumption after trip 2117-2667 +~650-1200

Axial Offset Anomaly - AOA core models and shutdown nargin analysis



Table 1: Dates for Flux Maps and SDM Updates

Union Electric
Flux Map
Date

Westinghouse
Mode! Update
and SDM Calc

Westinghouse
Verified
Trensmittal to
UE

Union Electric
Curve Book
Update

10/02/97

- Excore AFD trended between maps
- Axial Offset indication available when flux map evaluation is completed
- Shutdown margin update completed within a few days of flux map

- Formal documentation/ verification required by both Westinghouse and
Union Electric prior to curve book update

Axial Offset Anomaly - AOA core models and shutdown margin analysis
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Shutdown Margin Changes

Date

9/2/97
9/5/97
9/8/97
9/15/97

9/15/97

9/22/97

10/6/97

with Burnup

Shutdown Flux Map
Margin (pcm)  Basis
1532 (204%)  8/25/97
Power krduced to 307

1738 (70.8%)

1733 (69.7%) 8/25/97
1601 (69.7%) 9/9/97
1578 (69.99%) 9/9/97
1476 (~70%) 9/22/97

SDM

Change

burnup/RIL change
burnup/power

-182 pcm model change
for 30% downpower

+50 pcm AFD assumption
-23 pcm burnup

(-3.3 pcm/day)

-52 pcm burnup

(-3.7 pcm/day)

-50 pem AFD assumiption

Axial Offset Anomaly - AOA core models and shutdown margin analysis



