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ABSTRACT

A theoretical analysis of U02-Pu02 fueled, Tight-water-moderated
lattice experiments has been performed to aid in establishing technical
bases and design criteria for the utilization of plutonium bearing fuel in
thermal power reactors. Results for UO2 and A1-Pu Tattices are included in
order to understand the effects due to uranium and plutonium separately. The
problems involved in calculating high leakage critical experiments are dis-
cussed. Estimates of the effects of various approximations inherent in the
theoretical methods and/or analysis procedures are included along with the
consequence on the results of the correlation. Uncertainties in the measure-
ments and the neutron cross-section data are related to uncertainties in
the calculated values of keff‘ The results of other studies which bear on
evaluating the calculational methods are summarized. Areas which should be
investigated in future analyses are also identified.
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UNCERTAINTIES IN THE ANALYSIS OF PLUTONIUM
FUELED LIGHT WATER MODERATED ASSEMBLIES

I. INTRODUCTION

The accurate prediction of the time dependent neutronic behavior of a
power reactor is a complex problem. Many simplifying assumptions have to
be made in developing a mathematical model which describes the neutron pro-
cesses. Some of these stem simply from the need to make the mathematics
tractable whereas others are dictated by the desire to obtain practical
solutions for engineering design. Nevertheless, valid technical bases and
design criteria are required to assure that an engineered design meets its
objectives. The establishment of valid design bases and criteria hinges on
a thorough understanding of the principal neutronic events in a reactor
system and the knowledge of the degree of mathematical rigor required to
produce a given accuracy in a predicted neutronic design parameter. His-
torically, much of this understanding and knowledge has been gained by con-
ducting theory-experiment correlation studies whereby the adequacy of the
mathematical model (cross sections, neutronic theory and design procedures)
is evaluated.

Experiments conducted in idealized reactor systems have played a sig-
nificant role in the development of this portion of the nuclear technology.
Idealized systems are studied in an attempt to Timit the numbers of vari-
ables and concentrate on evaluating the adequacy of the cross sections and/
or neutronic theory, which represent the fundamental reactor physics aspects
of power reactor systems. The technology is then developed further by
building upon this base and extending the evaluation to systematically
include the other variables present in the design problem, ultimately devel-
oping the mathematical models to the point where they can be used with
confidence in designing power reactor systems. Thus, uniform lattice experi-
ments form the base upon which these evaluations are made.
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The philosophy generally adopted in the nuclear industry. is that uni-
form lattice experiments are fundamentally a test of the multigroup neutron
spectrum calculation. The multigroup neutron spectrum calculation is
usually made using cell codes. Since the unit cell calculation consists of
cross sections and theory, the lattice experiments can be used to evaluate
the adequacy of the neutron cross sections, the theoretical methods, or both.

The Plutonium Utilization Program was initiated in 1956 with the
objectives of developing the base technology for safe and economical recycle
of plutonium fuel in power reactor systems and demonstrating plutonium
recycle in a practical manner. The program was conducted by the Pacific
Northwest Laboratories Division, Battelle Memorial Institute under sponsor-
ship of the AEC Division of Reactor Development and Technology. One phase
of this program which received major emphasis was obtaining the data
required to assure early commercial application of plutonium fuels in water
reactors. Consistent with this was the effort of investigating the detailed
physics properties of plutonium-fueled, water-moderated reactor systems.

On the basis of the rationale described above, these investigations
focused on the more basic reactor physics aspects. Approach-to-critical
and critical experiments were conducted for assemblies comprised of uniform
lattice arrays of plutonium fuel rods and light water moderator. Measure-
ments were made to determine the critical numbers of rods (i.e., keff = 1.000)
using plutonium fuels of differing content and ~omposition arrayed in
lattices having a wide range of spacings between the fuel rods. These data
formed the base upon which the adequacy of mathematical models have been
evaluated. These investigations, which were initiated around 1962, were a
continuing effort as both the data base expanded and the mathematical
models Were improved. In this report, we give a chronological review of
the findings of these studies leading to the most recent evaluations.

