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ABSTRACT X
This report provides an uncertainty analysis for the Palisades Incore
Detector Algorithm, PIDAL. A detailed description of the individual
uncertainties associated with using the PIDAL methodology for determining
the power distribution within the Palisades reactor is presented.
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Section 1 Pl REV 2
INTRODUCTION

This report provides an analysis documenting the uncertainties associated
. With using the Palisades Incore Detector AlLgorithm, PIDAL, for measuring the
full core three dimensional power distribution within the Palisades reactor
core (reference #1).

The PIDAL methodology was developed over the course of o years by the
Pal isades staff With the intention of having the full core PIDAL eventually
replace the original Paligades one eighth core INCA model.

Initially, the full core PIDAL solution method was based on a
combination of the existing Palisades INCA methodology and other full core
measurement schemes. Over the course of development, shortcomings in the
previous methods were identified, particularily in the way the full core
radial power distributions and tilts were constructed. Several new techniques
were employed which resulted in an improved methodology as compared to the
previous systems,

In order to determine the uncertainty associated with using the PIDAL
system for monitoring the Palisades pouer distribution, it was again decided
to draw on previous industry experience., A copy of the INPAX-II monitoring
system uncertainty analysis, developed by Advanced Nuclear Fuels Corporation
(formerly Exxon Nuclear) was obtained with the permission of ANF. After
preliminary work, the statistical methods used by ANF were decmed adequate,
with a few variations, and the uncertainties associated with PIDAL were
determined as described by the remainder of this report.
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DESCRIPTION of the STATISTICAL MODEL

-

Section 2.1 Description of Uncer't.ainty Components

As mentioned in the previous section, the desire herein was to determine
an uncertainty associated with using the Palisades full core incore analysis
model for measuring reactor core power distributions. Therefore, the
uncertainties were determined for three different measurement quantitiess

F(q@Q, core total peaking factor. Ratio of the peak local pin power to
the core average local pin power. For Palisades this value is
frequently uritten in terms of peak linear heat generation
rate.

F@h), integrated pin peaking factor. Ratio of the peak integrated
pin powér to the core average assembly power.

FCAr), assembly radial peaking factor. Ratio of the peak assembly
: power to the core average assembly power.

For each of the paramsters defined above, three separate components of
the uncertainties associated with the peaking factor calculations are
defined. For our purposes these are box measurement. nodal synthesis and
pin—t,o-box uncertainties. :

The box measurement component is the uncertaigty associated with
measuring segment powers in the instrumented detector locations.

The nodal synthesis component is the uncertainty associated with using
the radial and axial pouer distribution synthesis techniques employed
by the PIDAL full core model to calculate a nodal power. Specifically, the
uncertainties associated with the radial coupling to uninstrumented locations
and the axial curve fitting used to obtain an axial pouer' shape from five
discrete detector powers.

The pin—-to-box uncertainty is the error associated with using the
local peaking factors supplied in the vendors physics data library to
represent the pin pouwer distribution within each assembly.

With the three uncertainty components defined above, it was necessary to
mathematically re-define each of the peaking factors in terms of these
components. This was accomplished by utilizing forms for the peaking factors
developed by Advanced Nuclear Fuels Corporation (ANF, formerly EXXON Nuclear)
for an uncertainty analysis performed on the St. Lucie Unit 1l incore analysis
routine, INPAX-II. This analysis is documented by ANF in proprietary report
XN-NF-83-01(p> (Reference #Z) used by Pal isades personnel with the permission
of ANF .




Section 2 P3. REV 2

DESCRIPTION of the STATISTICAL MODEL

The peaking factors, for purposes of statistical analysis, were written
in the following forms:

F(® = FEFWFEFLD as
FQh) = F(sa)F(rd)FQD ' @
FCAr) = F(sa)F () ' : 3
wheres |
F(s) = Relative pouer associated wWwith a single incore detector
measurement.
F(sa) = Relative power associated with the average of ‘the detector

measurements within a single assembly.

F(D

= Ratio of the assembly relative power to the relative
pouer of the detector measurements within the assembly.
F(z) = Ratio of the peak planar pouer in an assembly to the assembly

average power.
F@L> = Peak local pin power within an assembly relative to the
assembly average pouer.

An important point to be drawn from these definitions for the peaking
factors is that the F(r) value is equal to the ratio of the assembly
relative pouwer to the F(s) or F(sa) value. Thus it should be apparent that
the F(s) and F(sa) terms would drop out in a mathematical sense. The F(s)
and F(sa) values uwere retained for the statistical analysis because their
respective uncertainties could be calculated directly and used to quantify
the box measurement uncertainty. It can be shoun that the F(s) or F(sa)
terms (denominator) disappear from the F(r) statistical uncertainty term.
See section Z2.4.

Given the above representations for the three peaking factors of interest,
the problem was to develop a method for determining the variance or standard
deviation using a combination of the separate uncertainty components. For
example, the uncertainty component for F(Ar) is as follouws.

The peaking factor, F(Ard, is defined in equation 3 above. Using the
general form of the error propagatlon formula given in Reference # P131,

e s B o

and substituting for u,x and y yields:

2 & ' '
$ _6@5 &L [oFe) . -
Flar) QF(sa) Hsa) » é-F' D £ .
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DESCRIPTION of the STATISTICAL MODEL

- From equation 3 the partial differentials are computed as:

} FCArD .

- = F( and 6
a- F(sa) )
d Fcar>

“““““““ = F(sa) S ' @D
S F&d '

Substitution of the partials back into (5) gives:

2 2 2 2 2
Saac) = F(rd Sg g F(sad Sy @

5 )
Dividing both sides of equation 8 by FCAr) , which is equivalent to (F(sadF{rD)

gave an equation for the relative variance for F(Ar) as:

> z z
S- S, S v
N lsa) F(e)
FCATD F(sa) F(D
It is now necessary to find a more convienient form of equation 9 to
use for the relative variance of F(Ar). This is done by using the error

propagation formula and implementing a simple variable transformation as
follows: ’

Jv 1
let y = 1lnGD and note that —— = ——

ax X

Substituting into the error propagation formula,

2 3 z ,
2 (ay),_ (1)1 (sxj
S oS St (T St T | (L0
Qx X X
Note that the form of equation 10 is the same as the form of the individual
components of equation 7. Therefore, it is possible to substitute the
natural logarithms in the individual variance (or standard deviation) for

the actual independent variables. i.e. substitute ln(F(s)D> for F(s) in
equation 2l. ‘ _

2
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" DESCRIPTION of the STATISTICAL MODEL

’ From the results of equations 9 and 10, the following formulae for the
© relative sample variances of F(@®, FQAh) rand_F(Ar) ‘can be written:

z‘ L« - Sz_ Y < N ) .
SF/%) = S¢(s) eey *Se@y tSewy Cl1d
2 2z 2 2> ) .
Se) = Setsay ¥ Serey * Sew a2
K z 2 :
Seae)= Sy T Sele) asp

It should be noted that equations 11, iZ and 13 are valid only by assuming
.that the individual uncertainty components which make up the overall varlance
for the peaking factors are independent.

After determiﬁing the sample variance for each peaking factor, it is
necessary to construct sample tolerance intervals for each estimate. The
general form for the tolerance limits is given in Reference #3 page 221,
as:

X £Ks . 14
where
X = the estimated sample bias
K = tolerance factor, based on interval size and number of
observations :
S = estimated sample- standard deviation

For our'purposes, it is necessary to define only a one~sided tolerance
limit. This is because we are trying to quantify how many peaking factor
measurements may be below a given limit. In addition, if it can be shoun that
the overall variance (or standard deviation) for each peaking factor component
is made up of normally distributed individual deviations, then the bias term
becomes zero. Realizing these tuwo points, equation 14 can be used to construct
the following upper tolerance limits for each peaking factors:

*quysﬁ%\  Upper tolerance limit for F(Q® | 15
+KSrawy  Upper tolerance limit for FGah) : ae
+KaaoSF(ac> Upper tolerance limit for FCAr) - , : (17>

For this analysis, a 95/95 tolerance limit is used and appropriate K
factors are used to determine the respective one-sided 95/95 tolerance limits.
The tolerance factors XKD, as a function of degrees of freedom, uere taken from

Reference #4.
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DESCRIPTION of the STATISTICAL MODEL

&s mentioned previously, it is necessary to determine the appropriate
" number of degrees of freedom for.each sample standard deviation in order to
obtain tolerance factors. This is accomplished by using Satterthwaits's
formula which was also used in Reference #2. This formula is given belows

For a variance defined as:

= =
Se =a,S, +2,S, * ... *aSe (18

The d=grees of freedom are given bys

53

df, = - )

a S\ /dF, + &@,5;/0F, + .e..+ AS/F
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DESCRIPTION of the STATISTICAL MODEL

Section 2.2 F(s) Uncertainty Component

The standard deviation Sgg is defined as the relative uncertainty in
the individual detector segment pouers inferred by the full core model.
Inferred detector pouwers are those calculated for uninstrumented assemblies
by the full core radial synthesis routine as opposed to detector pouwers
derived directly from the detector signals in instrumented assemblies.

The standard deviation Sggycan be obtained by comparing equivalent
inferred detector pouwers to powers from already measured, instrumented
locations. First, a full core power distribution is obtained based on the
full core methodology described in Reference #l. Then, one detector string
(consisting of five separate axial operable detectors) is assumed to be
failed and the full core radial synthesis routine is repeated. Since the
d=tector locations of the "failed” string are inoperable, the synthesis
routine will treat these locations as uninstrumented and independent inferred
pouwsrs for “the once operable string will be obtained.

At this point, the "failed” string is again made operable by using the
original detector signals. A second string of five operable deteciors is
then failed and the solution step repeated. This scheme of failing and
replacing operzble detector strings is repeated until independent inferred
segment powers have been calculated for all oper‘able strings in the reactor.
From this scheme, five deviation data points can b obtained for each fully
operable string in the core. The whole process is then repeated for roughly ‘
fifteen separate pouWer distribution cases from each of Palisades fuel cycles ‘
5, 6 and 7.

