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ABSTRACT

The Tennessee Valley Authority has developed the LATTICE
program for the detailed physics analyses of fuel bundles and
the CORE code for the simulation of light water reactor cores.
This report documents comparisons made to measured data and to
results from more theoretically exact codes in order to verify
the suitability of the models used in the CORE/LATTICE system

for steady-state boiling water reactor analyses.
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1. INTRODUCTION

This topleal report is being submitted for NRC review concur-
rently with two other topical reports:
TVA-TR78-02 METHODS FOR THE LATTICE PHYSICS ANALYSIS
OF LWR's

TVA-TR78-03 THREE-DIMENSIONAL LWR CORE SIMULATION METHODS

The purpose of this report is to demonstrate that the methods
described in TVA-TR78-02 and TVA-TR78-03 reflect the state of the art
of boiling water reactor steady-state analysis methods. Because the
lattice physics analysis method and the core simulation analysis
method will be used as a system, a single verification report is
being submitted. The verification data is presented in two main
divisions, one for lattice physics and one for core simulation.

For the lattice physics analysis method {(the computer code LATTICE),
comparisons to measured data are presented for the calculation of
reactivity, local power distributions, and isotopics. Additional
comparisons are presented against results from a Monte Carlo code
for reactivity, local power distributions and reaction rates, and
against results from a two-dimensional collision preobability code
for loca. power distributions. For the core simulation method (the
computer code CORE), comparisons are presented to measured data

from eight cycles of four different BWR's, including the gamma scan
measurements made at Quad Cities unit 1. These results together
demonstrate that TVA core analysis methods reflect the current state

of the art for BWR analyses.



2. UNIT CELL PHYSICS

In order to demonstrate the validity of tne basic components
of the physics methods used in LATTICE, a set of 25 critical
experiments was selected and analyzed. These experiments cover
a wide range of hydrogen-to-heavy metal (H/M) atom ratios, fuel
compositions, and lattice pitches. For 15 of the criticals,
calculations were performed using a general Monte Carlo reactor
analysis code, including detailed comparisons of absorption and
nu-fission reaction rate distributions in space and energy.

To verify the correctness of the calculation of the buildup or
depletion of uranium and plutonium isotopes, comparisons to the

Yankee Rowe isotopic measurements are included.

2.1 REACTIVITY COMPARISONS

The effective multiplication factor was calculated for each
of 25 critical H20 moderated lattices of slightly enriched fuel
rods using LATTICE unit cell physics parameters. The results
show that LATTICE adequately predicts few group absorption,

fission, and removal cross sections, and the corresponding diffusion

coefficients over a range of experimental configurations.

Table 2.1-1 describes the criticals that were analyz 1. The
first 15 critical configurations were taken from the LEOPAWD
verification report (Reference 2-1). The lattices contained
stainless steel clad UO2 rods with enrichments that ranged from
2.70 to 4.02 weight percent U-235. The H/M atom ratios varied

from 3.08 to 14.65. The critical k-effectives were estimated by

correcting the LATTICE cell infinite multiplication factors for

2~1






fast and thermal leakage using the age-diffuslion equation

-1R?
k - ke &
eff 17157 (2-1)

where t is the LATTICE value of neutron age to thermal, L2 is

the LATTICE value of the thermal diffusion area, and Bz is the
measured buckling. The k-effectives calculated using this method
are listed in Table 2.1-1 for the appropriate criticals. The

average value is 0.9887 with a standard deviation of 0.0079.

The criticals numbered 16 through 20 in Table 2.1-1
(References 2-2, 2-3, and 2-12) were small lattices surrounded by
a driver lattice and poisoned with soluble boron to a zero
leakage configuration. Experiment 16 was aluminum clad UOz with
a U=235 enrichment of 2.46 weight percemt. Criticals 17 through 20
were Zircaloy clad mixed-oxide pins with 1.5 to 2.1 weight percent
Pu0, . The H/M atom ratios varied from 5.27 to 13.22. Since
there was zero leakage, the LATTICE ks was used as the calculated
k-effective for each critical. For these five experiments, the

averuge k-effective is 1.0025 with a standard deviation of 0.0038.

The remaining five experiments (Reference 2-4) were constructed
in a near cylindrical configuration surrounded by an effectively
infinite water reflector. The criticals had H/M atom ratios
varying from 1.32 to 4.12. All were aluminum clad UO2 rods with
3.04 weight percent enrichment, except for number 22, which was
clad in stainless steel. For these five cases, LATTICE two group
unit cell diffusion theory parameters were used in a one-dimensional
dif fusion theory code (Reference 2-5) with the experimental critical

cylindrical radius and the measured axial buckling to calculate the

2-3



k-effective entered in Table 2.1-1. Group properties for the
reflector region were also calculated using LATTICE. The
average k-effective for these cases is 1.0082 with a standard

deviation of 0.0044.

For all 25 critical experiments, the average calculated k-
effective is 0.9954 with a standard deviation of 0.0107. However,
if the criticals calculated using the less exact age-diffusion
leakage correction are omitted, the average reactivicty is 1.0054
and the standard deviation is reduced to 0.0049. This division
of results into two groups is justified rince the age-diffusion
correction is inaccurate for small, high-leakage lattices and
because of the uncertainty in measured total bucklings. Note,
however, that cases 1 through 15 which werc calculated using the
age-diff.sion equation have an acceptable standard deviation. Thus,
«ne results from the 25 criticals analyzed indicate that LATTICE

correctly calculates physics parameters for unit cells.

2.2 REACTION RATE COMPARISONS
Fifteen of the criticals selected for analysis with the
lattice physics design method were also analyzed with the ESP
Monte Carlo code (Reference 2-6). ESP is a full energy range
reactor analysis code capable of using versions I through II1 of
the ENDF/B neutron cress section data. For the present calculations,
ENDF/B-I11 data was used except for natural zirconium, stainless
steel, and hydrogen. ENDF/B-I neutron cross section data was
used for natural zirconium and the components of stainless steel.

For hydrogen, a modification of ENDF/B-1 material 1001 was made

L]



by setting the scattering cross section below 1.0 eV as a function
of cnergy Lo the vialue obtained when the water scattering law

data was processed with the FLANGE-11 (Refarence 2-7) computer

code. Over 6000 neutron energy groups were used in ESP to represent
the cross section data of the fuel media. All of the criticals

were represented as single cells.

Comparisons of fractional reaction rates are summarized in
Table 2.2-1. A thermal cutoff of 1.855 eV was used. The particular
parameters presented are ke, the neutron source due to thermal

neutrons (u;rw¢2), the fraction of fast neutrons absorbed in

the fuel (:11°;uel). the fraction of thermal neutrons absorbed

in the fuel (Laz¢;uel). and the fraction of thermal neutrons

absorbed in the entire cell (Iazogell). Following is a summary

of biases of LATTI(CE relative to ESP and standard deviations:

Quantity _Bias Standard Deviation
Keo 0.00228 0.0108
VE g0, 0.000369 0.0130
g ¢ivel -0.0239 0.0222
al’l
g gfuel 0.00452 0.0143
al’2
= cell
95 0.00415 0.00734

The bias was calculated as [(3 XLAT/XESP)/N] - 1.0, where X is
the quantity of interest. The standard deviation is that of the
ratio XLAT/)\ESP for the 15 cases. The largest bias is in the
absorption in the fuel of neutrons with energies above 1.855 eV.

Because these systems are thermal, there i{s relatively little






absorption of fast neutrons and therefore greater statistical
uncertainty in the Monte Carlo calculation. There is no apparent
trend in cases 1 through 6, for which only the H/M ratioc was
varied., For ke and the thermal neutron reaction rates, the small
biases and standard deviations demonstrate the acceptability of

the besic physics methods utilized in the LATTICE code.

2.3 1SOTOPIC COMPARISON

LATTICE results were compared to isotopic measurements made
at the end of the first cycle of the Yankee-Rowe PWR (Reference 2-8).
The isotopics werc calculated for a single pin in an asymptotic
spectrum; input data was generated using design information in
Reference 2-9, he calculat:? concentrations and the experimental
data were converted to isotopic ratios for the comparison. The

results are plotted in Figures 2.3-1 through 2.3-6.

Agreement is excellent except that the Pu-242/Pu-241 ratio
is underpredicted. This result has been reported by others
(References 2-10 and 2-11) and is probably caused by an error in
the ENDF Pu-242 cross section. Since Pu-242 is unimportant
relative to the other fuel nuclides, the uncertainty in its cross
section has insignificant effect on LATTICE calculations of

physics parameters,

]
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3. BUNDLE PHYSICS

For the verification of the lattice physics analysis method
(computer code LATTICE) applied to typical BWR bundles, comparisons
were made both to measured data and to results calculated bv
other computer codes which employ more exact physics models,
geometric models, and cross sec.ion representations. Because of
a lack of critical experim:nts in the public domain, reliance
for verification of bundle reactivity is placed on comparisons
to the ESP Monte Carlo reactor analysis code (Refere e 3-1).

Of course, the best evidence that LATTICE calculates bundle
physics acceptably is the results obtained from the CORE simulator,
which are discussed in Chapter 4. For local power distributions,
comparisons are presented for one 8 x 8 bundle and three 7 x 7
bundles at a total of seven axial positions to the gamma scan
measurements made at end-of-cycle 2 at Quad Cities unit 1
(Reference 3-2)., The LATTICE calculation of the local power
distribution for unexposed fuel is verified by comparison to
results from the ESP Monte Carlo code and the CPM collision
probability method code (Reference 3-3). Comparisons are given
for eight 7 x 7 bundles and two 8 x 8 bundles. Results are
presented only at 40 percent in-channel steam voids for most
cases, but results are included at 0 and 80 percent in-channel
steam voids for one of the 7 x 7 assemblies. Following is a
description of the bundles for which comparisons are wmade against

calculated data.



Type Description

A 7 x 7 with an average enrichment of 2.5
weight percent. The first cut from the
bottom of the bundle labelled Type 3 on page
6 of Relerence 3-4.

B 7 x 7 with an average enrichment of 2.5 weight
percent. The second cut from the bottom of the
bundle labelled Type 3 on page 6 of Reference 3-4.

C 7 x 7 with an average enrichment of 2.5 weight
percent. The third cut from the bottom of the
bundle labelled Type 3 on page 6 of Reference 3-4.

D 7 x 7 with an average enrichment of 1.1 weight
percent. The bundle labelled Type 1 on page 6 of
Reference 3-4.

E {ypical of 8 x 8 designs with one water rod. Has
]

an average enrichment of 2.2 weight percent,
F [ypical of 8 x 8B designs with two water rods.
Has an average enrichment of 3.0 weight percent.