As the title implies, we attempt to delineate the uncertainties that pres-
ently exist in the mathematical model.

In Section II, the technical approach which has been consistently used
in these studies is given. A chronological review of this work is outlined
in Section III, leading to the most recent results. The results of the
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correlations are presented in Section IV. The areas in the mathematical
model where calculational errors and uncertainties are known to exist are
discussed in Section V. To put this work in proper perspective to the
overall problem of reactor design, the other reactor physics work conducted
in the Plutonium Recycle Program at Pacific Northwest Laboratory (PNL)
which bears on this is reviewed in Section VI. In the last section (VII)
conclusions are stated and recommendations are given to guide future inves-
tigations which would build upon our work. The cross sections, theoretical
methods and assembly modeling procedures used in this study are given in
Appendix A. Some technical details of interest are included in Appendix B
and Appendix C.
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IT. TECHNICAL APPROACH

The technical approach that was adopted for this study is consistent
with that which was developed and used in other similar programs conducted
for the USAEC. In this approach the critical experiments provide a base
upon which to evaluate the accuracy of the neutron cross sections and/or
reactor physics methods used for calculating the spectrum of neutrons slow-
ing down and thermalizing in a unit lattice cell. The focus of these
studies was on the determination of inherent Timitations in the cross
sections and/or the theory so as to guide the development of improved
methods and the experimental program itself. No attempts were made to
develop an engineered normalized mathematical model since it was expected
that the industrial organizations interested in plutonium recycle would
accomplish this independently.

A consistent mathematical model has been employed in these studies.
It consists of using an evaluated set of neutron cross sections, transport
theory methods for performing cell calculations, and diffusion theory
methods for performing leakage calculations. The neutron cross sections
used in developing libraries for the cell codes were obtained from the
master file developed and maintained over the years at PNL,(]’2’3)
culminating in the adoption and utilization of the ENDF/B system.(4) The
transport theory cell methods adopted at the outset were the THERMOS type
code(s) for performing neutron thermalization calculations and the GAM

(6)

imported around 1962 and subsequently utilized and modified over the years
8)

type code for performing slowing down calculations. These codes were
culminating in the most recent versions labelled BRT-I(7) and HRG-3.(
The balance of neutrons in the critical assembly to obtain the neutron
multiplication factor, keff’ has usually been calculated using multigroup
diffusion theory methods. The bulk of these calculations were made in one
dimension using the computer code, HFN.(Q) Supplemental calculations using
two dimensional diffusion theory methods and one dimensional transport theory
methods have been made to assess the adequacy of the use of the HFN code

for this purpose. Through the years, there have been variations and permu-

tations within this framework, however, this was the basic approach employed.
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III. BRIEF CHRONOLOGICAL REVIEW OF PNL CORRELATIONS OF THEQORY
WITH MEASUREMENT FOR UNIFORM LATTICE EXPERIMENTS

Developing the neutronic technology for utilizing plutonium in light
water reactors required basically three closely related technical tasks.
The first task was to carry out the experimental program to generate the
data needed for evaluating the accuracy of existing design methods. The
second task was the conduction of a theory-experiment correlation program
to evaluate the accuracy of neutronic design methods, identify where the
theory or cross sections needed to be improved, and provide guidance to
obtain additional experimental information. The third task was the theo-
retical development program, whereby Timitations in the theory were removed
and the course sought to obtain the most practical means of solving the
neutronic design problem. We feel that it is instructive to chronologically
review the development of lattice physics technology in the Plutonium
Utilization Program to provide the reader insight into the evolution of
technological improvement and the impact on design philosophy.