The equation for determining the standard dev1atlon of all of the
individual segment inferred/measured deviations is as follous:

VZD - Ny Dy

\

SF(S) 20>
Ns -1
where: :
N¢ = total number of inferred/measured segment power deviations
T i)
Dg; = ln(FSL D - lnCFs,; D 21>
Dg = arithmetic mean of the individual Dg;
F‘SM. = radially normalized measured detector segment pouwer for
“  detector i.
F‘ST.' = radially normalized inferred detector segment power for

detector 1i.
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DESCRIPTION of the STATISTICAL MODEL

. Section 2.2 F(s) Uncertainty Component

It should be noted that there is an underlying assumption made in using
equation 20 to determine the individual detector segment power standard
deviation. It is assumed that the uncertainty associated with inferring
powers in the uninstrumented regions is greater than the uncertainty of the
measured detector segment powers from instrumented locations. This assumption
is supported by the fact that the inferred detector powers, by design, are
influenced by the theoretical solution via the assembly average coupling
coefficients. (Section 2.4, Reference #1) Therefore, the inferred
detector powers wWill contain errors induced by the theoretical nodal model. .

Initially, this method may appear to not consider any uncertainty
components brought about by detector measurement errors and errors in
converting the measured detector signals to segment powers. However, the
deviations betueen inferred and measured will in fact contain the msasuremsnt
uncertainty because the relative difference betueen measurem=nt and inferred
detector segment powsr represents an estimate of the combined measured and
calculational error.



Section 2 o P9 REV 2
DESCRIPTION of the STATISTICAL MODEL

Section 2.3 F{sa) Uncertainty Componznt

The standard deviation S " is defined as the relative uncertainty in the
average of the five inferred detector segment powers within an assembly. The
inferred and measured detector segment power data used for this component comss
from the same individual segment power data used for the Sfu) analysis.

The equation used for determining the standard deviation of the string-
average detector segment inferred/measured deviations is:

A 2 —_ A .
Z D-('n\, - N.Sa\ DS @
Sese) = o @2>

NSq - 1
where:
N, = total numosr of inferred/measured average segment power
deviations. :
L "
DSQ" = ln(Fsa‘-. ) - ln(qu; > <23)
D¢, = arithmetic mean of the individual Dgq;
Eﬁl. = average of the radially normalized measured detector segment
- powers for detector string i. .
P4
Fgq. = average of the radially normalized inferred detector segment

pouwers for detector string 1.
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vt DESCRIPTION of the STATISTICAL MODEL

Section 2.4 F(r) Uncertainty Component

The standard deviation Sg.y is defined as the relative uncertainty
ascociated with the radial systhesis from instrumented assembly powers to
agsembly pouers for uninstrumented assemblies. This component assumes that
the radial coupling methods employed are valid and accurate for inferring
detector powers in uninstrumented assemblies, and that the resultant
integrated assembly powers are similar to knoun values.

The data for this component is obtained by starting with a theoretical

XTG quarter core power distribution and obtaining from this equivalent
detector powers. Note that these theoretical detector powers are already
calculated in the full core model for other uses. These detector powers can
then be used as the detector data input to the corresponding full core

case. The PIDAL model will then calculate a full core power distribution
based on the XIG detector powers. The resultant integerated assembly powers
are then compared with the original radial power distribution supplied by
XTG. The difference will represent the error in the radial synthesis method.

The equation used for calculating the Sg.)standard deviation iss

) 245

. N = total number of PIDAL/XIG assembly powers compared
X M

De: = In@F.. D = InCF: D 25>
[ \

De = arithmetic mean of the individual D¢y

F.. = core normalized PIDAL F(r) peéking factor calculated by the
full core model for assembly i

F.. = core normalized Coriginal) XIG F(r) peaking factor for
assembly 1

As mentioned in section 2.1, the F(r) uncertainty term is mathematically
the ratio of assembly relative power to the pouwer of the detector measurements
in an assembly. From equation 25, it can be shoun that the detector measurement
term Ceither F(s) or F(sa)) drops out of the formulation. This is because the
difference in the natural logarithms is identically equal to the natural
logarithm of the inferred F() term divided by the measured F() term. Thus the
denominators of each term would cancel out.
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DESCRIPTION of the STATISTICAL MODEI.

Section 2.5 F'(z) Uncertainty Component

The standard deviation Sgqy is defined as the relative uncertainty
associated with the axial systhesm from five detector segment pouers to
twenty—-five axial nodal powers. This is the uncertainty associated with the
axial curve fitting technique, including calculation of axial boundary
conditions, employed by the Palisades full core model.

The data for this component is obtaired by starting with a theoretical
XTG quarter core pouwer distribution and detector powers as discussed for
the F(D component. The XTG detector powers were again used as the
detector data input to a corresponding full core case. The PIDAL model
then calculates a full core power distribution .based on the XTG detector
pouwers. The resultant assembly normalized axial peaking factors obtained
by PIDAL are then compared with the original XTG a><1a1 peaking fact,ors for
each quarter core location.

The equation used for calculating the SF“) standard deviation is:

z6>

Nz = total number of inferred/XTG F(z2> axial peaks compared

Dy, = InGFy. > - InF,. > | @

Dy = arithmetic mean of the individual Da.

Fy. = assembly normélized F(z2> peaking factor calculated by the
full core model for assembly i

F,. = assembly normalized (original) XIG F(2> peaking factor for
assembly 1
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DESCRIPTION of. the STATISTICAL MODEL

Section Z2.6 F(1D> Uncertainty Component

The standard deviation Sy is defined as the uncertainty associated with
pin-to-box factors supplied to PIDAL in the fuel vendors cycle dependent data
library. This factor is the ratio of assembly peak pin power to average
pouwer for that assembly. These factors are supplied by the fuel vendor
CAdvanced Nuclear Fuels Corporation) and come from quarter core PDQ
models used by ANF in the Pal isades reload design process.

The value of Sgp)can be obtained from ANF. The value currently used
by ANF, as determined for Westinghouse PWR’s, and Combustion Engineering
PWR's with 14Xl4 assemblies is .0Ll35.

Because Palisades has cruciform control rods and thus there are
wide-wide, narrow-wide, and narrow—narrow water gaps surrounding the Palisades
assembl ies, there is some concern that the same value for Se.ycan be used.

It was determined however, that the previously derived ANF pin-to-box
uncertainty component could be used herein for the following two reasons.

The ANF cycle dependent pin—to-box factor are generated using PDQ methods
that are consistent with other reactors for which ANF supplies physics data.
Therefore, it is expected that the error in pin pouwers calculated by ANF for
Palisades will be similar to the error that ANF ha.su derived for other PWR's.

Secondly, concern over the ability of a two-group PDQ model to accurately
describe the local power distributions in the regions of the differing water
gaps prompted an agreement betueen the NRC, CPCo and ANF to have ANF use a
four group PDQ model for Palisades design work. It is reasonable to assume
that a four group PDQ model for Palisades will be at least as accurate as a
two-group model for other PWR's. Therefore, the ANF value of S, ,= .0135
will be used for this analysis.
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Section 3 P13 Rev 2
CALCULATION of the UNCERTAINTIES

Section 3.1 Methodology/Data Base

Four steps were taken in order to determine the uncertainties associated
with the PIDAL full core monitoring model. The first step consisted of
defining an appropriate statistical model. This was done as described by
Section 2.

The second and third steps consisted of generating the computer
software necessary for implementing the statistical model and running
the necessary computer cases. These steps are described in this section.

Finally, it was necessary to take the results of the computer cases
and combine them in order to determine the overall uncertainties as
defined by the statistical model. Included in this step was a study of the
effects of failing large numbers of incore detectors, as well as an _
investigation into the effect of radial power tilts on the PIDAL methodology.
The results of this step are discussed in Sections 3.2 through 3.4.

Three computer codes were used for the statistical analysis work
performed. The following brief discriptions apply.

The PIDAL main program was used to determine the measured and
inferred full core detector powers and power distributions required.
The PIDAL program was described In detail by Reference #1.

The BDSTAT program was used to calculate the F(s), F(sa) and F(r)
uncertainty components. This program reads output files generated by the
PIDAL program statistical analysis routines and calculates the deviations,
means and standard deviations required by this analysis. BDSTAT also sets
up histogram data files for figure plotting.

The STATFZ program was used to calculate the F(z) uncertainty
component. This program reads output from the PIDAL exposure data
file and calculates F(z) deviations and statistics between the stored
PIDAL and XTG values STATFZ also sets up a histogram data file for
plotting. : ‘

The data base used for this analysis was generated using measured and

predicted power distributions.for Palisades cycles 5, 6 and 7. For the F(s),

F(sa) and F(r) uncertainty components a total of 54 PIDAL cases, equally
distributed over the three cycles, were run. The cases used were selected
from Reference #7. Since Reference #7 contained twice as many cases as were
statistically necessary, it was decided to use use only half of the cases
so only every other case was selected. Tables #1, #2 and #3 list the cases

" which were run using the PIDAL statistical analysis option for cycles 5, 6

and 7, respectively.
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CALCULATION of the UNCERTAINTIES

Section 3.1 Methodology/Data Base

Three separate cycle 7 BDSTAT statistical runs were performed. The first
considered the entire compliment of detector data, including fresh and reused
incores, and the original cycle 7 INCA W’ signal-to-box power conversion
library. This library was revised by ANF which resulted in a second set of
statistical data. A-third cycle 7 set was then generated which omitted the
reused detectors from the cycle 7 data. Note that the statistics from the
first cycle 7 BDSTAT run are for information only.