G 7 x 7 with an average enrichment of 2.3 weight
percent. See page A-2 of Reference 3-5.

H 7 x 7 with an average enrichment of 2.5 weight
percent. The first cut from the bottem of the
bundle labelled Tvpe 2 on page 6 of Reference 3~4.

1 /7 x 7 with an average enrichment of 2.5 weight
percent. The second cut from the bottom of the
bundle labelled Type 2 on page 6 of Reference 3-4.

| 7 x 7 mixed oxide bundle, labelled Assembly Type 5

on page A-6 of Reference 3-5.

3.1 REACTIVITY COMPARISONS

Monte Carlo calculations of beginning-of-life reactivity
have been made for five 7 x 7 bundles and two 8 x 8 bundles at a
total of 23 different conditions, using the ESP reactor analysis
code.  Reactivity differences were calculated as the logarithm
of the ratio of ke values. As can be seen from Table 3.1-1, the

agreement is good. The average bias of LATTICE relative to ESP



TABLE 3.1-1

Comparisons of ke at BOL as Calculated by LATTICE and ESP

Fue ' In-channel Reactivity
Type _Voids ke (LAT) _ke (ESP)  Difference
A cold 1.1463 1.1469+,0046 -.0005
cold* 0.9555 0.9541+.0055 L0015
0 1.1487 1.1375+,0017 L0098
40 1.1315 1.1268+,0016 L0042
80 1.0855 1.0854+,0016 L0001
B 40 1.0700 1.0619+.,0039 0076
C 0 1.0435 1.0216+.0049 0212
40 1.0229 1.0105+.,0050 Ol 22
80 0.9885 0.9662+.0058 .0228
D 0 1.0416 1.0385+.0038 .0030
20 1.0463 1.0445+,0043 L0017
40 1.0496 1.0518+.0035 ~-.0021
60 1.0472 1.0475+,0055 -.0003
80 1.0351 1.0338+.0066 L0013
E 0 1.0824 1.0640+,0039 L0171
40 1.0688 1.0626+.0017 .0058
70 1.0430 1.0451+.0036 -.0020
F 0 1.0771 1.0597+,0033 L0163
40 1.0596 1.0521+.0017 0071
80 1.0222 1.0228+,0038 -.0006
1 0 1.1028 1.0829+,0051 .0182
40 1.0857 1.0741+.0033 L0107
80 1.0477 1.0327+,0045 L0144
Bias = L0074
Standard Deviation = .0079

*controlled
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3.2 LOCAL POWER DISTRIBUTION COMPARISONS

Comparisons to demonstrate the adequacy of the LATTICE cal-
culation of the local power distribution have been made against
gamma scan measurements taken at end-of-cycle 2 of Quad Cities
unit 1. Comparisons are presented in Subsection 3.2.2 for four
bundles at a total of seven axial positions, at average in-channel
voids ranging from 10 to 70 percent. Bundles were selected for
benchmarking which did not exhibit large gradients across the bundle
to facilitate direct comparison to single bundle, infinite lattice
calculations. Additional evidence in the form of comparisons to
results from more sophisticated codes are presented in Sub-
section 3.2.1. These numerical comparisons are for unexposed fuel.
The LATTICE results were generated utilizing a standard BWR representa-
tion including four neutron energy groups in the two-dimensional
diffusion theory calculation of the local power distribution, with
transport-corrected cross sections for the explicitly represented

fuel pins and associated moderator regions.

3.2.1 Unexposed Bundles

Beginning-of-1ife local power distributions calculated by
LATTICE have been compared to distributions obtained from the ESP
Monte Carlo reactor analysis code (Reference 3-1) and the CPM
collision probability method code (Reference 3-3) which is distributed
by the Electric Power Research Institute. ESP, which is essentially
a continuous energy code, is capable of utilizing version I, II or
111 of the ENDF/B neutron cruss section data. For these comparisons,
over 6,000 neutron energy groups for the fuel media were used, with

basic cross sections coming from ENDF/B-1II for all materials except



natural zirconium and hydrogen bound in water. For natura! zirconium,
ENDF/B-1 data was used. For hydrogen bound in water, a modification
to the ENDF/B-1 data for free hydrogen was used. This modification
was made by processing the ENDF/B-11 scattering law data for water
using FLANGE-I1 (Reference 3-9), and setting the scattering cross
section below 1.0 eV for free hydrogen to the FLANGE-II values,

This was done at temperatures of 300 and 558°K. From 90,000 to

100, 000 neutron histories were processed for each case for which
local power distributions are given. CPM used 69 neutron energy
groups in spectrum calculations and 20 groups (9 thermal) in the
two-dimensional collision probability calculation of the local power
distribution. Cross section libraries based on ENDF/B-1II and
distributed by EPRI were utilized. Comparisons are presented for
eight 7 x 7 fuel designs at 40 percent in-channel voids and for two
8 x 8 fuel designs at 40 percent in-chanunel voids. For the 7 x 7
Type A bundle, additional comparisons are given for 0 and 80 percent

in-channel voids.

For the Quad Cities mixed oxide bundle (Type J in this report),
comparisons are made not only for LATTICE, ESP, and CPM, which were

run by TVA, but also to results from a vendor's Monte Carlo code and

lattice physics design code (Reference 3-6), and to CASMO (Reference 3-7).

The peak pin powers calculated by the various codes for this bundle

are as follows:

CASMO 1.203
CPM 1.243
E,P 1.201
Vendor Design Method k.21
Vendor Monte Carlo 1.26
LATTICE 1.216




The pln-by=-pin distributions for this bundle are presented in
Figure 3,2-1. Even though this bundle is very different from
conventional designs, the power distributions follow the same
general trends. This comparison serves to strengthen the case
for the use of CPM and ESP as benchmarks. The root-mean-square
(RMS) differences of CPM relative to the other codes are 2.5,
3.1, 3.0, and 4.6 percent respectively. The RMS differences of
ESP relative to the other codes are 2.4, 3.1, 3.6, and 4.8 percent
respectively. The agreement of LATTICE with the other codes is
good (3.3, 4.4, 4.2, 4.2, and 4.3 percent respectively) but this
is fortuitous since LATTICE is primarily intended for analyses
of standard design sz bundles, and a judicious choice of input
was necessary to obtain these results. This bundle, an island

design with black burnable poison U0, pins located between black

2
mixed oxide pins and gray UO2 pins, has five different UO2
enrichments and four different plutcnium concentrations, and is
therefore a difficult bundle to analyze accurately. Figure 3.2-1
is presented mainly to demonstrate the suitability of ESP and
CPM as benchmark codes for calculating local power distributions
at beginning of life. Reference 3-10 presents information
supporting the CPM calculation of local power distribution.

Data presented in the remainder of this subsection confirms that

LATTICE calculates the local power distribution with acceptable

accuracy for bundle designs typical of those commercially available.

Figures 3.2-2, 3.2-3, and 3.2-4 are comparisons of LATTICE
local power maps to those calculated by ESP and CPM at 0, 40,

and 80 percent in-channel steam voids for bundle Type A. The
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Figure 3.2-2

CPM

ESP Local Power Distribution for a Type A Bundle
LATTICE at 0% In-channel Steam Voids
1.022 RMS (ESP-CPM) = 2.8%

0.976 RMS (ESP-LAT) = 3.1%

1.035 RMS (CPM-LAT) = 2.4%

1.256 1.024

1.203 1.039

l.232 1.035

1.149 0.892 0.242

1.128 0.885 0.211

1.138 0.926 0.216

1.097 0.838 0.790 0.872

1.060 0.859 0.823 0.897

1.105 0.883 0.838 0.895

1.109 0.263 0.878 0.997 1.122

1.093 0.239 0.869 0.983 1.103

1.133 0.247 0.909 1.004 1.112

0.965 1.138 1.134 1.225 0.965 1.096
1.005 1+157 1.149 1.224 0.958 1.160
0.976 1.135 1.119 1.179 0.944 1.096
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W=l
Figure 3.2-4
1.128 CPM
1.214 ESP Local Power Distribution for a Type A Bundle
1.085 LATT ICE at 80%Z In-channel Steam Voids
1.191 1.055 RMS (ESP-CPM) = 4.1%
1.216 1.041 RMS (ESP-LAT) = 6.3%
1.150 1.077 RMS (CPM-LAT) = 3.7%
1.065 1.297 1.063
1.078 1.247 1.008
1.031 1:279 1.098
1.116 1.184 0.941 0.368
1.114 1.108 0.909 0.321
1.062 1.175 0.993 0.345
1.092 1.133 0.878 0.795 0.822
1.082 1.107 0.854 0.762 0.805
1.038 1.137 0.928 0.863 0.875
1.123 1.140 0.410 0.860 0.913 0.992
1.144 1.137 0. 369 0.824 0.895 0.996
1.067 1.163 0.383 0.909 0.964 1.033
1.071 0.954 1,125 1.069 1.104 0.848 0.953
1.164 1.004 1.173 1.093 1,127 0.883 1.037
1.056 0.955 1.114 1.060 1.079 0.853 0.977
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agreement lessens as the void fraction increases, as shown by .

the following table of RMS differences.

0Z stm 40% stm 80%Z stm
LAT-CPM Lol B 3.7
LAT-ESP 3.1 3.9 6.3
CPM-ESP 2.8 3:3 4.1

Figure 3.2-5 is a comparison of the local power map produced by
LATTICE to that calculated by CPM for the Type B bundle design at 40
percent in-channel voids. The RMS difference is 3.3 percent. The
slightly worse agreement is because Type B has one more gadolinia
rod than Type A, and is therefore slightly more nonuniform. Since
LATTICE somewhat underpredicts the power in the burnable poison
rods, increasing the number of such rods increases the RMS difference.
LATTICE evidently does not significantly underpredict absorption in
the burnable poison rods, since good agreement with Monte Carlo ‘
results is obtained (see Table 3.1-1) and since the core simulator
well predicts core reactivity versus core average burnup (see
Figures 5.2-1 and 5.2-2). Comparisons of the worth of the burnable

puison rods in the Type E bundle are presented in Section 3.1.

Figure 3.2-6 is a comparison of the local power map calculated
with LATTICE to CPM results for the Type C bundle design at 40 percent

in-channel void fraction. The RMS difference is 3.7 percent. Again,

Type C is slightly worse than Type B because of the addition of

another gadolinia rod.

A comparison of the locil power map from LATTICE to ESP

results for the Type D bundle design at 40 percent in-channel

voids is given in Figure 3.2-7. The Tvpe D bundle, average



W-W Figure 3.2-5

019 CPM Local Power Distribution for a Type B Bundle
. 029 LATTICE at 40Z In-channel Steam Voids

. 031 0.247 RMS (CPM-LAT) = 3.6%
051 0.258

«977 1,078 0.932
. 982 1.134 0.993

.097 1.119 0.887 0.297
. 069 1,131 0.935 0.269

«121 1.128 0.869 0.823 0.899
. 083 1.138 0.914 0. 866 0.917

. 187 1.173 0. 341 0.920 1.027 1.151

e
.