The first set of lattice measurements in water moderated lattices was
(10,11,12)

made at PNL using plutonium-aluminum alloy fuel rods. At that
time, this type of fuel was regarded as bridging the gap of knowledge
between highly enriched uranium fuels and plutonium fue]s.(]3) Some ana-

lytical studies which predate our analyses were made to compare measured
and calculated values of keff for these lattices. Since these analyses
helped to shape the pathway to follow in our analyses, we summarize the
salient results of these studies here. Regimba1(]4) made calculations of
the AT1-1.8 wt% Pu and the A1-5 wt% Pu fueled lattices. The principal
results of his analysis were: (1) illustrating the sensitivity of the
various cross sections in calculating keff and (2) showing that measured
and calculated values of keff could be made to agree to within 1% Ak/k by
adjusting v for 239Pu. These results were valuabie since they showed which

areas of the calculation were the most sensitive in calculating k and

eff
thereby provided direction to subsequent physics developments. Aline and
McWhorter(]S)

aim was to determine the 2200 m/sec value of n for

also calculated the 7.8 wt% Pu-Al fueled experiments. Their
239Pu which best fit the
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measured values of keff for these experiments. At that time, two evalu-

ations of the 2200 m/sec parameters for 239Pu existed, those of Leonard,(]G)

(17)

and those of Sher and Felberbaum. One result of Aline and McWhorter's

analysis was that, for the two evaluations, the 2200 m/sec cross sections

recommended by Sher and Felberbaum for 233

Pu resulted in better agreement
between measured and calculated values of keff' These studies by Regimbal
and by Aline and McWhorter showed that the principal events in the multipli-
cation of these lattices were the thermal and near thermal absorptions of

239

neutrons with the thermal spectrum-averaged cross sections for Pu being

the most important cross sections in calculating keff'

Our calculations of plutonium lattice experiments began around the
year 1963. At that time the plutonium recycle demonstration experiment
using U02-Pu02 fuel in the Experimental Boiling Water Reactor (EBWR) at

Argonne National Laboratory was being scoped.(]8’]9’20)

One part of this
demonstration program was to conduct critical experiments at PNL using this
fuel to evaluate physics design methods. The data from the A1-Pu fueled
lattice experiments along with selected data for UO2 fueled lattice experi-

(21,22) were used to evaluate the accuracy of neutronic calculational

ments
methods and provide a basis for making predictions of critical masses for
the EBWR type mixed oxide fueled lattices. The results of these analyses
are the basis for comparing results obtained in subsequent years. In
Table 1 we show, summarily, the results of our theory experiment correla-
tion for U02, A1-Pu, and U02-Pu02 lattices over the years since 1963. In
the narrative below, we briefly describe the major changes in our analysis
methods which resulted in the change of the correlation.

OQur initial analysis (time period 1963-65) gave the following results.

For the UO2 fueled experiments,(23)

the calculated values of keff were
lower than experiment by 1% Ak/k, with 1ittle trend apparent with either
lattice pitch, H/U ratio, or buckling. For the Al-Pu fueled 1attices,(24)
the calculated values of keff were generally larger than measured values.
Qur findings for the Al1-Pu fueled systems corroborated those of Aline and
Mcwhorter,(15)

was better using Sher's and Felderbaum's recommended 2200 m/sec constants

in that the agreement between measurement and calculation



TABLE 1. Chronological Summary of Correlations

Identification
Results* i O0f Code &
A1-Pu Fueled Lattices UOZ-PuO2 Fueled Lattices Data Changes

UO2 FueTed Lattices

v - - Cross
Time Period Keff Discrepancy™* Trends keff D1screpancy**Trends E;:ff D1SClr'epanq"**T\r'ends Codes Section
1963-65 -1 None +3 to -2 Lattice -0.1 to -0.5 None - -
Spacing
1965-67 -3 to -1 Lattice +5 to -0.5 Lattice +1 to -2 Lattice HRG Oxygen
Spacing Spacing Spacing
1967-69 -3 to -1 Lattice +4 to +1.4 Lattice -1 to +3 Lattice HRG & Thermal
Spacing Spacing Spacing THERMOS Fissiles
1969-71 +.4 to -0.5 Lattice +4 to +0.1 Lattice -1.5 to +1.6 Lattice HRG Hydrogen
Spacing Spacing Spacing and
238U
1971- +.4 to -0.5 Lattice +2 to +0.5 Lattice +1% H/Pu, Rod - -
Spacing Spacing Size and
Lattice
Spacing

* The experimental data base was expanding so that the results are not in one-for-one correspondence with
time but rather a generalized observation for each type of fueled lattice.