A total of 22 PIDAL cases were run In order to generate data for the
PIDAL F(z) uncertainty component. Of these 22 cases, ll were selected from
the cycle 7 INCA run log. These 1l cases were selected at approximately equal
intervals over the fuel cycle. Also part of the total 22 cases were 1l cases
run from a hypothetical EOC 7 Xenon oscillation., These cases were selected in
order to include off-normal axial power shapes in the uncertainty analysis.
Table #4 lists the cases used for the F(z) uncertainty component.

One concern was the fact that the "known" axial power shapes which vere
to be reconstructed using PIDAL came from XTG solutiocns. This was a2 problem
because XTG does not account for slight flux depressions caused by fuel

.assembly spacer grids. It is reasonable to assume that axial peaking

uncertainties caused by these types of flux disturbances would be small,
compared to the off-normal axial shapes being investigated, and therefore
these fluxuations were ignored by this analysis.

A total of 18 PIDAL cases were run in order to determine the measurement
uncertainties for radially tilted cores. All of these PIDAL cases used '
theoretical detector powers from two full core XTG dropped rod induced transient
scenarios. One of these (used for the first six PIDAL cases) was induced by
dropping a group 4 control rod, while thé other (used for the second six PIDAL
cases) used a group 3-outer rod as initiator.

The first six PIDAL cases run corresponded to peak quadrant power tilts of
10%, 7.6%, 5.6%, 2.9%, 1.6% and 0.3% respectively. These cases were selected
because they covered the spectrum of tilted cores for a tilt range of no tilt up
to 10% tilt. Concentration on tilts between 0% and ~5% was greater because it is
over this range that the operator may be operated without reducing power or
correcting the tilt. The second six PIDAL cases all lie within the no tilt and

~5% quadrant power tilt range.

There were two reasons for using the two different transient scenarios as
suppliers of the theoretical detector powers. First, the dropped group 3-outer
rod scenario did not result in quadrant power tilts greater than 5% during the
oscillatory period. Therefore, it was necessary to use cases from the dropped
group 4 rod scenario in order to get results on tilts up to 10%. Secondly, the
oscillations between the two scenarios were quite different. The dropped group
3-outer rod oscillated about the major symmetric axis while the dropped group 4
rod scenario oscillated about the diagonal axis. Consideration of both is
important because the majority of the symmetric incore detector locations are
rotationally symmetric (and not generally symmetric about either major axis or
diagonal) and therefore oscillations about differing axis’ could have differing
effects on the accuracy of the PIDAL quadrant power tilt algorithm.
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CALCULATION of the UNCERTAINTIES

Section 3.1 Methodology/Data Base

Expanding on this last statement, it was decided to further investigate
the effects of tilt location on the PIDAL solution. In the-case of the dropped
group 4 rod induced transient, the power peak used for the PIDAL cases 1 through
6 occurred in quadrant 2. What if the power peak was in one of the other three
quadrants? In other words, what if the power distribution was the same, just
rotated 90, 180 or 270 degrees? Since the incore detectors are not equally
distributed over the quadrants, it is not expected that the power distributions
as measured by PIDAL would be the same for the rotated cases. The same
questions can be asked for the group 3-outer rod induced transient as well.

Six additional PIDAL cases were then run. Three of the cases were for the
5% tilted group 4 rod induced oscillation at rotations of 90, 180 and 270
degrees clockwise from the original power distribution. The other three cases
were for the 5% tilted group 3-outer rod induced transient at rotations of
90, 180 and 270 degrees.
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CALCULATION of the UNCERTAINTIES

Sectlon 3.2 Effects of Failed Detectors on Uncertainties

Current Palisades Technical Specifications require that 502 of all
pocsible incore detector locations, With a minimum of two incore detectors
per core level per quadrant be working in order to declare the incore
monitoring system operable. A look at current Combustion Enginesring standerd
technical specifications revealed that the current standard is for 75% of
the possible incore locations be operable. It is assumed that the CE standard
is referring to plants which incorporate the standard CE full core mohitoring
methodologies.

It is anticipated that the Palisades technical specifications will be
revised to reflect the current CE standard once the PIDAL methodology becaomss
production. In order to make this change, the study described by this section
Was necessary in order to justify the 75Z operability value which will be
used.

In Refe ence #2, ANF came to the conclusion that the accuracy of an
incore monitoring system or msthodology depended more on which instruments
were operable than on the total number operzble. ANF also concluded that
it was best to use all available data points in determining the individual
uncertainties and therefore did not go into great detail investigating the
effects of large numbers of incore failures on the measured/inferred power
distribution. These conclusions are valid because,* for random destector failures,
there is an equal probzbility that the well behaved detectors and the non-uell
bshaved dstectors would fail,

In order to prove these conclusions it would be necessary to test every
poscible combination of failed detectors for a large set of power distributions.
From a computational standpoint, this would not be practical. Therefore, two
tests wWwere devised in order to verify that incore failures resulting in only
75Z detector operablility would produce accurate measuremsnts.

The first test consisted of verifying the F(sa) and F(sD uncertainty
components for measurements with 11 incore strings (65 total detectors) failed.
This failure rate, 25.6% of 215, uwas chosen because of its consistency with
current standard technical specifications. Cycle 6 PIDAL case #5 was chosen
as the base case to this test. The Sg )and Sg)component uncertainties for
this case were found to be 0.0134% and 0.0299, respectively. See Table #6.
Five sets of eleven failed incore strings were then chosen using a random
number generator and input. to PIDAL. The statistical analysis was repeated
‘for each of the five failed sets. The resultant S.(sa)and Sys)components were
found to be 0.0171 and 0.0328, respectively. Statistical peaking factor
uncertainties were then determined based on the base case and 25Z failure
rate case. From these calculations, penalty factors accounting for the
apparent measurement degradation based on detector failures were derived.
These penalty factors were then applied to the uncertalnties derived from the
full data base. :
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Section 3.2 Effects of Failed Detectors on Uncertainties

The first test was then repeated for an off-normal pouwsr distribution case.
The PIDAL base case Was a dropped rod measurement from cycle 7. The base case
uncertainty components for this case wsre Sgig,) = 0.081Z and Sggy= 0.0955. Five
new random sets of 1l incore strings to be failed were generated and the
statistics calculations repeated. The resultant Sgg,) and S yuwere 0.1293 and
0.1369, respectively. From these results, it is clear that PIDAL does not handle
large local perturbations such as a dropped rod with a high degree of certainty.

There are two reasons why the dropped rod case resulted in higher
measurement uncertainties. The W' data used by PIDAL, and most other monitoring
systems as wuell, comes from steady state PDQ (or similar) calculations,
Therefore, the detector signal-to-pouwer conversion is not very accurate
for this type of case. Secondly, and more importently, the coupling
coefficients used by PIDAL are inferred based on ohe—quarter core msasured and
theoretical detector powers. These coupling cosfficients have no way of
compensating for gross full core assymstries such as a dropped contrel rod.

Pal isades plant procedures currently state that thes incore monitoring
system can not be used for verifying core peaking factors in the event of a
dropped or mizaligned control rod. At this time, there is no intention of
revising these procedures to the contrary until a full core coupling
coefficient methodology, capable of accounting for:fzrge local reactivity
perturbations has been added to PIDAL. Work is underway to develcp such
a methodology.

A second test was devised in order to further study the sffects of gross
incore failures on the PIDAL methodology. This test consisted of failing large
quantities of incores on an indidual basis (not by string) and quantifying the
resul tant effects on the PIDAL measurements.

The base case for this test consisted of a typiczal run from cycle 8 in
which 206 of 215 possible incores were operable. Five sets of 54 (25%Z) failed
incores uwere generated using a random number generator. The PIDAL power dist-
ribution was then re—-calculated for each of the five sets of failures, with
the resultant integrated assembly powers compared back to the base case.

This test was then repeated for failure thresholds of 50Z and 75Z failed
incores.

Average assembly power deviations were found to be 0.602Z, 1.10Z and 1.572
for the 25Z, 50Z and 75% failed incore detector cases respectively. From these
results it is clear -that as additional incore detectors are failed, the power
distribution as measured by PIDAL tends to depart from the base case. From the
individual cases, it is also apparent that the degree of agreement betisen
the test cases and base case depends strongly on which incore detectors are
operable. An example of this is the spread betusen the average deviations for
the five 252 cases which had a high case average of 0.71Z and a2 low of 0.45Z.

Based on these results, it is safe to assume that the uncertainties
associated with the PIDAL system documented by this report are valid for an
incore monitoring system operable with up to 25Z of it's 215 incore detector
considered failed. It is also apparent that detector failure rates greater
than 25Z have an adverse effect on PIDAL's ability to determine the measured
pouwer distribution.
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Lt CALCULATION of the UNCERTAINTIES
Section 3.3 Effects of Radial Power Tilts on Uncertainties l

\

L

This section is a summary of work performed as documented in Reference #8,
which should be consulted if further detail is required. !

The purpose of the work described by Reference #8 was to determine the F(s)
uncertainty component for radially perturbed or tilted power distributions up to
the full power Technical Specification Limit of 5% quadrant power tilt. *

The F(s) uncertainty component was recalculated for radially tilted cores. ‘
It was found that in all cases the F(s) uncertainty component for tilted cores
was bounded by the value assumed for the whole data base (0.0277) for quadrant
power tilts up to 2.8%. It was also found that the value of the F(s) uncertainty
component depended strongly on the direction and magnitude of the oscillation
causing the power tilt. For cores oscillating about the diagonal core axis, the
0.0277 value is valid for tilts up to 5%.

For oscillations about the major core axis, the F(s) uncertainty component
ceases to be bounded by the 0.0277 value for quadrant power tilts greater than
2.8%. Since the Palisades Technical Specifications allow for full power oper-

o ation with quadrant power tilts of up to 5%, and it was clear that the overall
PIDAL uncertainties were only valid for tilts up to 2.8%, it was necessary to
~. derive new uncertainties to allow use of PIDAL for tilts above 2.8%. The new

uncertainties were derived and the results may be found in Table #12.