142 L.194 0.313 0.946 1.036 1.146
1.029 1.218 1.195 1.277 1.003 1.141
«153 1.022 1.185 1.153 1.209 0.972 1.136
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enrichment 1.1 weight percent, was represented in the ESP run as

one assembly in a 4-assembly module; the other three bundles

were Type A bundles which have an average enrichment of 2.5 weight
percent., The resulting RMS difference is 3.7 percent, demonstrating

that the effec. of having neighboring bundles of different

composition was insignificant.

Figure 3.2-8 is a comparison of the local power distribution
calculated by LATTICE to one frem ESP for the Type E bundle

design at 40 percent in-chamnel void fraction., The RMS difference

is 4.5 percent.

Figure 3.2-9 is a comparison of the LATTICE and ESP local
power distributions for the Type F bundle at an average in-channel
veid fraction of 40 percent. The RMS® difference between the

distributions is 6.5 percent.

Figure 3.2-10 compares the LATTICE local power distribution
to CPM results (Reference 3~8) for the Type G bundle at an
average in-channel void fraction of 40 percent. The RMS difference

between the maps is 3.0 percent.

LATTICE and CPM local power distributions are compared in
Figure 3.2-11 for the Type H bundle at 40 percent in-channel voids.

The resulting RMS difference is 2.7 percent.

Figure 3.2-)° i cciwarison of LATTICE and CPM local power
distributio. ype 1 bundle at an in-channel void fraction

of 40 percent. A RMS diffsrence of 3.6 percent was obtained.
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Local Power Distribution for Type E
ar 40%Z In-Channel Steam Voids

RMS (ESP-LAT) = 4.5%

0.246

0.276

0.797 0.0

0.831 0.0

0.818 0.805 0.249

0.852 0.849 0.279

0.945 0.918 0.922 1.019
0.953 0.934 0.943 1.072
1.222 1.190 1.184 1.056
1.143 1.117 1.147 1.007
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W-W Figure 3.2-10

1.179 CPM Local Power Distribution for a Type G Bundle
1.149 LATTICE at 40% In-channel Steam Voids
1.163 1.072 RMS (CPM-LAT) = 3.0%

1.140 1.080

1.040 1:122 0.321

1.025 1137 0.286

1.167 1.076 0.839 0.793

1.133 1.092 0.893 0.767

1.166 1.101 0.882 0.761 0.77

1.133 1.107 0.913 0.828 0.832

1.225 1.176 0.927 0.310 0.836 0.967

1.186 1.173 0.953 0.279 0.880 0.993

1.148 1.088 1.147 1.018 1.055 1.163 1.067
1.118 1.075 1.134 1.029 1.054 1.142 1.048
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W-W Figure 3.2-12

1.150 CPM Local Power Distribution for a Type I Bundle
1.131 LATTICE at 40%Z In-channel Steam Voids
1.210 1.033 RMS (CPM~LAT) = 3.67

1.184 1.056

1.080 1.219 0.340

1.056 1.2. 6 0.307

1.145 1.151 0.869 0.733

1.101 1.151 0.940 0.796

1:135 1.139 0.853 0.768 0.322

1.091 1.142 0.911 0.839 0.291

1.182 1.168 0.330 0.862 0.915 1.058

1:135 1.185 0. 306 0.902 0.955 1.075

1.163 1.012 1.183 1.138 1.199 0.942 1.076
1.142 1.008 1.160 1.113 1.154 0.928 1.088



Table 3.2-1 compares peaking factors of the three codes LATTICE,
ESP, and CPM. The bias of LATTICE relative to ESP is 0.1 percent,
and the standard deviation is 2.2 percent. For LATTICE compared to
CPM, the bias and standard deviation are -2.1 percent and 1.6 percent.
Since 40 percent in-channel steam voids is most typical of core
regions at peak power, the bias and standard deviation relative to
both codes were calculated, with resulting values of -1.3 percent
and 2.5 percent, respectively. All 7 x 7 cases were considered
separately, yielding a bias of -1.1 percent and a standard deviation
of 2.6 percent. For 8 x 8 bundles, values of -1.0 percent and 0.9

percent were obtained for the bias and standard deviation.

These RMS differences for local power maps and biases and
standard deviations for peaking factors demonstrate that the LATTICE
code adequately predicts local power distributions for typical BWR
bundles at beginning of life. Comparisons to gamma scan measurements
are presented in Subsection 3.2.2 to demonstrate that the LATTICE

calculation of the local power is acceptable for exposed fuel.
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TABLE 3.2-1

COMPARISON OF LOCAL PEAKING FACTORS

Void Fraction LATTICE ESP
0 L.232 .
40 1.258 1.210
30 .27 7 ks &
40 1.209 -
40 1.247 -
40 1.383 1.4
40 1.221 s
70 1.219 Xs
0 1.22 Es
40 1.238 1.2
80 1.236 L,
40 1.186 -
40 1.179 -
40 1.216 -

Pt et Pt
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2.2 Exposed Bundles

Local power maps generated by LATTICE have also been compared
to rod-by-rod results from the 1976 Quad Cities unit 1 gamma scan
(Reference 3-2). Table 3.2-2 lists the assemblies chosen for the
analysis, covering a wide range of exposure and void fraction for
several fuel designs. The exposures and exposure averaged void
fractions were obtained from nodal edits of the Quad Cities
end-of-cycle 2 CORE simulator case discussed in Subsection 4.1.4.
Figures 3.2-13 through 3.2-19 compare the calculated and measured
local power distributions. The measured powers were averaged for
diagonally symmetric rods in order to further reduce experimental
uncertainty. Root-mean-square (RMS) power differences and the
bias in local peaking factors (maximum re'ucive rod powers) are
also listed in Table 3.2-2., Gereral agreement is good except for
the mixed oxide bundle which has a 4.9 percent RMS power difference.
The local peaking factor in this assembly is overpredicted by

). 3 percent. LATTICE underestimates the local peaking factor in

the UO, bundles by an average of 1.2 + 1.5 percent relative to the
“

gamma scan. The average RMS power difference is 2.4 percent for

the UO2 assemblies, which is comparable to the 3 percent uncertainty
in the measured data (Reference 3-2). The power in gadolina

bearing rods was also accurately predicted with a bias of

-2.9 + 2.6 percent.




TABLE 3.2-2

LOCAL POWER DISTRIBUTION COMPARISONS FOR EXPOSED BUNDLES

Inches Percent Percent
Bundle Core Fuel From Exposure In-channel LPF RMS Power
Label Location Design Bottom (GWD/MT) __Voids Bias Difference
CX-214 33-34 ix-7 57 20.606 37.8 -0.0056 2.7
Initial 129 13.106 63.3 -0.0341 b M-
2.12 enr
CX-672 15-36 S 21 20.680 31.9 -0.0167 %
Initial
2.12 enr
GEB-159 31~-32 7 %7 51 10.457 41.7 0.0532 4.9
Reload
MO
GEH-002 13-36 8 x 8 15 10.823 7.3 0.0091 1.6
Reload 51 10. 307 42.9 -0.0063 2.0
2.50 enr 129 6.199 69.8 -0.0168 %
Average* -0.0117 2.8
Standard Deviation 0.0145

*for UOZ bundles only
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W-W Figure 3.2-14

.114 Gamma Scan EOC 2 Local Power Distribution for

LATTICE QC Bundle CX-214 at 129 Inches from
Bottom of Core

.031 1.034

- 996 1.039 RMS (SCAN-LAT) = 3.5%
0.965 1.0065
0.967 0.972
.079 1.059 0.939
012 1.076 0.969
L.050 0.942 0.898 0.891
1.073 0.965 0.921 0.915
053 1.054 0.963 0.962 0.925 0.969
.036 1.066 1.021 0.901 0.969 1.005
.029 1.000 1.056 1.018 0.946
0.988 0.987 1.020 1.047 0.969
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EOC 2 Local Power Distribution for
QC Bundle GEB-15% at 51 Inches from

Bottom of Core

RMS (SCAN-LAT) = 4.97
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Figure 3.2-18
EOC 2 Local ?ower Distribution for
QC Bundle GEH-002 at 51 Inches from

Bottom of Core

RMS (SCand=LAT) = 2.0%

0.922

0.904

0.940 0.0

0.901 0.0

0.917 0.929 0.899
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4. CORE SIMULATION

The primary method of determining the accuracy of the CORE
code (Reference 4-1) in BWR analyses is by comparison of its
predictions to observed data from operating reactors. The operating
reactors used for CORE comparisons have similar core design char-
acteristics to those on which CORE will be used for reload analyses.
Comparison of calculated and measured reactor data provides a
check not only on che core simulator program but also provides
additional insight into the adequacy of the overall BWR analysis

(including lattice physics methods and analysis procedures).

CORE code calculations will be compared to data recorded for
the following reactor cores:
s Quad Cities unit 1, cycles 1 and 2
2. Browns Ferry units 1 and 2, cycles 1 and 2

3. Browns Ferry umit 3, cycle 1 and beginning of
cycle 2

The Quad Cities 1 reactor has a slightly smaller core than the
Browns Ferry units (724 versus 764 fuel bundles), its flow rate
at rated conditic.s is approximately 2 percent less, and the
rated power is approximately 24 percent lower. The Browns Ferry
units 1 and 2 and Quad Cities unit 1 initial cores were composed
of 7 x 7 fuel bundles while the Browns Ferrv unit 3 initial core
and all reload cores contained 8 x 8 fuel bundles. The average
initial fissile enrichment of the bundles ranged from 1.10 to
2.74 weight percent. Each of the cores analyzed contained

gadolinia in at least a portion of the fuel bundles.
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4.1 QUAD CITIES COMPARISONS

Comparison of CORE calculations to observed critical configu-
rations in Quad Cities unit 1 for both cold and operating conditions
were performed to assess CORE's capability to calculate reactivity.
Comparisons to end-of-cycle gamma scan data were used to determine
the accuracy of the calculated power distributions and comparisons
to Traversing Incore Probe (TIP) measurements were used to confirm
the adequacy of the calculated power distribution during the

L'V(f]l‘.‘.‘.