*k keff ca]cu]ated-keff measured
keff measured

x 100.

959 L-"IMNg
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for 239

loadings of U02-1.5 wt% PuO2 fuel (EBWR type) were quite close to the
(25,26,27)

Pu than with Leonard's recommended values. The predicted critical
values which were subsequently measured. The suspected reason

for such good agreement between prediction and observation for the EBWR type
mixed oxide criticals was compensating errors, namely the net effect of cal-
culating larger multiplication values for Al-Pu fueled systems and smaller
multiplication values for UO2 fueled systems. The only significant trend

in discrepancies between measured and calculated values of keff was with
lattice pitch for the A1-Pu fueled systems (largest discrepancy at the
tightest lattice, smallest discrepancy at the loosest lattice). Therefore,
the area of further theoretical investigation centered around the calcula-
tion of thermalization events (e.g., boundary conditions, scattering kernels,

240 239

Pu and Pu resonance overlap, etc.).

Though the thermalization area was suspected as the cause of the dis-
crepancies between calculation and experiment for the A1-Pu systems, the
change in agreement between calculated and measured values as noted by the
time period 1965-67 stemmed from improvements in other areas of the calcu-
lation. As shown in Table 1, the agreement between calculation and experi-
ment got worse for the time period 1965-67(28’29’30) relative to the period
1964-65. Reanalysis of experimental data resulted in minor changes between
calculated and measured values. The principal changes were due to improve-

ments in neutron slowing down and resonance absorption theory(3]’32)

plus
the discovery of errors in the description of the high energy cross sections
for oxygen. The trends observed in the correlations suggested major errors
238, (evidenced by the uo, results),

and errors in calculating thermalization events in plutonium fueled lattices

in calculating resonance absorption in

(evidenced by the A1-Pu results), with the mixed oxide lattices reflecting
a certain degree of error cancellation. In the interim between this period
and the next, attention was focused on the calculation of resonance absorp-
tion in 238U because of the discrepancy in the UO2 lattice results and the
thermalization calculation because of the discrepancy in the A1-Pu lattice

results.
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Even though status of knowledge of the 2200 m/sec constants was pre-

(33) and improvements were made in the mathematical model-

sumably improved,
ing of the lattices, little improvement was observed in the correlation as
evidenced by comparing results of the 1967-69(34) and 1965-67 time periods.
We speculated that the Tack of discrepancy trends with leakage or other
parameters could itself be due to compensating errors. Therefore, the
lattices with the largest leakage component were selected as the basis for
evaluating the leakage calculation. A series of measurements were made for
the optimum moderated lattice with boron additions made in water to increase
(35) A random sample of Al-Pu

fuel rods were gamma scanned to determine if axial enrichment variations

the size of the core and reduce the leakage.

were present and selected rods were destructively analyzed to check the
plutonium content and isotopic composition and to determine if poisons
(e.g., rare earth contéminants) were present in the fuel. These analyses
failed to uncover anything which could explain the noted discrepancies. The
correlation of the A1-5 wt% Pu borated Tattice measurements showed a dis-~
crepancy in calculated and measured values of keff which were independent

of amount of boron in the moderator.(36) Since the discrepancy was indepen-
dent of core size suspicion of an inadequate calculation of leakage was not
confirmed. The net result was to continue focusing on the resonance absorp-
tion and thermalization calculation,

In the 1969-71 time period, the results of the correlation for UO2
fueled lattices changed significantly and the discrepancies were reduced
for the other lattice corre]ations.(37’38) Prior to this time, the cross-
section data for 238U and the other isotopes used in the unit cell codes
(HRG and THERMOS) were derived from an early version(1’2) of the Battelle
Northwest Master Library (BNWML).(3) In this early version the differen-
tial values of the radiation widths for the 238U resonances were arbi-
trarily adjusted upwards from the evaluated va1ues(2) (within stated
uncertainties) to force agreement with the recommended value for the U
infinite dilution resonance integral (280b.).(39) In this period (1969-71)
the values for the 238U resonance cross sections were adjusted to reflect
the values recommended in version I of the ENDF/B f11e.(40)