779

s @

n9 8

Section 3 P17 Rev 2
CALCULATION of the UNCERTAINTIES

Section 3.4 Results of Statistical Combinations

Tables #5 through #9 contain the results of the F(s), F(sa) and F(r)
statistical calculations for fuel cycles 5,6 and 7. Table #8 shows the
original cycle 7 results assuming reused incore detectors. Table #9 shows
analogous cycle .7 data with the reused incore data omitted. Table #10
shows a summary totaling all of the F(s), F(sa) and F(r) data for all three
fuel cycles assuming no reused incore detectors.

Figures #1 through #15 are deviation histograms corresponding to the data
used for the F(s), F(sa) and F(r) standard deviations. From the histograms and
means presented, it is apparent that the data 1is normal and unbiased. One
interesting point to note is that the F(r) data is not biased as ANF had
found it to be. They explained their bias as being induced by using data
sets that were not normalized. The PIDAL data used was radially normalized
so the PIDAL result seems to support the ANF assumption.

Table #11 contains the results of the F(z) statistical calculations
using cycle 7 data. The first 11 elements of Table #1ll1 were taken from the
simulated Xenon oscillation data. The last 11 elements correspond to "typical"
data equally spread out through cycle 7. Note that element 20 was from a
dropped rod transient. Figure #16 shows a histogram for the F(z) deviation
data. From this histogram, the data appears generally normal but the mean
deviation indicates a bias of 0.9%. Since this bias is positive, the PIDAL
model is over-predictiing the peak and 1s therefore conservative. This is
similar to the result obtained by ANF.

Three sets of tolerance limits were determined for F(q), F( h) and F(Ar).
The first set is based on theoretical data and is valid when quadrant power
tilt, as measured by PIDAL, exceeds 2.8%. The second set is based entirely on
cycle 7 data and is valid only for reload cores which contain fresh and
once-burned incore detectors. The third set of tolerance limits 1is based
on data from all three cycles, excluding the cycle 7 reused detector data,
and is valid only for reload cores with all fresh incore detectors.

Table #12 contains a summary of all of the statistical uncertainty values
obtained. From this table, the one-sided 95/95 tolerance limits associated with
Palisades PIDAL model were found to be: 0.0623 for F(q), 0.0455 for F( h) and
0.0401 for F(Ar) for un-tilted cores with all fresh incore detectors. For cores
using a mixture of fresh and once-burned incore detectors, the 95/95 tolerance
limits for F(q), F( h) and F(Ar) were found to be 0.0664, 0.0526 and 0.0490
respectively. Finally, for measurements when quadrant power tilt as measured by
PIDAL exceeds 2.8%, the 95/95 tolerance limits for F(q), F( h) and F(Ar) were
found to be 0.0795, 0.0722 and 0.0695, respectively. ‘
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TABLES
PIDAL Run Esposure  Rx. Pouer
Number MWD/MT MW th
1 0.0 1694
2 224 .5 2413
3 520.2 2300
4 244 .9 2321
5 1504.6 2494
6 .2287.7 2515
7 3007.9 2514
8 4235.7 . 2509
. 5338.2 2496
10 6424.1 2439
11 7248.3 2524
12 8092.9 2518
13 2187.2 2504
14 10068.5 2525
15 10850.1 24397
16 11721.2 2430
17 1zlzr.l 2zz27
18 12487 .6 1842

Table #l—Cycle 5 PIDAL case exposures and powers for F(s),
F(sa) and F() uncertainty components.
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TABLES
PIDAL Run Exposure Rx. Power
Number MWD/MT MWth
19 0.0 1160
zo 135.9 1292
21 3r0.6 - 2542
22 1051.6 2464
23 1840.3 2456
24 2845.5 2456
25 - 35z7.1 z2460
26 4180.8 2477
g 4533.1 24690
28 © 5618.9 2468
29 6482.7 2457
30 6881.2 2468
31 7963.9 2455
32 © 8282.6 2240
33 2080.0 2467
34 2832.7 2483
35 10300.2 2464

Table #2—Cycle 6 PIDAL case exposures and pouwers for F(s),
F(sal and F(r) uncertainty components.
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TABLES
PIDAL Run Exposure  Rx. Power
Number MWD/MT Mdth
36 859.8 2475
37 1223.7 2453
38 0.0 782
32 ' 143.0 2406
40 z265.8 2462
4] 519.3 1341
42 1596.7 1892
43 2310.7 2514
44 29rt.1 2535
45 3924 .4 2529
46 5z2i3.7 2357
47 6615.5 z2szr
43 7386.0 2531
49 8226.8 2537
50 ' 8322.9 2526
51 9337 .4 2529
52 10468.8 2528
53 11105.8 2409
54 11556.4 2406

Table #3—Cycle 7 PIDAL case exposures and powers for F(s), -
F(sa> and F(G) uncertainty components.
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TABLES

PIDAL Run ‘Exposure Rx. Pouwer Z Axial
. ) Number MWD,/MT MJth Offset
1 172.9 2397 - 1.8
2 1075.7 2476 - 0.7
3 1437.3 2512 0.1
4 1807.2 2476 - 0.1
5 2974.1 2530 1.4
6 3994 .4 2529 2.5
e 5930.1 Z2518 3.8
8 7386.0 2525 4.0
9 8683.3 1142 -18.3
10 9364.5 2526 3.5
11 10468.8 2528 3.2
12 _ 10510.7 2528 -40.0
13 10513.3 2528 -32.7
14 10514.6 2528 -27.6
15 10515.9 2528 -Zl.4
16 10517.3 2528 -13.2
17 10518.6 2528 - 5.1
18 10513.3 2528 4.5
19 10521.2 2528 14.4
20 10522.5 2528 23.4
21 10523.9 2528 | 30.5
2z 10527.8 z528 - 39.2

Table #4——Cycle 7 PIDAL runs used for F(2) uncertainty components.
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“SUMMARY EDIT FOR ALL CASES THIS RUN o
CASE AVERAGE SEGMENT RMS SEGMENT F(S) F(S) F(SA) F(SA) F(R) F(R)
. DEVIATION Y DEVIATION ST. DEV. OBSERV. ST. DEV. O0BSERV. ST. DEV. OBSERY
1 0.44 3.30 0.0324 195, 0.0216 39 0.0021 51.
2 0.38 2.61 0.0259 190. 0.0200 38 0.0021 51.
3 0.33 2.56 . 0.02564 195. 0.0199 39 0.0018 51.
4 0.32 2.66 0.0264 190. 0.0208 38 0.0018 51
5 0.22 3.60 0.0356 169. 0.0256 33 0.0023 51
6 0.24 2.31 0.0282 165. 0.0210 33 0.0024 51
7 0.19 3.09 0.0314 164. 0.0253 32 0.0024 51
8 0.19 2.67 0.0266 177. 0.0227 35 0.0024 51
9 0.21 2.96 0.0295 177. 0.0258 35 6.0023 51
10 0.11 2.66 0.0268 177. 0.0229 35 0.0025 51
11 0.11 2.7% 0.0271 177. 0.0227 35 0.0026 51
12 0.16 2.93 0.0293 167. 0.0251 33 0.0026 51
13 0.26 2.76 0.0275 158. 0.0228 31 0.0026 51
i4 Q.17 3.23 0.0311 152. 0.0251 30 0.0024 51
15 -0.05 3,26 0.0324 148, 0.0270 29 0.0023 51
16 -0.01 2.80 0.0280 160. 0.0239 32 0.0022 51
17 -0.05 3.41 0.0341 172. 0.0280 34 0.0021 51
18 -0.01 2.9% 0.0291 161. 0.0255 32 0.0021 51
F(S) STANDARD DEVIATION ALL CASES = 0.0293 "MEAN = 0.0014 ~ DEGREES OF FREEDOM = 3094."
F(SA) STANDARD DEVIATION ALL CASES = 0.0233 MEAN = 0.00i4 DEGREES OF FREEDOM = 619.-
F(R) STANDARD DEVIATION ALL CASES = 0.0023 MEAN = 0.0000 DEGREES OF FREEDOM = 918. .

TABLE 5= CYCLE S £(s), £(sa) and F(¢) Dakq
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SUMMARY EDIT FOR ALL CASES THIS RUN

CASE AVERAGE SEGMENT RMS SEGMENT F(S) F(S) F(SA)
N DEVIATION % DEVIATION ST. DEV. OBSERV, ST. DEvV. 0
1 0.04 3.29 0.0336 152. 0.0182
2 0.01 3.09 0.0314 163. 0.0149
3 0.00 2.90 0.0294 168. 0.0130
4 -0.03 3.06 - -~ 0.03l% 175, 0.0136
5 ~-0.01 2.96 0.0299 175. 0.0134
6 -0.08- 2.67 0.0267 170. 0.0114
7 -0.15 2,38 0.0238 155, 0.0114
8 -0.15 2.37 0.0236 160. 0.0110
9 -0.10 2.42 0.0262 160. 0.0114
10 -0.14 2.29 0.0228 160, 0.0108
11 -0.17 2.28 0.0226 155. 0.0107
12 -0.15 2.22 0.0221 155, 0.0106
13 -0.23 2.79 0.0283 145, 0.0123
‘14 -0.06 3.13 0.0318 140. 0.0130
15 -0.15 2.97 0.0306 152. 0.0132
16 -0.18 2.34 0.0241 152. 0.0124
17 -0.23 2.37 0.0244 152. 0.0126

F(S) STANDARD DEVIATION ALL CASES
F(SA) STANDARD DEVIATION ALL CASES
F(R) STANDARD DEVIATION ALL CASES

TABLE (-

0.0272. MEAN
0.0125 MEAN
0.0023 . MEAN

-.0013  DEGREES OF
-.0014 DEGREES OF
-.0001 DEGREES OF

CYCLE b F(s), F(sa) and f(r) Dataq

F(SA)
BSERV.

FREEDOM
FREEDOM
FREEDOM

P23

F

ST.