The design information on fuel bundles used in the Quad
Cities analyses and the core loading patterns are given in
Reterence 5-2. The lattice physics data utilized in CORE was
generated as a function of control state, exposure, water density,
and history effects using the LATTICE program (Reference 4-3).
ihe complete functional dependence of the lattice physics data for
CORE is discussed in Reference 4-~1. The dependence of individual
bundle flows on the bundle power, power shape, core pressure,
pressure drop, and inlet enthalpy was developed using the THAS
program as described in Reference 4-1 with the input values of the
total form loss coefficients (and their two-phase multipliers)
adjusted to force agreement with vendor supplied 2ata. The albedo
boundary conditions used at the top, bottom, and sides of the
reactor core were based on previous studies (analytical and fine
mesh diffusion theory calculations) performed for use in analysis

of the Browns Ferry cores.

The CORE model for Quad Cities employed a full-core description

&~
!
ro



with nodes for each 6-inch segment of cach fuel bundle (and its
associated water gaps). The critical conligurations of rod pattern,
power, flow, pressure, and inlet subcooling throughout the first

two cycles were taken from Reference 4-2 with error corrections

and supplemental information obtained directly from EPRI.

Reference 4-2 also recommended the depletion steps used in this

analysis.

4.1.1 Cold, Xenon-Free Criticals

Reference 4-2 contains some of the cold, xenon-free, in-
sequence critical configurations which occurred during cycles 1
and 2 for Quad Cities unit 1. Each of the eight cold criticals in
Reference 4-2 were calculated with the CORE ccde; the results are
summarized in Table 4.1-1. Since the CORE code uses lattice
physics data represented as a continuous function of water density
(and temperature) over the complete range encountered in BWR
cores, the calculations were performed at the recorded temperatures
and no moderator temperature corrections were required. The
calculated k-effectives were corrected for the reactivity equivalent
of the measured reactor period, but nc other adjustments, corrections,
normalizations or biases were employed. The average k-effective

calculated by CORE was 0.9963 with a standard deviation of 0.0027.

One important use of the CORE code is shutdown margin calcula-
tions. Shutdown margin calculations are performed at the most
reactive core state (normally cold) with the highest worth control
rod withdrawn. Verification of CORE's capability to accurately

calculate cold reactivity is partially provided by comparisons to

4=3
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in-sequence criticals such as shown in Table 4,1-1. Lowever,
shutdown margln calculations involve a very localized areca of high
reactivity compared to normal in-sequence rod patterns and thus
introduce very large neutron flux gradients. In order to verify
the capability of CORE to predict very localized reactivity con-
figurations, it is necessary to examine criticals employing rod
patterns similar to the stuck rod configuration. A series of
local (two or three ..djacent rods withdrawn) criticals were per-
formed during the startup testing of Quad Cities unit 1. Ten of
these criticals were calculated using data obtained from the

Commonwealth Edison Company; the results are given in Table 4.1-2.

The average k-effective value (corrected for the reactor
period) from CORE was 1.0009 with a standard deviation of 0.0006.
The k-effective for the beginning-of-cycle 1 in-sequence critical
was 1.0018. Thus a bias ol less than 0.1 percent reactivity
between the localized and distributed criticals was obtained from
CORE. This is strong evidence that CORE can accurately perform
reactivity calculations for localized reactivity configurations
and that comparisons to in-sequence criticals provide an accurate

measure of the calculational error for such localized configurations.

4.1.2 Hot Operating Reactivity

Each of the data sets in Reference 4-2 (plus three additional
data sets obtained from EPRI) represents a high-power critical
reactor configuration which occ: red during the first two cycles
of operation of Quad Cities unit 1. Fach of these hot operating

critical configurations was analyzed with CORE. Equilibrium xenon






concentration was assumed since Reference 4-2 (page 2) indicates
that steady=-state operat ion was held ot cach configuration for at
least 48 hours belore the data was recorded. Fable 4.1-3 lists
the results of the CORE k-effective calculation for each of the 29
data sets. The tabulated k-effectives are the direct code output
values without adjustment. The average k-effective valus ohtained
by CORE was 0.9980 with a standard deviation of 0.0044. However,
there is an obvious trend of higher predicted k-effective values
for higher core average exposures. This trend is consistent with
that reported in Reference 4-4 for gadolinia-bearing first cycles.
The first cycle of Quad Cities unit 1 was terminated well before
full power reactivity depletion; thus the second cycle has char-
acteristics much like the ¢nd of a normal first cycle. The average
k-effective value from CORE for core average exposures less than
10,000 MWD/MTU was 0.9961 with a standard deviation of 0.0027.

The corresponding values for core average exposures above 10,000

MWD/MTU were 1.0041 and 0.0027 respectively.

4.1.3 TIP Comparisons During Cycles 1 and 2

For 27 of the 29 data sets in Reference 4-2, detailed incore
detector measurements were available. This data consisted of 24

axial values in each of 41 Traversing Incore Probe (TIP) thimble

locations. The data was normalized such that for each detector
used, there resulted an average rcading of 100 when inserted in
the common thimble location (32-33). The simulated TIP readings
calculated by CORE for each of the 27 data sets were normalized
such that the average of all 24 x 41 segments was the same as the

averaged measured value. Since the TIP reading is closely related

4=7



TABLE 4.1-3

QUAD CITIES 1, CYCLES 1 AND 2, HOT OPERATING k-eff

Core Rod
Data Average Notches Fraction of Rated: Calculated

Set _Date GWD/MTM Inserted Power Fiow k-eff
1 6/29/72 0.273 1936 0.870 0.861 0.9904
2 8/30/72 0.712 2032 0.897 1.016 0.9960
3 9/11/72 0.882 2056 0.892 0.966 0.9942
4 11/01/72 1.471 2192 0.875 0. 996 0.9961
5 12/26/72 2.239 2056 0.976 I 0.9951
6 3/08/73 3.190 2156 0.961 Q.47 0.9950
] 1167173 3.837 2436 0.87° 0. 9b8 0.9946
8 6/06/73 4.075 2316 0.924 0.967 0.9961
4 7/17/73 4.738 2290 0.947 0.948 0.9950
10 8/30/173 5. 301 2254 0.931 0.928 0.9947
11 11/01/73 6.031 2104 0.802 0.750 0.9940
i2 1271177 6.558 2064 0. 886 0.999 0.9978
13 12/29/73 6.807 1892 0,880 0.961 0.9995
14 /13774 7.397 1924 0.903 0.976 0.9975
15 1 /05774 7.660 1840 0.871 0.997 0.9981
Lf 3/ 26/ T 7.980 1688 0.878 0.979 0).9984
| 7% 1/26/74 7.303 1788 0.567 0.503 0.99C9
18 8/15/74 7 238 1408 0.865 0.855 0.9963
J 9/12774 7.964 1202 0.859 0.898 1.0021
0 L 3/ 74 8.424 1332 0.835 0.837 0.9942
21 11/18/74 8.790 1164 0.960 0.994 0.9977
22 L12/11/ 74 9.142 956 0.996 0.987 0.9997
23 /03775 10.174 748 0.981 0.992 1.0021
24 6/19/75 11.239 36 0.985 0.980 0.9991
25 8/08/175 11.936 338 0.858 1,002 1.0038
26 10/20/175 12.897 32 0.682 0.960 1.0055
217 11/713/75 13.199 0 0.682 0.960 1.0053
28 L2/19/75 13.612 0 0.616 0.977 1.0064
29 12/31/75 13.742 0 0.592 0.968 1.0068
Average 0.9980

Standard Deviation 0.0044

*First data set in (')’\'1!.' .



to the power in the surrounding nodes, comparisons of measured and
simulated readings can be utilized to evaluate the ability of the
CORE code to calculate operating power distributions. Table 4.1-4
summarizes the results of these comparisons. The percent difference
(Di) between measured (Mi) and calculated (Ci) TIP readings was
determined by:

D, = 200%(M, - C,)/(M, + C.) (4-1)
i i i i i

and the standard deviation computed by Equation 4-2:

n e
3 (0, - D)<
i=1

R B e (4-2)

where D is the average Di value and n is the number of values.

Table 4.1-4 presents the standard deviation of the difference

between individual 6-inch axial segment (nodal) readings as well

as the standard deviation of the difference between axially integrated
t vimble values. The combined standard deviation for all 27 data

sets is 11.17 and 5.40 percent for nodal and integrated values

respectively.

The TIP thimbles in the Quad Cities reactor have half-core
symmetry about a diagonal line; the core loading patterns are also
symmetric about this line. For fifteen of the data sets, the
control rod pattern maintained reflective symmetry about the
diagonal line of thimble symmetry, allowing comparison of measured
TIP values from symmetric locations. From Table 4.1-4, the combined
standard deviation of the differences between symmetric measured
readings was 11.24 and 7.55 percent foi nodal and integrated

values respectively. Thus the standard deviation of differences






between measured and calculated TIP readings was approximately the
same as that for the symmetric measurements. For many of the data
sets, the measured versus calculated standard deviation was less
tiian the symmetric measurements standard deviation. The only non-
symmetrical effect in the calculated valuves was due to a slightly
non-symmetric exposure acc.wulation occurring during depletion
with rod patterns with rotational symmetry only. Thus the two
symmetric calculated values were always very nearly the same and

were o'ten bounded by the two symmetric measured readings.

The maximum values of nodal and integrated TIP readings from
the CORE simulation and measured data were also compared. On the
average, CORE underpredicted the maximum measured nodal TIP reading
for the 27 data sets by 4.04 percent with a standard deviation of
4,26 percent., The maximum integrated thimble readings from CORE
averaged 3.55 percent lower than the maximus measured value, with

a standard deviation of 4.00 percent.

In Figures 4.1-1 through 4.1-15, the average TIP reading
versus axial position is plotted for each of the data sets in
cycle 1. Figures 4.1-16 through 4.1-2/ present similar plots for
each of the data scts in cycle 2. Comparison of calculated and
measured average TIP readings versus axial position yields a good
indication of CORE's ability to calculate gross axial power
discributions. The agreement between the calculated and measured
axial TIP distributions is excellent for both cycles. A slight
deterioration in agreement occurred near end-of-cycle 1, and was

worse i1 ~ycle 2.

4-11
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4.1.4 End-of-Cycle Gamma Scan Comparisons

The most precise information available for verification of
power distributions predicted by CORE results from fuel assembly
gamma scans. The gamma scan measures the relative La=140 activity
distribution. La-140 is produced by decay of the fission product
Ba-140 which has a half-life of approximately 13 days. Thus the
La-140 distribution is proportional to the power distribution
during the 40 to 60 days of operation prior to the scan. Since
the power distribution may change during this time period, the
CORE code maintains a calculated Ba-140 distribution by solving
the differential equation for Ba-140 production and decay for each

node in the core.