238

The principal



BNWL-1656

difference in other isotopic cross sections between the 1969 version of the
BNWML and the earlier version was for hydrogen in the MeV region. The

major effect on the correlation was due to the 238
ENDF/B-1 data for 250
between measured and calculated values of keff for UO2 lattices. The

U cross sections. The
U significantly reduced the trend with lattice spacing

effect of changes in the H cross sections was to reduce the magnitude of
the discrepancy with lattice spacing for the A1-Pu lattices (and also to
bring calculated and measured age in water in agreement). The net effect

238
of

the correlation slightly.

U and H data changes for the mixed oxide fueled systems was to improve

In the last analysis made in 1971, the results of the correlations
have not changed drastically. The principal cause of improving the agree-
ment between calculation.and experiment for the Al1-Pu fueled systems is
revised experimental data resulting from reanalysis of the original experi-

(41) The analyses were essentially terminated in 1971 with a few

ments.
sensitivity studies commissioned thereafter. One significant finding of
these few sensitivity studies was that the degree of agreement between cal-
culation and experiment as evidenced by the 1971 results in Table 1 is
significantly changed due primarily to two causes. The most significant is
changing from version I to version II of ENDF/B cross sections. The net
effect is to yield calculated values of keff for UO2 and U02-Pu02 fueled
lattices which are roughly 1 to 3% Tower than measured values with the
largest discrepancy evident for tight lattices. The second cause is the -
effect of changing from diffusion to transport theory in calculating the
leakage from the critical assemblies. For the limited number of cases
studied, it appears that the use of diffusion theory leads to overestimating
the assembly leakage by around 1% Ak/k (i.e., diffusion theory calculates
low values of keff)' In the following sections we

e present the results of our correlations of critical experiments
made in 1971.

e show the differences in calculated results resulting from use
of improved cross sections and use of higher order calculations.

e and examine the effects of uncertainties in calculating these
experimental systems to provide perspective in the degree of
correlation that the designer should expect.

10
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IV. CORRELATIONS

The results of critical size measurements form a base upon which cal-
culational methods can be tested. The methods developed and used at
Battelle-Northwest for calculating plutonium enriched systems are evaluated
-in this section by comparing calculated and measured values of keff for
plutonium fueled 1attices.(4]) A detailed description of the methods and
the cross sections used in this correlation are given in Appendix A. How-
ever, this comparison alone cannot be considered a thorough test of the
calculational methods. Extending the correlation to include experimental
data from other critical experiments adds to the validity of the test.
Therefore, experimental information on keff for slightly enriched UO2
lattices and some homogeneous critical experiments was used to broaden the
base on which the calculational methods were tested. The results of these
additional correlations are also given in this section.

The correlation of measured and calculated values of keff is not an
exhaustive evaluation of the calculational methods. Studies of correlating
other neutronic parameters have also been made at Battelle-Northwest. A
summary of the pertinent results of these studies is given in Section V.

A. EXPERIMENTS CORRELATED

The selection of experiments for this analysis was Timited to those
critical assemblies which are considered to be uniform, clean systems. The
critical assemblies included both lattices and homogeneous reactor systems.

1. Lattices

The plutonium fueled uniform lattice experiments summarized in Refer-
ence 41 provided the base of data for the theory-experiment correlation.
These included three enrichments of plutonium in aluminum-plutonium alloy
fuels and four enrichments of PuO2 in UOZ-PUO2 fuels.

A number of slightly enriched UO2 lattice critical experiments were

(21,22,41,42)

also included in the analysis. Having data on assemblies

which contain only plutonium in the fuel (the AT-Pu fueled systems) and on

1
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assemblies which contain only uranium in the fuel (the UO2 fueled systems)
allows us to gain insight into the combined effects of uranium and plutonium
in the mixed oxide fueled assemblies. The UO2 lattices were selected to
cover a range of enrichments, lattice spacings and clad types. A summary

of the key experimental results is given in Table 2.