OO0 OOO00O0OODODDODOO0OO

(R)

.0017
.0018
.0015
.0016
.0020
.0022
.0022
.0023
.0023
.0024
.0023
.0026
.0026
.0028
.0028
.0025
.0026

2689,
538.
867.

DEV.

REV 2

F(R)
OBSERY.
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T'SUMMARY EDIT FOR ALL CASES THIS RUN

CASE AVERAGE SEGMENT RMS SEGMENT
. DEVIATION 9%,DEVIATION

1
2
3
G
5
6
7
3
9
10
11
12
13
14
15
16
17
18
19

0.

OCOO0O000O00DOOOODODOOD
. « e e . . .

30 3.14
.49 3.60
.61 3.88

36 3.61
.46 3.26
.51 3.62

45 3.49
.27 3.39
.39 3.35

43 3.52
.40 3.39

a7 35.00

09 2.91

15 2.97

35 3.29
.31 3.21
.28 3.25
.30 3.31

25 3.41-

F(S) STANDARD DEVIATION ALL CASES
F(SA) STANDARD DEVIATIGN ALL CASES
F(R) STANDARD DEVIATION ALL CASES

TAGLe 3 —

CYCLE ¥ E(s), Fleq)

F(S) F(S) F(SA) F(SA)
ST. DEV. OBSERV. ST. DEV. OBSERV.
6.0310 180. 0.0245 36
0.0350 185. 0.0269 37
0.0382 175. 0.0225 35
0.0354 180. 0.0244 36
0.0318 130. 0.0246 36
0.0353 185, 0.0267 37
0.0341 130. 0.0266 36
0.0337 190. 0.0284 38
0.0331 130. 0.0292 36
0.0347 175. 0.0306 35
0.0334 170. 0.0287 34
0.0300 160. 0.0259 32
0.0291 175. 0.0257 35
0.0297 180. 0.0267 36
0.0325 185. 0.0297 37
0.0318 185. 0.0292 37
0.0322 185. 0.0297 37
0.0329 185. 0.0303 37
0.0339 130. 0.0314 36
= 0.0331. MEAN = 0.0027 - DEGREES OF FREEDOM
= 0.0272- MEAN = 0.0027 ~ DEGREES OF FREEDOM
= 0.0021° MEAN = 0.0000 “ DEGREES OF FREEDOM

F

ST.

OO00DODO0O0OOO0OOO0OOO0CoOODODOoOOO

P24

(R)

DEV.

.001¢4
.0015
.0018
.0017
.0017
.0017
.gol8
.0021
.0021
.0022
.0023
.0025
.0026
.0025
.0026
.0026
.0025
.0025
.0024

3415.
683.
969.

REV 2

F(R)
0BSERV

and F(A Data, Ocigaal W' Reused Detecrors laciuded .
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TSUMMARY EDIT FOR ALL CASES THIS RUN

e

CASE AVERAGE SEGMENT RMS SEGMENT F(S) F(S) F(SA) F(SA)
DEVIATION 7QDEVIATION ST. DEV. OBSERV. ST. DEV. O0BSERV.

1 0.18 2.89 0.0286 180 0.0213 36

2 0.38 3.39 0.0332 185 0.0242 37

3 0.28 3.61 0.0357 175, 0.0175 35

4 0.23 3.37 0.0332 180 0.0208 36

5 0.33 3.00 0.0294 130. 0.0213 36

é 0.40 3.43 0.0335 185. 0.0240 37

7 0.33 3.25 0.0318 130. 0.0234 36

- 8 0.16 3.15 0.0315 190. 0.0257 38

9 0.28 3.11 0.0309 180. 0.0266 36

10 0.30 3.27 0.0324 175. 0.0279 - 35

11 0.28 3.14 0.0311 170. 0.0259 34

12 -0.07 2.66 0.0266 160. 0.0217 32

13 -0.05 2.55 0.0256 175. 0.0215 - 35

14 0.04 2.65 0.0266 180 0.0232 36

15 0.24 3.01 0.0299 185. 0.0268 37

16 0.20 2.92 0.0291 185. 0.0262 37

17 0.17 2.95 0.0295 185, 0.0266 37

18 0.18 3.02 0.0301 185 0.0273 37

19 0.13 3.12 0.0312 180. 0.0284 36
F(5) STANDARD DEVIATION ALL CASES = 0.0306~ MEAN = 0.0016 DEGREES OF FREEDOM
FCSA) STANDARD DEVIATION ALL CASES = 0.0241 MEAN = 0.0016 DEGREES OF FREEDOM
F(R) STANDARD DEVIATION ALL CASES = 0.0021 , MEAN = 0.0000 DEGREES OF FREEDOM

P25

F

ST.

COO0OO0OO0O0DO0OOO0ODOOODOO0OO

(R)

.0014
.0015
.00138
.0017
L0017
.0017
.0018
.0021
.0021
.0022
.0023
.0025
.0026
.0025
.0026
.0026
.0025
.0025
.0024

3415.
683.
969.

DEV.

REV 2

F(R)
QBSERV.

TABLE §— CYCLE ¥ F(s), F(s2), F() Data. New W', Reused Detectors Inciuded .
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SUMMARY EDIT FuR ALL CASES THIS RUN

Pttt et e e

CASE AVERAGE SEGMENT RMS SEGMENT F(S) F(S) F(SA) F(SA) F(R) F(
. DEVIATION 9% DEVIATION ST. DEV, OBSERV. ST. DEV. 03SERV. ST. DEv. GBS
1 0.53 2.33 0.0225 155. 0.0164 31 0.0014 5
2 0.79 3.02 0.0285 160. 0.0202 32 0.0615 5
3 0.34 3.31 0.0329 150. 0.0158 30 0.0018 5
4 0.42 2.98 0.0292 155. 0.0169 31 0.0017 5
5 0.60 2.48 0.0237 155, 0.0169 31 0.0017 5
6 0.77 3.05 0.0288 1690. 0.0200 32 0.0017 5
7 0.73 2.83 0.0267 155. 0.0194 31 0.001 3
8 0.68 2.82 0.0269 165, 0.0208 33 0.9021 5
9 0.88 2.80 0.0261 155, 0.0211 31 0.302 5
10 0.95 2.95 0.0274 150. 0.0219 30 0.0022 51.
11 0.75 2.86 0.0270 150. 0.0212 30 0.0023 51.
12 0.39 2.26 0.0219 140. 0.0161 23 0.0025 51.
13 0.39 2.14 0.0208 155, 0.0162 31 0.0025 51.
14 8.50 2.25 0.0216 160, 0.0178 32 0.0025 51.
15 0.74 2.69 0.0253 165. 0.0220 33 0.0025 51,
16 0.79 2.58 0.0245 165. 0.0213 33 0.0026 51.
17 0.69 2.61 0.0248 165. 0.0217 33 0.0G25 51.
13 0.72 2.68 0.0254 165, 0.0223 33 0.0025 51.
19 0.72 2.74 0.0260 160. 0.0223 32 0.0024 51.
F(S) STANDARD DEVIATION ALL CASES = 0.0259 " MEAN = 0.0061 - DEGREES OF FREEDOM = 29385.
F{SA) STANDARD DEVIATION ALL CASES = 0.0195 - MEAN = 0.0062 DEGREES OF FREEDOM = 597.
F(R) STANDARD DEVIATION ALL CASES = 0.0021 MEAN = 0.0000 DEGREES OF FREEDOM = 969.

TAGLE 9- CXCLE F F(S), Flsa) and £ Dara, OmiHed Rewsed Detectors, New W

m.o
U~
<
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SUMMARY EDIT r.x ALL CASES THIS RUN

CASE AVERAGE SEGMENT RMS 'SEGMENT F(S) F(S) FC(SA) F(SA)
R DEVIATION 9, DEVIATION ST. DEV. OBSERV. ST. DEV.  OBSERV.
1 0.44 3.30 0.0324 195. 0.0216 39
2 0.38 2.61 0.0259 190. 0.0200 38
. 3 0.33 2.56 0.0254 195. 0.0199 39
4 0.32 2.66 0.0264 130, 0.0208 38
5 0.22 3.60 0.0356 169. 0.0256 33
[ 0.26 2.81 0.0282 165. 0.0210 33
7 6.19 3.09 0.0314 166. 0.0253 32
8 0.19 2.67 . 0.0256 177. 0.0227 35
9 0.21 2.94 0.0295 177. 0.0258 35
10 a.11 2.66 0.0268 177. 0.0229 35
11 0.11 2.76 0.0271 177. 0.0227 35
12 0.14 2.93 0.0293 167. 0.0251 33
13 0.24 2.76 0.0275 158. 0.0228 31
14 0.17 3.23 0.0311 152. 0.0251 30
15 -0.05 3.26 6.0324 1648. 0.0270 29
16 -0.01 2.80 0.0280 160. 0,0239 32
17 ~0.05 3.641 0.0341 172. 0.0280 34
18 -0.01 2.94 0.0291 161. 0.0255 32
19 0.04 3.29 0.0336 152. 0.0182 30
20 0.01 3.09 0.0314 163. 0.0149 32
21 0.60 2.90 0.0256 168. 0.0130 3
22 -0.03 3.06 0.0314 175. 0.0136 35
23 -0.01 2.96 0.0299 175. . 0.0134 35
24 -0.08 2.67 0.0267 170. 0.0114 34
25 -0.15 2.38 0.0238 155. 0.0114 31
26 -0.15 2.37 0.0236 160. 0.0110 32
27 -0.10 2.42 0.02642 160. G.0116 32
28 -0.14 2.29 0.0228 160. 0.0108 32
29 -0.17 2.28 0.0226 155. 0.0107 31
30 -0.15 2.22 0.0221 155. 0.0106 31
31 -0.23 2.79 0.0283 145, 0.0123 29
32 -0.06 3.13 0.0318 1640. 0.0130 28
33 -0.15 2.97 0.0306 152. 0.0132 30
34 -0.13 2.34 0.02641 152. 0.0124% 30
35 ~0.23 2.37 0.0264 152. 0.0126 30
36 0.53 2.33 0.0225 155. 0.0164 31
37 0.79 3.02 8.0285 160. 0.0202 32
33 0.36 3.31 0.0329 150. - 0.0158 30
39 0.62 2.98 0.0292  155. 0.0169 31
40 0.60 2.48 0.0237 155. 0.0169 31
61 0.77 3.05 0.0288 - 160. 0.0200 32
62 0.73 2.83 0.0267 155. 0.0194 31
43 0.68 2.82 0.0269 165. 0.0208 33
44 0.88 2.80 0.0261 155. 0.0211 31
45 0.95 2.95 0.0276¢ . 150. 0.0219 30
46 0.75 2.86 0.0270 150. 0.0212 3
47 0.39 2.26 0.0219 140, 0.0161 28
48 0.39 2.14 0.0208 155. 0.0162 31
49 0.50 2.25 0.0216 160. 0.0178 32
50 0.76 2.69 0.0253 165. 0.0220 3
51 0.70 2.58 0.0265 165. 0.0213 33
52 0.69 2.61 0.0248 165. - 0.0217 33
53 0.72 2.68 0.0254 165. 0.0223 33
56 0.72 2.74 0.0260 160. 0.0228 32
\ 5 A
F(S) STANDARD DEVIATION ALL CASES = 0.0277- MEAN = 0.0022 ~ DEGREES OF FREEDOM
F(SA) STANDARD DEVIATION ALL CASES = 0.0196 “MEAN = 0.0022" DEGREES OF FREEDOM
= 0.0022 7 MEAN =