The gamma scan measurement data from Reference 4-4 for Quad
Cities unit 1 at end-of-cycle 1 was utilized to verify CORE's
capability to predict axial peaking factors and axial power shapes.
Table 4.1-5 compares the calculated and measured axial peaking
factors in each of 31 scanned bundles. For all 31 bundles CORE
predicted an axial peaking factor which averaged 4.72 percent
higher than the measured vialues; the standard deviation of the
differences was 2.64 percent. Fourteen of the scanned bundles
were adjacent to partially inserted control rods while the remain-
der were uncontrolled. CORE overpredicted the uncontrolled
bundle peaking factors by an average of 3.68 percent compared to
5.98 percent overprediction for partially controlled bundles. The
standard deviation of the error between calculation and measurement

was essentially the same for controlled and uncontrolled bundles.
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TABLE 4.1-5

PEAK-TO-AVERAGE VALUES FROM QUAD CITIES 1 -

Rod

Notch

48
28

48

48
48
48

38
14
38
38
08
28
08
38

38
08
38
08
28

FOR ALL

17 UNCONTROW.LED BUNDLES:

Location
XX - VY
39 s8
Al 58
41 56
17 48
55 42
W 42
57 40
07 34
09 32
07 26
09 24
31 26
47 18
23 10
25 08
31 10
33 08
39 56
17 50
15 48
55 40
09 34
07 2
09 26
07 24
49 18
47 16
25 10
23 08
33 10
31 08

31 BUNDLES:

14 CONTROLLED BUNDLES:

Gamma
_Scan

1.2712
1.2125
1.2236
. 2870
. 1854
.1913
» 2452
1763
L1476
. 1696
.1859
<3545
. 2498
1784
.2390
.1718
. 2212

Pt et et e et e et e et bt e e el s

1.2815
1.6087
1.2800
1.2688
1.4180
1.3225
1.3660
1.2313
1.6017
l.2829
1.3579
1

Average Difference
Standard Deviation

Average Di‘ference
Standard leviation

Average Diltereace
Standard Deviation

4-40

CORE
Code

1.

.

.

e i Sl S T S S e e

[N S e ST i e

3210

. 3035
. 2594
.3288
«2579
+ 2992
. 3154
. 2096
. 1944
. 1958

2338

. 3765
» 3135

2013

.2286

1935

+2553

+3353
7427
. 3285
.3316
» k5%
4142
.5130
. 2803
. 71366
. 3161
L4936
2814
. 5044
L4366

W

MEASURED VS COMPUTED ASSE.3LY AXIAL La-140 ACTIVITY

1974 GAMMA SCAN

-4.72
2.64

~-3.68
2.28
-5.98
2.56

Percent
Difference

-3.84
=].23
-2.89
-3.20
-5.93
-8.67
-5.49
-2.79

4.00
~2.21
-3.96
-1.63
-4.97
=1.93

0.84
~1.83
-2.75

-4.11
=799
=3 12
-4.83
-6.62
-6.70
-10.21
-3, 91
-8.08



The quoted reproducability of the gamma scan measurements was 2

percent (Reference 4-4).

Figure 4.1-28 displays the measured and calculated 31 bundle
averaged axial La-140 distributions from tne Quad Cities unit 1
1974 gamma scan. The gross axial power shapes are in excellent
agreement with the CORE code overestimating the axial peaking
factor by 3.6 percent. Since many of the bundles were adjacent to
partially inserted control rods during operation prior to the
gamma scan, the measured axial distributions varied from bundle to
bundle depending upon the nearest control rod position. Figures
4.1-29 and 4.1-30 show typical uncontrolled and partially controlled
bundle axial La-140 distributions respectively, taken from
Reference 4-~4. The overall agreement between measurement and
calculation is good for both bundles; however, there is a slight
overprediction of the nodal powers immediately above the partially

inserted contrel rod.

Following cycle 2 operation of Quad Cities unit 1, a large
body of gamma scan data was collected. The 1976 Quad Cities gamma
scan collected detailed data on the gross power distribution in
one octant of the core and in additional bundles to¢ test the
degree of asymmetry. The 1976 Quad Cities gamma scan data presented
in Reference 4-5 was utilized to verify several aspects of CORE's
power distribution predictions. In Reference 4-5, the accuracy of
the gamma scan data was given as approximately 3 percent considering

measurement uncertainty and biases.

Table 4.1-6 presents the comparison of measured and calculated
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PEAR=TO=AVERACE VALUES FROM QUAD CITIES 1 - 1976 GAMMA SCAN
Location Gamma CORE Percent Location Gamma CORE
XX = ¥YY_  Scan  Code  Diff. XX -Y¥Y  Scan Code
33 44 11923 1.2181 ~2.14 23 14 1.1946 1.2183
31 32 1.1379 1.1642 -2.29 37 48 1.1852 1.2208
31 30 1.1353 1.1639 -2.48 47 38 ".1473 1.2126
29 32 1.1335 1.1636 -2.62 09 48 1.3266 1.3401
29 30 1.1302 1.1628 -2.84 05 36 1.2%875 1.3176
05 48 1.3518 1.3265 1.89 07 34 1.2445 1.2803
31 34 1.1937 1.2049 -0.93 09 34 1.2285 1.2612
33 32 1.1842 1.2096 -2.12 09 32 1.2341 1.2734
07 48 1.3490 1.3748 ~1.90 11 50 1.2933 1.3289
05 46 1. 3495 1.3167 2,46 13 32 1.2233 1.2487
07 46 1. 3333 2.3532 -1.48 27 34 1.1866 1.2090
0L 32 1.3312 1.3253 0. 44 03 36 1.3468 1.3680
03 32 1.3116 1.3580 -3.48 13 40 1.2187 1.2105
11 32 1.2263 1.2648 -3.09 23 38 1.1982 1.2244
05 32 1.2785 1.3087 -2.33 03 40 1.3924 1.3893
47 06 1.3119 1.3031 0.68 15 46 1,1872 1.2276
27 32 1.1802 1.2033 -1.94 21 32 1.1864 1.1933
07 32 1.2420 1.2803 -3.03 09 46 1.3086 1.3149
15 32 1.1990 1.207% -1.52 15 38 1.2181 X«2175
19 32 1.1563 1.1846 -2.42 19 36 1.2103 1.2052
49 10 1.2911 1.3554 ~4.86 05 38 1.3263 1.3308
0l 40 1.4128 1.3510 4,47 19 42 1.2039 1.2417
13 36 1.1651 1.1948 -2.52 25 32 1.1932 1.2157
23 34 1.1871 1.2067 -1.64 11 44 1.2169 1.2411
17 42 1.2089 1.2282 -1.59 15 34 1.2006 1.2193
09 40 1.2008 1.2141 -1.10 19 38 1.2237 1.2344
07 42 1.3108 1.3087 0.16 13 46 1.2225 1.2416
09 42 1.2586 1.2552 0.27 17 34 1.1857 11997
07 40 1.2714 1.2692 0.18 09 36 1.1944 1.2176
23 32 1.1975 1.2093 -0.98 17 36 1.15869 1.1895
13 48 1.2107 1.2237 -1.07 13 44 1.1660 1.1977
17 44 1.1664 1.2097 -3.65 21 36 1.1844 1.2038
21 40 1.1861 1.2163 -2.51 iJ 32 Y:177% 1.1915
09 50 1.3328 1.3669 -2.52 09 38 1.2548 1.2318
41 18 1.2010 1.2293 -2.33 11 40 1.2054% Y.2148
17 40 1.2028 L. 2321 =2.41 09 18 1.2007 1.2816
15 42 1.1894 1.2063 -1.41 17 10 1.2137 1.2554
15 40 1.2173 1.2303 -1.05 03 42 1.3827 1.3340
11 36 1.2028 1.2302 -2.25 01 34 1,.3357 1.3295
15 36 1.1984 1.2134 =1.25 13 38 1.2103 1.2106
13 34 1.2144 1.2364 ~1.80 37 14 1.1634 1.2163
25 36 1.1673 1.1863 -1.61 23 48 1.1941 1.2552
25 34 1.1892 1.2059 -1.40 47 24 1.2168 1.2113
09 52 1.3590 1.3225 Lo b 13 24 1.1558 1.2110
05 44 1. 3582 1.3061 3.92

FOR ALL 89 ASSEMBLIES: Average Diffcrence = -1.47
Standard Deviation = 1.89

TABLE 4.1-6

MEASURED VS COMPUTED ASSEMBLY AXIAL La-140 ACTIVITY

4-45

Percent
Diff.

-1.97
-2.96
~-5.54
-1.01
-2.31
-2.83
-2.63
-3.13
-2.71
-2.05
-1.87
-1.56

0.67
-2.16

0.22
-3.34
-0.57
-0.49

0.05

0.42
-0.34
-3.09
-1.70
-1.97
-1.54
-0.87
-1.55
-1.18
-1.92
-2.61
-2.69
~-1.63
~1.16

1.85
-0.78
-6.52
-3.38

3,59

0.47
-0.02
~-4.,45
-1.75

0.45
-4.67






TABLE 4.1-7

COMPARISON OF 25 HIGHEST NODAL La-140 ACTIVITIES*
QUAD CITIES 1 - 1976 GAMMA SCAN

Gamma CORE Percent
_Scan Code Difference
1.584 1.655 -4.423
1.567 1.643 -4,729
1.558 1.632 -4.654
1.558 1.582 -1.519
1.547 1.564 -1.106
1.546 1.561 -0.995
1. 533 1.560 ~-1.866
1.528 1.559 -1.994
}.528 . L -1.775
1.524 1.536 =0.794
3 1.529 =-0. 346
). 323 1.526 -0.187
1.519 i 522 -0.198
1.519 1.521 -0.157
k511 1.518 -0.448
1511 1.518 -0.462
1:511 1.518 ~0.438
1.510 1.917 -0.426
1.505 1.307 -0.811
1.501 1.515 -0.897
1.501 1.514 -0.911
1.495 1.313 -1.237
1.485 1.513 -1.879
L.484 1.508 -1.569
1.484 1.507 -1.589
Average Difference -1.416
Standard Deviation 233

*The 1,068 nodal activities (12 planes where all 89 assemblies were
measured) were normalized to an average of 1.0



(NOTE: SEE CONTINUATION FOR ADDITIONAL VALUES)
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FIGURE 4. 1-31. ASSEMBLY AVERAGE RADIAL LA-140 ACTIVITY DISTRIBUTION COMPARISON FROM QUAD CITIES 1 1976 GAMMA SCAN




BUNDLE LOCATION GAMMA CORE PERCENT

LABEL XX - YY  SCAN __CODE DIFFERENCE
CX 622 47 =~ 06 0.404 0.391 3.44
CX 711 49 - 10 0.619 0.685 -10.17
CX 445 41 - 18 1.145 1.17% -2.24
CX 359 37 - 14 1.087 1.134 -3.96
CX 398 23 =~ 48 1.076 1.128 -4.72
CX 401 47 - 24 1.103 1.113 -0.92
CX 318 13 - 24 1.123 1.108 1.33
CX 384 23 - 14 1.116 1.129 -1.17
CX 412 37 - 48 1.135 }1.130 -0.42
CX 414 47 - 38 1135 1.112 2:03
CX 096 09 - 18 0.974 0.967 0.73
X 124 17 - 10 0.963 0.988 -2.54

FIGURE 4.1-31: Assembly Average Radial La-140 Activity Distribution
Comparison from Quad Cities 1 - 1976 Gamma Scan (continued)






near the top and bottom boundaries, but overall the planar results

are consistent with the 3.82 percent standard deviation for bundle

radial powers.