2. Homogeneous Criticals

Some aqueous solution critical experiments were included in the evalu-

ation of the calculational methods. They consist of four experiments con-

(235 (45)

ducted at Oak Ridge using uranyl U) nitrate solution and two

experiments conducted at Battelle-Northwest using plutonium nitrate solu-

(46)

tion. The Oak Ridge experiments were large bare systems. The results

have been used ex%ensive1y throughout the years as benchmark experiments
235 47)
for

and physically large systems makes them attractive for calculational bench-

U systems. The fact that they are homogeneous, bare, spherical
marks because of their simplicity. The plutonium nitrate systems consist
of one bare and one fully water reflected sphere. An extensive analysis of

plutonium nitrate solution criticals had been made previous]y.(48)

The intent in our analysis was to bridge the gap resulting from the
use of different theoretical methods and cross sections from the previous
analysis. The experimental results for these homogeneous criticals are
given in Table 3.

B. RESULTS

A measure of the adequacy of our calculational model in predicting keff
for the various experiments is shown in Tables 4 through 7 where we show
the calculated keff
of keff for each series of experiments.

for each individual experiment and also the mean value

1. Lattices

Looking first at the plutonium only systems, it is seen that the calcu-
lated results for the AT-Pu criticals shown in Table 4 are high. The cal-
culated values of keff for the A1-1.8 wt% Pu and A1-5 wt% Pu fueled Tattices
range from 0.04 to 1.13% high with no apparent trend with lattice spacing.

12
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TABLE 2. Summary of U02 Fueled Experiments

Experimental Results

Fuel Lattice Moderator-to Critical
235 Pe]]gt Dia. i C]qd i Spqcing Fuel Vq]ume Number Geomet‘trical_2
Laboratory Reference wt% U (in.) Material Thickness(in.) (in.) Ratio of Rods Buckling, m

WAPD 21 2.734 0.300 304-SS 0.01608 0.405 1.048 3043 40.75
WAPD 21 2.734 0.300 304-SS 0.01608 0.435 1.405 1851 53.23
WAPD 21 2.734 0.300 304-SS 0.01608 0.470 1.853 1301 63.26
WAPD 22 2.734 0.300 304-SS 0.01608 0.573 3.357 826 65.64
WAPD 22 2.734 0.300 304-SS 0.01608 0.615 4,078 790 60.07
WAPD 22 2.734 0.300 304-SS 0.01608 0.665 4.984 813 52.92
BNW 42 2.350 0.440 Al 0.0300 0.750 2.408 385 94.3

BAPL 43 1.328 0.383 Al 0.0280 0.613* 1.330 2308 32.59
BAPL 43 1.328 0.383 Al 0.0280 0.711* 2.235 1706 34.22
B&W 44 2.490 0.4054 Al 0.0320 0.595 1.371 190 70.1

*Triangular lattices; all others are square.

9991-IMNg



BNWL-1656

TABLE 3. Summary of Experimental Results for
Aqueous Solution Experiments(45,46)

Uranyl Nitrate Solution

Sphere Diameter H/235U Corrected Meaiﬁysd

Experiment # (in.) Atom Ratio Value of keff
1 27.24 1378 1.00026
2 27.24 1177 0.99975
3 27 .24 1033 0.99994
4 27.24 972 0.99924
10 48.04 1835 1.00031

Plutonium Nitrate Solution
Sphere Diameter

(in.) H/Pu Atom Ratio Reflector Measured kﬁff
15.2 553 H20 1.0000
15.2 668 None 1.0000

14
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TABLE 4. Calculated Values of keff for A1-Pu Criticals*
(Measured keff = 1.0000)

Lattice A1-1.8 wt% Pu A1-2.0 wt% Pu

Spacing

(in.) H/Pu Atom Ratio —Eeff— H/Pu Atom Ratio —Eeff—
0.75 630 1.0086 578 1.0182
0.80 810 1.0099 743 1.0240
0.85 1000 1.0079 918 1.0213
0.90 1204 1.0072 1104 1.0198
0.95 1418 1.0045 1300 1.0189

Mean = 1.0076 + 0.0020 Mean = 1.0204 = 0.0026
A1-5 wt% Pu

Lattice Boron
Spacing in H20
(in.) (wppm)  H/Pu Atom Ratio k

—eff—
0.85 0 355 1.0067
1.05 0 665 1.0113
1.05 48 665 1.0004
1.05 101 665 1.0072
1.05 164 665 1.0042
1.05 229 665 1.0029
1.05 285 665 1.0050
1.30 0 1150 1.0069

Mean = 1.0056 + 0.0032

*The uncertainties assigned to the mean values are standard
deviations for a typical value rather than for the mean value.