F(R)" STANDARD DEVIATION ALL CASES

0.0000 VbEGREES OF FREEDOM

p2T

F

ST.

[=]

(R)
DEV.

.0021

0.0221

OO0 OOOOOOOODOOOOODOOCOOOLOOOCOOOONODLCOOODOOCOOO0O0OODOCOOOO
s+ s+ w 8 e a4 s s e s+ 2 e B = 8 s = & s+ v e = v o8 e+ e & s+ e e

.0018
.0018
.0023
.0024
.0024
.0024
.0023
.0025
.0026
.0026
.0026
.6024
.0023
.0022
.0021
.0021
.0017
.0G13
.0015

8768.~
1756.7
2756, -

REV 2
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\SUMMARY EDIT FOR ALL CASES THIS RUN

.CASE F(Z) F(Z) BLOCK COMPUTER POMER
ST. DEV. OBSERV. RUN DATE SPLIT
1 0.0168 51, 173 890331 120151200 -0.3997
2 0.0169 51. 175 890331 120713400 -0.3265
3 0.0162 51. 176 890331 122518910 -0.2758
4 0.0150 51, 177 890331 122839300 ~0.2140
5 0.0140 51. 178 890331 123233500 -0.1386
6 0.0135 51. 179 890331 123541400 =0.0514
7 0.0117 51, 180 890331 123903800 .0.0652
8 0.0150 51. 181 890331 124307900 0.1435
9 0.0119 51. 132 890331 124540200 0.2341
10 0.0131 51. 183 890331 124901700 0.30647
11 0.0137 51. 186 890331 130048600 0.3921
12 0.0023 51. 5 8904063 111937710 ~-0.01381
13 0.0016 51. 21 890403 113038680 =0.0071
14 0.0020 - 51. 26 890403 113746680 0.0011
15 0.0033 51. 34 890403 114504490 -0.0006
16 0.0060 51. 50 890403 122824420 0.0144
17 g0.0108 51. 67 890403 123356290 0.0250
18 0.0144 51. 97 890403 123929710 0.0377
19 0.0167 51. 120 890403 124447390 0.0399
20 0.0178 51. 139 3906403 125013590 -0.1834
21 0.0174 51, 149 890403 130227920 0.0346
22 0.0149 51. 162 890403 131014030 0.0319

F(Z) STANDARD DEVIATION ALL CASES = 0.0151 MEAN = 0.0086 DEGREES OF FREEDOM = 1122. -

TABLE (1= CYCLE 3 F(R) Dol g
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TABLES

Statistical Standard Degrees of Tolerance Tolerance

Variable Deviation Freedom ‘Factor Limit
F(s) # 0.0393 1800 -- --
F(sa)# 0.0351 360 -- --
F(x) # 0.0026 408 -- --
F(s) * 0.0306 3415 -- -
F(sa)x* 0.0241 683 -- -
F(r) * 0.0021 969 -- --
F(s) 70.0277 8768 -- --
F(sa) 0.0194 1754 -- -
F(r) 0.0022 2754 -- --
F(z) 0.0151 1122 -- --
F(L) 0.0135 188 -- --
F(q) # 0.0433 2487 1.703 0.0795
FAh)# 0.0383 489 1.766 0.0722 |
F(Ar)# 0.0352 364 1.785 0.0695 |
F(q) * 0.0368 3822 1.692 0.0664
F(ah)* 0.0277 877 1.733° 0.0526
F(Ar)* 0.0242 694 - 1.746 0.0490
F(q) 0.0344 , 4826 | 1.692 - 0.0623
F(4h) 0.0237 1225 1.727 0.0455
F(Ar) 0.0195 - 1790 1.712 0.0401

#--values for cores when quadrant pover tilt exceeds 2.8%
but is less than or equal to 5%.
*--values for cores with once-burned reused incore detectors

For the final tolerance limits, penalty factors of .0041, .0046

and .0067 for F(q), F(ah) and F(Ar) repectively were included to
account for up to 25% incore detector failures. :

Table #12--Summary of statistical component uncertainties.
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GLOSSARY

INCA - An incore analysis program developed by Combustion Engineering
to determine (measure) the pouwer distribution within the Pal isades
reactor assuming one—eighth or octant core symmetry.

PIDAL - &n incore analysis program developed by Consumers Pouwer Compeny
to determine (measure) the power distribution within the Palisades
on a full core basis.

TG - A group and one-half nodal diffusion theory cods developed by
Advanced Nuclear Fuels Corporation (formerly Exxon Nuclear)
for gensral predictive modeling of pressurized water reacters.

PDQ = A multi-group diffusion theory code, run primarily in tio
dimensions, cegpable of modeling each fuel pin in the reactor
explicitly.

CECOR - &n incore analysis program developsd by Combustion Engineering
to determine (measure) the power distribution within a pressurized
water reactor on a full core basis.

Wprime - Factor used in conversion of measured incore detector millivolt
signals to destector ssgment powers. Data supplied by ANF,

Refers to a statistically "normal™ or Gaussian distribution of
data. - ‘

Normal

35/95 Tolerance Limit — this limit ensures that there is a 95 percent
probability that at least 95 percent of the true peaking values
Wwill be less than the PIDAL measured/inferred peaking valuess
plus the associated tolerance limit.
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Objective

The purpose of the work described by this analysis was to determine the accuracy of
the full core PIDAL power distribution calculations when the true core power distribution
is radially tilted. This is in response to comments made by the USNRC while reviewing the
PIDAL methodology and uncertainty analysis.

In particular, the NRC requested the following:

1- A comparison of the tilt measured by PIDAL
with the true or theoretical tilt.

2 - Verification that the PIDAL code programming
was correct by supplying theoretical detector
input and comparing the resulting PIDAL
solution with the original theoretical power
distribution solution.

3 -  Determination of the Sg(s) uncertainty component
for radially perturbed or tilted power distributions
up to the full power Technical Specification limit
of 5% quadrant power tilt.

4 - An explanation of what assumptions are made in
the Palisades Safety Analysis to cover radial
peaking factor increases caused by quadrant
power tilts.



-

Summary and Conclusions

Comparisons between the quadrant power tilts determined by the PIDAL model were
made to corresponding theoretical values. It was found that in all cases PIDAL either
accurately measured the quadrant power tilt, or in some instances conservatively measured
the tilts to be greater than truth.

The Sg() uncertainty component as defined in the PIDAL uncertainty analysis was
recalculated for radially tilted cores. It was found that in all cases the Sg, value for tilted
cores was bounded by the value used in the PIDAL uncertainty analysis for cores with
quadrant power tilts up to 2.8%. It was also found that the value of the Sg uncertainty
component depended strongly on the direction and magnitude of the oscillation causing the
power tilt. For cores oscillating about the diagonal core axis, the assumed PIDAL
measurement uncertainty is valid for tilts up to 5%.

For the oscillation about the core major axis, the Sg, uncertainty component ceases
to be bounded by the value assumed in the PIDAL uncertainty analysis for quadrant power
tilts greater than 2.8%. Since the Palisades Technical Specifications allow for full power
operation with quadrant power tilts of up to 5%, and it was clear that the current PIDAL
uncertainties were only valid for tilts up to 2.8%,-it was necessary to derive new

uncertainties to allow use of PIDAL for tilts above 2.8%. An analysis was performed, as

described in Sections 3 and 4 of this report in order to determine the uncertainties in F9,
FA" and F? at the 5% quadrant power tilt threshold. These uncertainties may be found in
Table #3 of Section 5 of this report.

It was shown that the coding in the PIDAL program is correct by reproducing a
theoretically flat power distribution when given the appropriate theoretical incore detector
values. This is in agreement with results previously obtained as part of the PIDAL
Uncertainty Analysis.

Finally, it was found that quadrant power tilt is not an input to the Safety Analysis
and that the increase in local or radial peaking resulting from a tilted core scenario is
implied by the peaking factor or LHGR used in the analysis. There is no tilt multiplication

factor applied to the peaking factors. , -—




Assumptions

The Palisades FSAR specifically talks about three types of instabilities within the
reactor core: radial, azimuthal and axial. This analysis is only concerned with the first two
modes. It is assumed that the use of the word "radial" in the FSAR refers to an oscillation
which moves from the center of the core outward to the periphery and then back. An
oscillation of this type could be depicted by the top of a single spired circus tent being
raised and lowered. It is assumed that the word "azimuthal" refers to an oscillation which
traverses the entire width or the core before returning back to the point of origination. In
the rigorous sense of the word, this type of oscillation could hypothetically traverse
circumferentially around the core as well, much like a pie tin would rotate if it were not
perfectly balanced on a central point.