Figure 4.1-32 shows the comparison of the 8Y bundle average
axial La-140 activity for the Quad Cities 1976 gamma scan. The
CORE code underpredicts the power at the ends of the core and
overpredicts the power .n the center. The overall agreement is
fair and is consistent with the axial TIP comparisons near end-of-
cycle 2 presented in Section 4.1.3. The Quad Cities core was
operated with all control rods withdrawn for o« significant time
prior to the 1976 gamma scan; therefore, the individual assembly
axial comparisons are similar to the 89 assembly average, as shown

in Figures 4.1-33 through 4.1-36 for typical bundles.

4.2 BROWNS FERRY UNITS 1 AND 2 COMPARISONS

The Browns Ferry units 1 and 2 initial cores each consisted
of 168 fuel bundles with an average enrichment of 1.10 weight
percent and 596 bundles with an average enrichment of 2.50 weight
percent. All of the bundles were of standard 7 x 7 design. The
higher enrichment bundles contained gadolinia in some of the fuel
rods for power shaping and supplemental reactivity control. Both
units were refueled with 8 x 8 design fuel with an average enrich-
ment of 2.74 weight percent (168 reload bundles for unit 1 and 132
for unit 2). bDetails of the core designs are given in References

4-6, 4-7, and 4-8,

The measured data used for comparisons to CORE was obtained

from data collected by plant personnel for records and contractual
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RELATIVE LA-140 ACTIVITY

QC1 1976 GAMMA SCAN ASSEMBLY 29-30 LA-140

2.0
: ——— MEASURED
1.5 —~—— CORE
/\/\Q\
0 0*1 T Y N DA TSR RS W G Ol TR SO W IS AN N T G P AT W e
' 2 Y 6 8 10 12 14 16 18 20 22 24
AXTAL NODE

Figure 4.1-35: Reload 7 x 7 MO, Assembly
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purposes. The data consisted of observed critical configurations
(rod pattern, core thermal power level, total core flow rate,
reacor pressure, core inlet temperature, and core average exposure)
ar”l power distribution information. The power distribution informa-
tion was obtained from the plant process computer. The CORE ccde
calculations for these comparisons were generated as part of

normal cove follow work performed by TVA. The lattice physics

data used by CORE was generated with the LATTICE program (Reference
4-3). A full core model consisting of 30 x 30 x 24 nodes (24

equal length axial segments in each fuel bundle) was employed in

the core {ollow calculations. The core average exposure accumula-
tion between operating configurations was determined from the
process computer data and the average increase allocated to individual
nodes ccording to the power distribution computed by CORE at the
beginning of the interval. In a similiar manmer, the water density
and control histories were updated for the interval. Generally,

the core average exposure increment between operating states was

between 250 and 500 MWD/MTU.

4.2.1 Zero Power, Xenon-Free Criticals

As a normal part of plant operations, the critical coafiguration
of the reactor core is recorded fo each startup. The critical
configurations occurring after sufficiently long shutdowns to
allow the xenon-135 concentration to reach negligible levels are
shown in Table 4.2-1 for cycles 1 and 2 of Browns Ferry units 1
and 2. These criticals cover the range of core average exposures
from zero to approximately 14,200 MWD/MIU and coolant temperatures

ranging from 101°F to 400°F. The rod patterns employed include

4=57



TABLE 4.2-1

ZERO POWER XENON-FREE CRITICALS FOR BROWNS FEBRY UNITS 1 AND 2

Core Rod Pattern Information Coolant Reactor
Unit Cycle Average Rods Rod Moving Temp. Period Corrected*

_No. No. Date GWD/MTU Seq. Out Co-or Notch (°F) _(Sec) k-eff
1 1 9/25/73 0.0 Test 11 38-39 08 101 125 0.9973
1 1 9/25/173 0.0 A 52 6~35 20 112 140 0.9965
1 1 9/26/73 0.0 A 56 22-11 22 140 141 0.9962
1 1 3/08/74 0.96, A 72 38-19 14 330 78 0.9907
1 1 4/12/74 1.313 A 66 30-03 42 182 105 0.9953
1 : 5/22/74 1.617 A 56 38-11 18 170 89 0.9947
1 1 6/29/74 1.906 A 49 14-35 22 140 142 0.9943
1 1 10/04/74 3.519 A 44 30-35 20 200 147 0.9911
1 1 11/24/74 4.354 Test 5 30-23 10 132 76 0.9999
1 1 11/24/74 4,354 A 44 30-35 14 132 137 0.9996
1 1 2/09/75 5. 7159 A 32 10-23 30 215 7¢ 0.9976
1 1 3/01/75 6.042 A 29 42-23 10 195 180 0.9979
1 1 9/14/76 6.345 A 29 42-23 12 185 112 0.,9984
1 1 1/09/77 7.601 B 27 38-15 08 210 152 0.9942
1 2 1/13/78 9.730 B 24 42-31 12 150 79 0.9972
1 2 9/20/78 14.198 A 44 30-35 04 242 80 0.9954
2 1 7/20/74 0.0 Test 10 22-39 16 90 138 0.9977
2 1 8/03/74 0.0 A 54 46-19 16 124 125 0.9960
2 1 7/21/74 0.0 A 52 46~35 10 110 350 0,3968
2 1 8/27/76 2.486 A 48 34-19 24 146 200 0.9958
2 1 4/21/177 5.937 A 45 26-27 16 410 85 0.9924
2 2 6/26/78 9.176 A 24 30-31 10 160 123 0.9971
Average 0.9960

Standard Deviation 0.0024

*The corrected k-eff has the reactivity equivalent of the observed period
subtracted from the calculated k-eff.



both normal (distributed) withdrawal sequences (A and B) as well
as a special test withdrawal sequence which successively removes
rods in the center of the core in a checkerboard pattern. The

test sequence was used for shutdown margin determination during

startup testing.

The effective multiplication factor obtained by CORE for each
critical is also shown in Table 4.2-1. The CORE k-effective has
been corrected by subtracting the reactivity equivalent of the
observed reactor peri>d from the code output values. No other
corrections, normalizations or biases were employed. The average
k-effective obtained by CORE for the 22 critical configurations
was 0.9960 with a standard deviation of 0.0024. There are no
apparent systematic trends in predicted k-effective versus - .posure
or control rod pattern. In particular, there is not a significant
difference ir the calculated k-effective for in-sequenc: and the
more localized test sequence criticals at the same core average

exposure.

4.2.2 Hot Operating Reactivity

Table 4.2-2 lists the critical configurations with equilibrium
xenon and high reactor power for which comparisons were made for
Browns Ferry unit 1 during cycles 1 and 2. The average k-effective
calculated by CORE for the 20 configurations in Table 4.2-2 was
1.004]1 with a standard deviation of 0.0040. However, there is a
definite trend in the predicted k-effective versus exposure. The
observed trend is similar to that observed in Reference 4-4 for

first cycle gadolinia bearing cores. The tendency to predict
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higher k-effectives near the end of the first cycle may have been
accentuated in the Browns Ferry unit 1 comparisons due to the
presence of boiling in the bypass region. All of the cycle 1 data
in Table 4.2-2 for core average exposures greater than 7500 MWD/MTU
was collected after plugging of the bypass flow holes in the core
plare to eliminate instrument tube vibrations. Alternate flow
paths were drilled into the fuel bundle lower tie plates after
cycie 1 and significant bypass boiling did not occur in cycle 2.
For core average exposures less than 7500 MWD/MTU, the average
calculated k-effective was 0.9996 with a standard deviation of
0.0019. For core average exposures greater than 7500 MWD/MIU, the

calculated values were 1.0070 and 0.0015 respectively.

4.2.3 Process Computer Comparisons

Table +.2-3 contains a comparison of axial and total peaking
factors from the Browns Ferry unit 1 process computer during
cycles 1 and 2 to the peaking factors calculated by the CORE code.
For the 16 cases in Table 4.2-3, the core average axial peak-to-
average power was overpredicted by CORE by 0.5 percent with a
standard deviation of 4.3 percent. The total peaking factor
(radial x axial x local) was overpredicted by 1.0 percent with a

5.6 percent standard deviation.

Table 4.2-4 summarizes the results obtained by comparing the
relative power in individual nodes and fuel assemblies predicted
by CORE to their values from the process computer. For the seven
configurations considered, the root-mean-square (RMS) difference
in process computer and CORE calculated relative powers was 7.0

percent for assemblies and 1l.4 percent for nodes.

4-61



BROWNS FERR:

TABLE 4.2-3

AND PROCESS COMPUTER PEAKING FACTORS

Core

Average
Date  GWD/MIU

2/02774 0.639 1:27 W
6/21/74 1.852 1.30 1.24
7/18/74 2.359 1.34 1.29
10/29/ 74 3, 942 I ¥ l.34
11/02/74 4.026 1.36 1.3
1/15/75 5.389 1.40 1.48
2/18/75 5.908 1.32 1.43
3/22/75 6. 346 3.27 1.35
2/22/177 8.296 1.27 1.28
4721777 9.416 1.34 1.38
7/20/77 11.021 1.29 1.28
8/09/77 11.378 1.32 1.29
4/14/78 11.281 £ 29 1.43
5/26/78 12.203 1.24 1.29
6/29/78 12.798 1:15 .22
8/08/78 13.591 ) 383
Average

Standard Deviation

Core Average Axial
Peak-to-Average Power
P.C.  CORE

% Diff

0.0
4.72
3.80
Sodd
375
=3« 30
-8.0
-6.11
-0, 78
-2.94
0.78
2.30

-10.30
=395
=5.91

The ﬁb:ﬁﬂﬁﬂ<diffcrence is calculated as:

-

w Diff

= 200%(P.C.