The Palisades FSAR states that a radial oscillation in the reactor is highly unlikely
and stable if it does occur. To this end, there are times when the word "radial" is used
loosely, meaning either a truly radial oscillation, or sometimes meaning "about the radial
plane". It is hoped that the context of the usage will clearly dictate the meaning. |

There is one fundamental difference between the uncertainties derived from this
analysis and the original values derived in the PIDAL Uncertainty Analysis which was
brought on by the nature in which this analysis had to be performed. In the original PIDAL
uncertainty analysis, it was assumed that the Sg) uncertainty components contained both
the measured and inferred components of the box power synthesis uncertainty. For this
analysis, the S, uncertainties calculated do not contain the same component because the
detector powers supplied to PIDAL are based on theory. Since no data for significantly
tilted cores exists for the Palisades reactor, it must be assumed that recalculating the
uncertainty components based purely on theoretical detector powers is valid.




Analysis Methodology

In order to answer the questions posed by the NRC, it was necessary to supply
PIDAL with incore detector signals from a variety of radially tilted configurations. It was
desired to investigate the effects of quadrant power tilts on the order of 0% to 5%, as well
as more severely tilted cases on the order of 10%.

The 0% to 5% tilt range was chosen because this covered the range over which the
Palisades reactor can operate at greater than 25% power while remaining within the
quadrant power tilt guidelines set forth in Palisades Technical Specification 3.23.3. At the
present time, power operation with quadrant power tilts greater than 5% is not anticipated
since tilts of this magnitude are highly unlikely unless a dropped control rod or otherwise
severe localized power anomaly occurs. Nevertheless, it was deemed necessary to investigate
how well PIDAL performed when more severe tilts were present.

Since Palisades rarely operates with measured quadrant power tilts greater than 1%,
and measured incore detector signals for radially tilted cores were not available, it was
necessary to find an alternate method for providing PIDAL with the required tilted incore
detector data. It was decided to use detector powers derived from full core XTG solutions
as input to PIDAL. This required that XTG cases be run which modelled radial or
azimuthal imbalances i in the reactor core.

A total of four XTG cases were run in order to model a variety of azimuthal and
radial Xenon oscillation scenarios. Three of the four XTG runs started from a restart
corresponding to roughly 3/4 total cycle length. The fourth case was run at BOC. These four
cases all started the transient by dropping a single control rod into the core and then leaving
the rod fully inserted for a period of 72 hours after which time the rod was rapidly pulled
out. The ensuing transient was then followed for a period of 36 hours. The only differences
between the four transient cases run were which control rod was dropped and therefore
which direction the oscillation took across the core. '

The first two of the transient cases were run by dropping group 3 control rods into
the core. The first case dropped in a group 3-outer rod (rod 3-34) while the second case
dropped in the central control rod (rod 3-33). The object of the case which dropped in the
3-outer rod was to induce an azimuthal oscillation. The object of dropping the central rod
was to see if a radial oscillation could be induced.

The second two cases run both used a group 4 control rod as the transient initiator.
The object of these two cases was to initiate an azimuthal oscillation which started off of
the major axis (on a diagonal). Both of the two cases which used a dropped group 4 control
rod as transient initiator were identical with the exception being that the first case was run
at 3/4 cycle length while the second case was run at BOC.




Analysis Methodology

After the XTG cases were run, it was necessary to infer theoretical incore detector
powers . from the resultant three-dimensional XTG power distributions. This was
accomplished by writing a small utility program, XTGDET, which used the power
distribution from the XTG punch file as input.

The purpose of the XTGDET program was to read in a 3-D power distribution
punch file created by XTG and convert the nodal powers into equivalent incore detector
powers. Subroutine EXPAND is the meat of the XTGDET program. Based on the 3-D
nodal power distribution determined by XTG, it calculates the theoretical detector powers.
- EXPAND uses the same methodology as subroutine EXPAND of PIDAL and Section 2.2.1
of the PIDAL Methodology Report should be consulted if further reference is required.

The XTGDET program was compiled and link edited four times. The program was
identical for each compilation except for the incore detector location array, DETLOC. For
the first compile DETLOC defined the actual locations of the detector strings in the reactor
core (i.e. DETLOC was defined just like it was in the PIDAL block data section). For the
second compilation the incore detectors spatial orientation to each other was not changed,
but the entire core was rotated 90° clockwise underneath them. The third and fourth
compiles rotated the core 180° and 270° clockwise respectively from its true orientation to
the incore detector strings. The reason for wanting to rotate the core about the incore
detector locations will be discussed shortly.

Once the theoretical detector powers were obtained for the radially tilted conditions,
they were input to PIDAL. The core power distributions calculated by PIDAL were then
compared back to the original XTG solution. For each of the PIDAL cases run, the
statistical analysis option was chosen in order to determine the uncertainties associated with
the PIDAL calculations for the tilted conditions.

‘ Prior to discussing the actual PIDAL cases which were run, it is appropriate to
describe the temporary modifications which were made to the cycle 7 PIDAL model in
order to overlay the measured incore detector signals with the full core theoretical values
supplied by XTG via XTGDET. In the main program, immediately after the call to
Subroutine BXPWR (which calculates the detector powers based on measured millivolt
signals and the Wprimes), temporary coding was added which reads in the theoretical
detector powers arid detector level normalization factors produced by XTGDET. This read
was activated by the IXPOW flag which is normally used to tell PIDAL to use theoretical
- detector powers from the 1/4 core XTG model that runs concurrently with each PIDAL
case. Following the input of the full core theoretical detector powers, the IXPOW flag was
turned off so that the normal 1/4 core theoretical detector power logic in PIDAL would not
-take effect. Note that the measured detector powers are actually overlaid by the new coding
and that PIDAL assumes the full core theoretical values to be measured from this point on.




Analysis Methodology

A total of 19 PIDAL cases were run for this analysis. The first case was a non-tilted
base case which corresponds to the core conditions at 3/4 EOC. The XTG case used to
supply the full core theoretical detector powers was the second step of the 3/4 EOC group
4 rod drop scenario. The base case is important because it serves to verify that the entire
system is working as designed for this analysis. The following checks were made:

- Verification that the full core XTG model for
cycle 7 is working properly by comparing the full
core XTG run with the 1/4 core XTG power
distribution of PIDAL.

- Verification that the XTGDET program is
working properly by comparing the full core XTG
power distribution with the XTGDET collapsed
2-D radial power distribution.

- Verification that the XTGDET program is
working properly by comparing the XTGDET
theoretical detector powers with those previously
calculated by the 1/4 XTG which is part of
PIDAL.

- Verification that the full core detector signals
are getting input to PIDAL correctly from
XTGDET and that the PIDAL solution is correct
by comparing the PIDAL solution with the
original XTG solution.

With description of the base case out of the way, discussion on the remaining 18
PIDAL cases is appropriate. The PIDAL cases run used theoretical detector powers from
two of the XTG dropped rod induced transient scenarios. The first 6 PIDAL cases used
powers from the 3/4 EOC group 4 rod induced transient while the second 6 used powers
from the group 3-outer rod induced XTG case.

The first six PIDAL cases run corresponded to peak quadrant power tilts of 10%,
7.6%, 5.6%, 2.9%, 1.6% and 0.3% respectively. These cases were selected because they
covered the spectrum of tilted cores for a tilt range of no tilt up to 10% tilt. Concentration
on tilts between 0% and ~5% was greater because it is over this range that the reactor may
be operated without reducing power or correcting the tilt. The second six PIDAL cases all
lie within the no tilt and ~5% quadrant power tilt range.




Analysis Methodology

There were two reasons for using the two different transient scenarios as suppliers
of the theoretical detector powers. First, the dropped group 3-outer rod scenario did not
result in quadrant power tilts greater than 5% during the oscillatory period. Therefore, it
was necessary to use cases from the dropped group. 4 rod scenario in order to get results on
tilts up to 10%. Secondly, the oscillations between the two scenarios were quite different.
The dropped group 3-outer rod oscillated about the major symmetric axis while the dropped
group 4 rod scenario oscillated about the diagonal axis. Consideration of both is important
because the majority of the symmetric incore detector locations are rotationally symmetric
(and not generally symmetric about either major axis or diagonal) and therefore oscillations
about differing axis’ could have differing effects on the accuracy of the PIDAL quadrant
power tilt algorithm.

Expanding on this last statement, it was decided to further investigate the effects of
tilt location on the PIDAL solution. In the case of the dropped group 4 rod induced
transient, the power peak used for the PIDAL cases 1 through 6 occurred in quadrant 2.
What if the power peak was in one of the other three quadrants? In other words, what if
the power distribution was the same, just rotated 90°, 180° or 270°? Since the incore
detectors are not equally distributed over the quadrants, it is not expected that the power
distributions as measured by PIDAL would be the same for the rotated cases. The same -
questions can be asked for the group 3-outer rod induced transient as well.

The XTGDET program allowed for use of the same XTG case for each of the four

- possible symmetric oscillations induced by individually dropped group 4 rods. In a similar

fashion, the existing group-3 outer dropped rod XTG case could be used for three additional
symmetric transient scenarios.