- CORE)/(P.C. + CORE)

4-62

1, CYCLES 1 AND 2, COMPARISON OF CORE CODE

Total Peaking Factor

P.C. CORE % Diff
2.39 2.44 «2.07
2.47 2.29 7.56
2.44 2,25 8.10
2.61 2.53 3 1
2.58 2.43 5.99
4 4 | 2.78 -2.55
2.55 2.67 ~4.,60
2.39 254 -5.30
2.7 2.49 3. 16
2.52 2.70 -6.90
Y 2:13 1.86
2,29 - 5. > -9. 356
2.15 2.29 ~-6. 31
2.02 2. .11 ~-4.36
2.05 2.12 _=3.36
Average -1.02
Standard Deviation 5.548



TABLE - .2-4

BROWN: FERRY 1, CYCLES 1 AND 2, COMPARISON OF CORE
CODE AND PROCESS COMPUTER POWER DISTRIBUTIONS

Core RMS Difference in

Average Relative Powers
Date Cycle GWD/MTU Assembly  Nodal
7/18/74 1 2.359 8.43 11.50
11/02/74 1 4.026 6.52 11.54
1/19/77 1 7.698 5.75 8.37
6/13/77 1 10.370 5.45 9.87
8/09/77 1 11.378 6.45 10.42
4/26/78 2 11.521 7+ 37 $3:73
6/29/78 2 12.7% 8.1 13.50
Combined 6.96 11.42

The RMS difference between the process computer (PC) and core code (CORE)
relative power distriburions was calculated as:

D, 100%(PC, - CORE,) (percent)

RMS

H

where n is 764 for assembly comparisons and 18,336 for nodal comparisons.

&
|

63



A comparison of the radial peaking factors (maxirum bundle

relative powers) as determined by CORE and the Browns Ferry unit 1
process computer is shown in Table 4.2-5. The radial peaking
factors predicted by CORE during cycles 1 and 2 averaged 2.8
percent higher than the process computer values; the standard
deviation of the differences was 3.2 percent. There is a slight
tendency for CORE to underpredicc the radial peaking factor carly
in the cycles and overpredict the values near the end of cycles

relative to the process computer.

Figures 4.2-1 through 4.2-7 present comparisons of the core
average relative power versus axial node for CORE and the process
computer for several points in cycles 1 aud 2 of Browns Ferry
unit 1. The overall agreement between the axial distributions is
good but CORE -lightly underestimated the power in the bottom half
of the core early in cycle 1. Near the end of cycle 1, CORE
slightly overestimated the power in the bottom half of the core

ard this overestimation remained into cycle 2.

4.3 BROWNS FERRY UNIT 3 COMPARISONS
Ihe Browns Ferry unit 3 initial core consisted of 764 fuel
bundles of 8 x 8 design (one water rod and 146 inch active fuel
length) with a bundle average enrichment of 2.19 weight percent.
Two bundle types with different gadolinia content were employed.
Details of the initial core desigu are given in Reference 4-6.
the reload bundles were of 8 x 8 design (2 water rods and 150 inch
active fuel length) with a bundle average enrichment of 2.65

weight percent. The cycle 2 core design is described in Reference 4-9.
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FABLE 4.2-5

BROWNS FERRY 1, CYCLES 1 AND 2, COMPARISONS OF
CORE CODE AND PROCESS COMPUTER RAD:AL PEAKING FACTORS

Core
Averayge Maximum Bundle Power Percent
Date  Cycle  GWD/MIU CORE P.C. Difference

1/18/74 1 2.359 1.295 1.346 3.86
11/02/74 | 4.026 1.322 1.367
1/19/77 1 7.698 1.336 1.333 -0.22
6/13/77 | 10.370 1.349 1.310 -2.93
8/09/77 1 11.378 1.296 1.273 -1.79
4726/78 2 13,521 1.349 1.356 0.52
6/29/78 2 12.798 1.397 1.332 -4.76
Average -2.81
Standard Deviation 317

465 -
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The measured data utilized for comparisons to CORE was obtained
as described for units 1 and 2. The CORE code input data and the
exposure accumulation procedure were also as described for Browns

Ferry units 1 and 2.

4.3.1 Zero Power Criticals

Table 4.3-]1 presents the zero power criticals calculated for
Browns Ferry unit 3 comparisons. The xenon concentration is not
negligible for three of these criticals due to the short length of
time the plant was shutdown (less than 60 hours). However, for
the criticals for which xenon is not negiigible, the reactor was
operating at a condition of equilibrium xenon prior to the shutdown
and shutdown occurred rapidly. Thus the xenon concentration after
shutdown was readily calculated utilizing the transient xenon
capability in CORE. The corrected k-effective values are the
direct code output with the reactivity equivalent of the observed
reactor period subtracted from them. The average k-effective
obtained for the Browns Ferry unit 3 zero power criticals was

0.999]1 with a standard deviation of 0.0036.

4.3.2 Hot Operating Reactivity

The principal high power critical configurations occurring
during cycle 1 operation of Browns Ferry unit 3 are described in
Table 4.3-2 along with the eigenvalue obtained from CORE. A
beginning of cycle 2 high power configuration is also presented.
Th. average k-effective for the 20 cases is 1.0015 with a standard
deviation of 0.0033. The tendency to calculate higher k-effective

values near the end of first cycles of gadolinia bearing cores is
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TABLE 4.3-2

HOT OPERATING CASES FOR BROWNS FERRY UNIT 3

Core

Average Fraction of Rated Calculated

Date GWD/MTU Power Flow _keeff
11/08/76 0.454 0.847 0.981 0.9976
12/08/76 0.933 0.980 0.980 1.0000
1/11/77 1.544 0.997 0.951 1.0006
2/17/1717 2255 0.994 0.961 0.9989
4705777 3.197 0.937 0.912 0.9985
6/09/77 4,320 0.965 0.884 0.9980
8/10/77 5.196 0.967 0.998 0.9989
9/21/77 6.035 0.970 0.990 G.2994
10/26/77 6.675 0.963 1.022 0.9987
11/11/77 7.013 1.000 1.028 0.9992
1/04/78 7.993 0.952 0.984 0.9992
1/24/78 8.411 0.910 1.001 1.0006
3/31/78 9.628 0.969 0.996 1.0037
4/28/78 10.024 0.945 1.001 1.0040
5/24/78 10.569 0.962 0.984 1.0054
6/22/78 11.180 0.963 1.001 1.0072
7/31/78 11.866 0.939 1.003 1.0089
9,31/78 12.348 0.767 0.683 1.0019
9/08/78 12.460 0.770 0.804 1.0035
12/20/78% 8.984 0.992 0.959 1.0048
Average 1.0015
Standard Deviation 0.0033

*This case is near the beginning of cycle 2.
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also present in the Browns Ferry unit 3 data. The average .
k-cffer .ive for exposures less than 8,000 MWD/MTU is 0.9990 with &

standard deviati. of 0.0008. The corresponding values for

exposures greater than 8,000 MWD/MTU are 1.0044 and 0.0027

respectively.

4.3.3 Process Computer Comparisons

Table 4.3-3 presents a com .arison of process computer and
CORE code values of axial peak- to-average nower for high power
configurations in Browns ¥Ferry unit 3. On the average, CORE
overpredicted the axial peaking factor by 1.73 percent with a
standard deviation of 6.5” percent. The core average axial power
shapes near begimning-of-cycle, middle~of-cycle and end-of-cycle
are shown in Figures 4.3-1, 4.3-2, and 4.3~-3 respectively. The
beginning-of-cycle power shapes are in good agreement, but CORE '
underpredicted the power in the bottom section of the core which
had the highest gadolinia content. By the middle-of-cycle, the
effect of the high gadolinia section had burned out and the power
distributions from CORE and the process computer are in excellent
agreement. During the latter part of the cycle the trend was
reversed and CORE overpredicted the power in the bottom section of
the reactor compared to the process computer as shown in Figure 4.3-3.
Figure 4.3-4 gives a comparison of core average relative exposure
versus axial position for CORE and the process computer near the
end of the first cycle. The excellent agreement of the end-of-cycle
relative exposure shapes indicates that the underprediction of
power in the bottom of the CORE ecarly in the cycle was effectively

cancelled by the overprediction in the last half of the cycle. '
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TABLE 4.3-3

CORE AVERAGE AXIAL PEAK-TO-AVERAGE POWER RATIOS

Date

11/08/i6
12/08/76
1/11/77
2/17/17117
4/05/77
6/09/77
8/10/77
9/21/177
10/26/77
11/11/77
1/04/78
1/24/78
3/31/78
4/28/178
5/24/78
6/22/178
7/31/78
9/01/78
9/08/78
12/20/78%

Core

Average
GWD /MTU

[
CoOVmM~N~NOO VMBS WNEHDOO

Pt et et e e
NN e O

<454
+933
. 544
s £33
« 197
<320
.196
.035
615
.013
. 993
L4111
.628
.024
. 569
.188
. 866
. 348
. 460
8.

984

CORE
Code

.276
. 340
.500
. 387
«235
.419
«317
.285
.236
.147
+239
+193
. 302
.226
.29
234
. 309
194
. 267
. 301

[ S S S S S Tl el e e i

FOR BROWNS FERRY UNIT 3

Process
Computer

1239
1.355
1.471
1.430
.313
.450
«233
.262
+293
. 244
267
.316
. 157
.150
«335
. 180
211
.22

.158
.190

P e e o e e

Average
Standard D viation

*This case is near the beginning of cycle 2
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Percent

Difference

-2.94
1.11
-1.95
3.05
4,52
2.16
-4.82
-1.81
4.51
8.11
2.23
9.80
-11.79
-6.40
~13.09
~4.47
-7.78
2.89
-2.99
=8.91

=1.73
6.50



POWER

AVG RELATIVE AXIAL

BF3 Crl: US4 MWD/MT (11/8/76)
i P=2790 MWT
E TN R
T tt}j:j;/ ~—
-
"
-
-
3
=
g
»
:l el Wi e N RGN N Wity NI e (T BNy DY S 30F MM Fle SO STE AR SR S 1
B! 6 8 10 12 14 16 8 28 £ 2
AXIAL NODE
Figure 4.3-1: Near Beginning-of-cycle 1]



[ ~%

HVG RELATIVE AXIAL POWER

BF3 Crl:

6035 MWO/MT

(9/21/77)

'Tf"TTT1V"T'T'UYIﬁT‘Y"T‘

rTT'T

T O e S

N T el T T A TR

|

P=3133 MWT

| S B ST RN S

8 10 12 14
AXIAL NODE

Figure 4.3-2: Near Middle-of-cy

16

Clv

1

18 20 22 &N




08-%

AVG RELATIVE PXIAL POWER

BF3 CY1: 11866 MWD/MT (7/31/78)
b P=3091 MWT
. T —
- i
7 o
- i,
: o
3 N\
E \
:l RO B N e U i N S (SN SRR PR N ST N | SIS N
2 4 5} 8 10 12 14 16 16 0 2e 24
AXIAL NODE




-t

I8

AVG RELATIVE AXIAL EXPOSURE

BF 3

CY1l:

11866 MWD/MT

(7/31/ 78]

L et s

'TrfTT"'T'

"TV

T
\

"fY

rTfT"TVTf'T"

e

—~——
o,

T TS D T, e TR

-

10 12 14 16
AXIAL NODE

Figure 4.3-4: Near End-of-cvycele




Table 4.3-4 shows the comparison of radial peaking factors
(riaximum relative bundle power) and individual bundle RMS power
differences for CORE and the process computer. On the average,
CORE underpredicted the maximum bundle relative power by 3.7
percent with a standard deviation of 1.76 percent compared to the
process computer values, Comparison of individual bundle relative
power differences results in an average RMS difference of 4.46
percent botween the precess computer and CORE. Comparison of
individual process computer bundle relative powers in symmetivic
locations but based on differeut TIP thimbles resulted in a RMS

difference of 3.5 percent.

Table 4.3-5 presents a comparison of CORE and process computer
.otal peaking factors (maximum nodal times local value) and the
RMS difference between individual nodal powers. Since the local
peaking factors for CORE and the process computer are approximately
identical, the total peaking factor comparison primarily reflects
ditferonces in the maximum nodal powers. On the averape, CORI
underpredicted the total peaking factor with respect to the process
computer value by only 0.66 percent with a 5.04 percent standard
deviation. However, chis was obtained by underpredicting the
total peaking factor by 4.1 percent during the first part of cycle 1
and overpred’cting the peak by 1.74 percent for the remainder of
the cases. The average RMS difference in individual nodal rela-
tive power for CORE and the process computer was 12,49 percent for
the 9 cases where detailed data was available., The RMS dal
difference for symmetric prrcess computer locations was found to

be approximately 4.5 percent.
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TABLE 4.3-4

RADIAL POWER DISTRIBUTION FOR BROWNS FERRY UNIT 3, CYCLE 1

Core Radial Peaking Factor Percent RMS
Average CORE Process Percent Bundle Power
Date GWD/MTU Code Computer Difference Difference
11/08/76 0.454 1321 . 355 3.30 4.436
12,08/76 0.933 1.286 1.348 4.71 4,019
1/11/77 1.544 1.263 1. 340 5.92 -
2/17/717 20295 1.267 1.330 4,85 -
4/05/77 3.197 1.286 1. 360 5.59 -
6/09/77 4.320 1.260 1.323 4.88 4,652
8/10/77 5.196 1.319 1.370 ¢ i -
9/21/717 5.035 1. 300 1.329 el 4,274
10/26/77 6.675 1.361 1.419 4.17 4.498
11/11/77 7.013 1.367 1.420 3.80 -
1/04/78 7.993 1.378 1.435 4.05 4,543
1/24/78 R.411 1.351 1.410 4.27 -
3/31/78 €.628 1.382 1.398 1:15 4.18.
4/28/78 10.024 . I 5 | 1.350 -0.07 -
5/24/78 10.569 1.225 1.310 6.71 -
6/22/78 11.180 1.249 L.257 0.64 4.301
7/31/78 11.866 1.197 1.230 2.72 -
9/01/78 12,348 1.265 ;o t L 3.88 5.240
9/08/78 12.460 1.183 230 3.90 -
Average 3.70 4.461
Standard Deviation 1.76
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TABLE 4.

3=5

NODAL POWER DISTRIBUTION FOR BROWNS FERRY UNIT 3

Date

11/08/76
12/08/76
1/11/77
2/17/77
4/05/77
6/09/77
8/10/77
9/21/77
10/26/77
11/11/77
1/04/78
1/24/78
3/31/78
4/28/78
5/24/78
6/22/78
7/31/78
9/01/78
9/08/78
12/20/78%

*This case is near the

Core

Average
GUD/MTU

0.
0.
s

9

3
4.
5.
6.
6.
Tis
Ts
8.
9.
10,
10.
11.
11.
1.
b

8.

454
933
544
255
197
320
196
035
675
013
993
411
628
24
Sud
180
866
348
460
984

Total Peaking Factor

CORE Process
Code Computer
2.241 & ki3
2.230 2.261
2.450 2.440
2.176 2.332
2.079 2« 31
2.281 2.482
2.449 -
2.050 2.151
2.272 2,228
2.162 2.222
2,382 2.271
2.207 2.321
" 1.995
2.055 1.998
1.907 1.820
1.898 1.839
1.836 1,727
1.870 -
1.743 1.690
2.323 2.356
Average

Standard Deviation

beginning

4=-84

of cycle 2

Percent
Difference

-3.08
1.38
-0.41
6.92
10.57
8.44
4.81
-1.96
2.74
-4, 77
5.04
-2.81
~4.67
-3.16
-6.12
-3.09
1.41

0.66
5.04

Percent RMS
Nodal Power
Difference

8.104
8.964
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5. SUMMARY

5.1 LATTICE PHYSICS METHODS

Although a more meaningful indication of the adequacy of the
physics methods used in the LATTICE code lies in the results
obtained from the CORE simulator that were present~d in Chapter &,
data was ‘»~"uded in Chapters 2 and 3 to demonstrate the overall
suitability of the models used. Comparisons were presented to
measurements and to calculated results from other codes with more

detailed models.

In Section 2.1, values of k-effective for 25 critical experi--
ments were presented; the average was 0.9954 with a standard
deviation of 0.0107. It was shown that by grouping similar
experiments, considerably smaller standard deviations resulted.

In Section 2.2, reaction rate distributions in space and energy
calculated by LATTICE and ESP, a general Monte Carlo reactor
analysis code, were compared for 15 of the experiments analyzed

in Section 2.1. The largest bias and standard deviation was for
the absorption of fast neutrons in the fuel. Agreement was good
for ko and thermal reaction rates; the bias and standard deviation
were 0.00228 and 0.0108 for ke. Section 2.3 presented comparisons
to measured data for the calculation of isotopic concentrations

of uranium and plutonium as a function of burnup. Excellent
agreement was obtained for all isotopic ratios except for the

ratio of Pu-242 to Pu-241, which was underpredicted by approximately
35 percent at an exposure of 12,000 MWD/MIM. This discrepancy does

not affect the ability of LATTICE to fulfill its intended function.



The comparisons given in Chapter 2 demonstrate that the basic .
models used in LATTICE accurately represent the neutronic phenomena

important to light water reactor analyses.

Chapter 3 contains information which confirms the adequacy of
the LATTICE calculation of important bundle physics parameters.
Comparisons to measured data were presented for the local power
distribution of exposed bundles. For unexposed bundles, comparisons
were made to reactivity and local power distributions calculated by
more exact codes. The ESP Ponte Carlo code and the CPM collision

prebability code were used for these comparisons.

Table 3.1-1 exhibited ke values calculated for unexposed fuel
for a variety of fuel types and water densities. For the 23 cases,
the bias of LATTICE relative to ESP was 0.0074 with a standard '
deviation of 0.0079. Good agreement for the calculated worth of the

burnable poison in a particular bundle design was also discussed.

Comparisons of local power distributions were given in Section 3.Z.
Beginning-of-1life comparisons to ESP and/or CPM were presented in
Figures 3.2-2 through 3.2-12. RMS differences ranged from 3.1 to
6.5 percent relative to ESP, and from 2.4 to 3.7 percent relative to
CPM. The RMS differences were statistically combined with a result
of 4.0 percent. LATTICE predicted bundle peaking factors well
compared to ESP, obtaining a bias of 0.1 percent and a standard
deviation of 2.2 percent; relative to CPM there was a bias of
-1.8 percent with a standard deviation of 1.8 percent. Thus LATTICE
adequately predicts local power distributions and peaking factors

compared to two other codes using more exact theory. .
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Local power distributions for exposed fuel were compared in
Figures 3.2-13 to 3.2-19 to gamma scan measurements taken at the
end-of-cycle 2 of Quad Cities unit 1. RMS differences ranged
from 1.6 to 4.9 percent. The statistical combination of the RMS
differences for UU2 bundles was 2.4 percent. The power of the
burnable poison pins was in good agreement. For peaking factors
of exposed fuel, the resulting bias and standard deviation were
-1.2 and 1.5 percent. Chapters 2 and 3 confirm the conclusion,
reached by examining results from the CORE simulator, that LATTICE

well predicts parameters of interest in commercially available

BWR fuel bundles.

5.2 CORE SIMULATION

The capability of TVA methods to accuratelv simulate the
steady~state physics of boiling water reactor cores was verified
by comparisons to measured data from Quad Cities unit 1 and all
three Browns Ferry units. For zero power criticals, a total of
53 critical configurations was calculated. Figure 5.2-] presents
all of the k-effective values from CORE for the zero power criticals
as a function of core average exposure. The average k-effcciive
for all 53 points is 0.9977 with a standard deviation of 0.0025.
There is no apparent trend in the predicted k-effective for cold
criticals versus core average exposure. Additionally, there was
not a significant bias between the calculated k-effective values

for localized and in-sequence control rod patterns.

Calculated k-effective values were presented for a total of
69 high-power critical configurations. Figure 5.2-2 presents the

calculated hot operating k-effectives versus core average exposure.
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The average k-etfective for all 69 points is 1.0008 with a standard ‘
deviation of 0.0039. However, a trend toward higher predicted k-

effective values for increasing core average exposures is evident.

For core average exposures typical of reload cores (greater than

10,000 MWD/MTU), the average k-effective value for 22 points is

1.0056 with a standard deviation of 0.0025.

Comparisons of simulated (by CORE) and measured TIP readings
were performed for 27 operating points in Quad Cities unit 1
cycles 1 and 2. The standard deviation of differences between
calculated and measured readings for 6-inch segments and integrated
thimble values is approximately the same as the standard deviation
of differences between symmetric measurements. The bundle axial

peak-to- average values of La-140 activity from CORE were compared

to gamma scan measurements for Quad Cities performed at the end
of cycles 1 and 2. For the end-of-cycle 1 gamm . scan, CORE
overestimated the axial peaking factor by 4.72 percent with a
standard deviation of 2.64 percent. 7The end-of-cycle 2 values
were overpredicted by 1.47 percent with a standard deviation of
1.89 percent. The average and individual bundle axial La-140

distributions were in good agreement with the measured data.

For the end-of-cycle 2 Quad Cities gamma scan measurements,
CORE overpredicted the 25 highest nodal La-140 activities by 1.4
percent with a standard deviation of 1.3 percent. The radial
power distribution (as indicated by bundle average La-140 activities)
predicted by CORE was in good agreement with the measured data.

The standard deviation of differences for individual bundles was

3.82 percent.