Six additional PIDAL cases were then run. Three of the cases were for the 5% tilted
group 4 rod induced oscillation at rotations of 90° 180° and 270° clockwise from the original
power distribution. The other three cases were for the 5% tilted group 3-outer rod induced
transient at rotations of 90°, 180° and 270°. '




Analysis Results

The results of the three transient cases which caused azimuthal xenon transients are
summarized in Table #1. From this table it is apparent that the core is less stable at
beginning of cycle than at EOC azimuthally. This is in agreement of Section 3.3.2.8 of the
Palisades FSAR which states that it appears that the azimuthal mode is the most easily
excited at beginning of life even though the axial mode becomes the most unstable later.
From Table #1 it is also clear that the oscillation resulting from the group 4 rod drop is
more severe from a quadrant power tilt standpoint than for the group 3-outer rod drop.
The reason for this is that in the group 3-outer induced transient, the power peaking is
symmetric along the quadrant lines, and therefore the peak tilt is actually distributed over
two adjacent quadrants. In the case of the dropped group 4 rod transient, the power
peaking is symmetric about the diagonal which lies within a single quadrant.

Table #2 presents the results of the PIDAL cases which were run and it is this data
that will be used to answer the questions asked by the NRC. The first NRC request was
for comparison of the tilt measured by PIDAL with the true or theoretical tilt. For the
dropped group 4 rod case, the agreement between the PIDAL solution and the original
XTG quadrant power tilt was very good: For the true tilts between 0% and 10%, the error
was on the order of 0.72% or less. .

For the dropped group 3-outer rod induced transient, the quadrant power tilt was not
as accurately measured, however it was measured conservatively in each case. For true
quadrant power tilts of ~4% or less, the PIDAL tilt was still within 1% of the original XTG.
When the true tilt rose to greater than 5% the error in the PIDAL tilt calculation reached
1.23%. Again it should be noted that the PIDAL tilt for these cases was always higher than
the true tilt and therefore conservative.

The second NRC comment asked that the PIDAL code programming be verified
correct by supplying theoretical detector input and comparing the resulting PIDAL solution
with the original theoretical power distribution solution. In actuality, this comment had
already been addressed by the PIDAL Uncertainty Analysis. The Sg,, uncertainty
component represents the error in the PIDAL solution when PIDAL is given detector
powers from a known power distribution solution. For the entire data base, the Sg,
uncertainty component was 0,0022. This value is in excellent agreement with the individuai
case Sy, uncertainty components found on the statistical summary edit following each of
the PIDAL runs pérformed for this analysis.
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Analysis Results

The third comment made by the NRC requested that a determination of the Sk(s)
uncertainty component for tilted cores be made. To this end, the PIDAL statistical analysis
routines, which calculate the individual case uncertainty components, were activated for each
of the eighteen tilted core PIDAL runs made. The individual results are presented in Table
#2. When looking at these values, the reader should keep in mind the overall Sks)
uncertainty component of 0.0277 for the entire data base arrived at in PIDAL Uncertainty
Analysis. Based on the results presented in Table #2 it can be concluded that the
uncertainty component Sg, bounds core measurements up to quadrant power tilts of 2.8%
(linear interpolation between cases 9 and 10). Furthermore, depending on the direction of
the oscillation, the PIDAL measurements are bounded to above the current 5% quadrant
power tilt Technical Specification limit.

For the oscillation symmetric about the core diagonal, the PIDAL measurement

uncertainty previously determined is valid for tilts up to 5%. For the oscillation about the -

core major axis, the Sg) uncertainty component ceases to bound the value assumed in the
PIDAL uncertainty analysis for quadrant power tilts greater than 2.8%. This means that the
uncertainties derived in the PIDAL Uncertainty Analysis are not valid for all cases when
quarter core tilts are greater than 2.8%. .

Because it was shown that the current uncertainties do not bound all tilted cases, it
was necessary to find new uncertainties which take power distributions with tilts greater than
2.8% into account. This was done by utilizing the PIDAL statistical processor program, to
combine the data from PIDAL cases 13 through 18. The PIDAL statistical program, which
was developed and documented as recorded in the PIDAL Uncertainty Analysis, can take
statistical data output by individual PIDAL cases and combine it to represent an entire
population. Cases 13 through 18 were used as the basis for the new tilted core uncertainty
because they all were based on theoretical tilts of roughly 5% (actually 5.58% and 5.11%).
The 5% quadrant power tilt cut-off was specified because Technical Specification 3.23.3
allows for full power operation of the reactor for quadrant power tilts up to 5%, without any
compensatory action. '

The results of the statistical combination for the tilted cases may be found in Table
#3. The non-tilted data presented is taken from the previous PIDAL Uncertainty Analysis.
The F9, FA" and F? data presented in Table #3 is the basis for the revised Technical
Specification Table 3.23.3.

In response to the fourth NRC comment, a discussion on how quadrant power tilt
effected the Palisades Safety Analysis took place with members of the Palisades Transient
Analysis Group. It was learned that quadrant power tilt is not an input to the Safety
Analysis and that the increase in local or radial peaking resulting from a tilted core scenario
is implied by the peaking factor or LHGR used in the analysis. There is no tilt
multiplication factor applied to the peaking factors.
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Analysis Results

Table #1
Step Hours Group 3-Outer Group 4 Group 4
from drop 3/4 EOC TILT 3/4 EOC TILT BOC TILT

1 0 1.0000 1.0000 1.0000 -
2 0 1.0627 1.0708 1.0708
3 72 1.0488 1.0542 1.0505
4 73 1.0191 1.0410 1.0458
5 74 1.0329 1.0697 1.0777
6 75 1.0424 1.0892 1.1011
7 76 1.0483 1.1007 1.1162
8 77 1.0510 1.1057 1.1238
9 78 1.0511 - 1.1054 1.1251
10 79 1.0495 1.1013 1.1212
11 80 1.0459 1.0941 1.1133
12 81 1.0416 1.0854 1.1025
13 82 1.0369 1.0757 1.0898
14 83 1.0318 1.0657 1.0761
15 84 1.0266 1.0558 1.0621
16 85 1.0217 1.0463 1.0484
17 86 1.0171 1.0374 : 1.0354
18 87 1.0129 - 1.0294 1.0236
19 88 1.0092 1.0222 - 1.0132
20 39 1.0060 1.0160 1.0043
21 90 1.0033 1.0108 1.0104
22 91 1.0011 1.0065 1.0145
23 92 ' 1.0006 1.0030 1.0173
24 93 1.0018 1.0036 - 1.0189
25 94 1.0027 1.0045 1.0194
26 95 1.0033 1.0051 1.0190
27 96 1.0036 ' 1.0054 1.0177
28 97 1.0038 1.0054 1.0159
29 98 1.0037 ' 1.0053 . 1.0136

Table #1 - Peak quadrant power tilts for three scenarios each initiated by dropping
a control rod, leaving it inserted for 72 hours and then rapidly withdrawing it. Values
predicted by Palisades cycle 7 full core XTG model.
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Analysis Results

Table #2
Case  Initiating XTG - PIDAL % Tilt Sk Skesa)
Rod Tilt Tilt Error

BASE  ------- 1.0000 1.0000 0.0000 0.0010 0.0008
1 4 1.1013 1.0959 -0.54 0.0376 0.0321
2 4 1.0757 1.0721 -0.36 0.0280 0.0242
3 4 1.0558 1.0533 -0.25 0.0198 0.0180
4 4 1.0294 1.0284 -0.10 0.0101 0.0102
5 4 1.0160 1.0158 -0.02 0.0077 0.0066
6 4 1.0030 1.0037 0.07 0.0089 0.0044
7 3-Outer 1.0511 1.0634 1.23 0.0495 0.0445
8  3-Outer 1.0416 1.0520 1.04 0.0409 0.0367
9 3-Outer 1.0318 1.0403 0.85 0.0313 0.0289
10 3-Outer 1.0217 1.0282 0.65 0.0219 0.0211
11 3-Outer 1.0092 1.0132 0.40 0.0112 0.0112
12 3-Outer 1.0006 1.0014 0.08 - -0.0083 - 0.0035
13 4 1.0558 1.0486 072 0.0239 0.0217
14 3-Outer 1.0511 1.0606 0.95 0.0529 0.0476
15 4 1.0558 1.0533 -0.25 0.0207 0.0188
16 3-Outer 1.0511 - 1.0634 1.23 0.0490 0.0439
17 4 1.0558 1.0486 -0.72 0.0228 0.0205
18 3-Outer 1.0511 1.0606 0.95 0.0533 0.0480

Table #2 - Quadrart power tilts and detector power uncertainty components for
for PIDAL for radially tilted cores.

Note: For all scenarios, PIDAL correctly identified the quadrant in which the
maximum quadrant tilt occurred.

Cases 13 and 14 were for a core rotated 90° CW under the incores.
Cases 15 and 16 were for a core rotated 180° CW under the incores.

Céses 17_ and 18 were for a core rotated 270° CW under the incores.
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? Analysis Results

. Table #3
Statistical Standard  Degrees of Tolerance  Tolerance

_Variable _ Deviation _ Freedom _ Factor . Limit

F(s) # 0.0393 1800
F(sa) # 0.0351 360 -
F(r) # 0.0026 408 |
F(s) * 0.0306 3415
F(sa) * 0.0241 683 -— —
F(r) * 0.0021 969 -
F(s) 0.0277 8768 —_—
F(sa) 0.0194 1754 -
F(r) 0.0022 2754
F(z) 0.0151 1122
F(L) 0.0135 188
F # 0.0443 2487 1,703 0.0795
Fi“ # 0.0383 489 1.766 0.0722
F # 0.0352 364 1.785 0.0695

. Fi = 0.0368 3822 1.692 0.0664
1’-’2" * 0.0277 877 1.733 0.0526
F? * 0.0242 694 1.746 0.0490
Fd 0.0344 4826 1.692 0.0623
P}“ 0.0237 1225 1.727 0.0455
F 0.0195 1790 1.712 0.0401

Table #3 - Summary of PIDAL Statistical Component Uncertainties.

# -- values to be used when quadrant power tilt exceeds 2.8%
but is less than or equal to 5%.
* -- values for cores with once-burnt reused incore detectors.

Note: For the final tolerance limits, penalty factors of .0041, .0046 and .0067
for F4, FA" and F? respectively were included to account for up to

r
25% incore detector failures.
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