15
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TABLE 5. Calculated Values of ke for U0, Lattices*

ff 2
Soacing H/U K23y ENCICeNt - peet

(in.) Atom Ratio Atom Ratio (%3°°°U) Dia.(in.) Kepr
0.405 3.06 112 2.734 0.300 1.0035
0.435 4.11 150 2.734 0.300 1.0017
0.470 5.42 198 2.734 0.300 1.0002
0.573 9.86 361 2.734 0.300 0.9989
0.615 11.93 436 2.734 0.300 0.9980
0.665 14.57 533 2.734 0.300 0.9969
0.750 7.85 334 2.35 0.440 1.0028
0.6134** 4.06 306 1.328 0.383 0.9962
0.711%* 6.82 _ 514 1.328 0.383 0.9952
0.595 3.96 159 2.490 0.4054 1.0013

Mean = 0.995 = (0.0029

*The uncertainties assigned to the mean values are standard
deviations for a typical value rather than for the mean.

**Triangular pitch; all others square.

16
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TABLE 6. Calculated Values of keff for U02-Pu02 Criticals*
(Measured Kegs = 1.0000)

U02—2 wt% PulQ,

Lattice H/Pu - kﬁff

Spacing Atom =
(in.)  Ratio 83 240p, 16% 2%0py 249 240p,
0.80 238 0.9920 - 0.9942
0.93 391 0.9979 0.9982 0.9963
1.05 554 0.9913 0.9931 0.9981
1.143 693 0.9992 1.0000 1.0007
1.32 991 0.9999 0.9995 0.9985
1.386 1113 0.9979 0.9964 0.9971

Mean = 0.9964 + 0.0043 0.9974 £ 0.0024 0.9975 £ 0.0022

U02-4 wth Pul U02-1.5 wt% PuO2

Lattice H/Pu ‘ Lattice H/Pu

Spacing Atom Spacing Atom
(in.) Ratio —Keff— {in.) Ratio —Keff—
0.85 153 0.9964 0.55 230 1.0035
0.93 203 0.9940 0.60 326 0.9988
1.05 289 1.0035 0.71 567 0.9988
1.143 414 1.0024 0.80 794 0.9968
1.386 578 1.0062 0.90 1077 0.9971
1.60 805 1.0047 0.93 1169 0.9989
1.70 922 1.0031

Mean = 0.9990 + 0.0013

Mean = 1.0015 = 0.0045

*The uncertainties assigned to the mean values are standard
deviations for a typical value rather than for the mean value.
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TABLE 7. Calculated Values of keff for U02-6.6 wt% PuO2 Criticals*

Lattice
Spacing** H/Pu
(in.) Atom Ratio Ageff
0.52 75 1.0094
0.56 97 1.0081
0.735 210 0.9996
0.792 253 1.0041

Mean = 1.0053 + 0.0053

*The uncertainties assigned to the mean values are standard
deviations for a typical value rather than for the mean value.

**These were all square pitch lattices.

18
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Adding boron to the moderator for the 1.05 inch lattice containing Al1-5 wt?%
Pu fuel does not significantly perturb the result of the correlation. The
purpose'of conducting the measurements using boron in this lattice was to
evaluate the effect of neutron Teakage from the lattice since adding boron
requires more rods to maintain critical which in turn Towers the radial
leakage. The rationale rests on the assumption that the only parameters
which change significantly with boron addition are the thermal utilization,
f, and the neutron leakage, both being reduced. Therefore, if the calcula-
tional trends do not change systematically with boron addition, then it can
be inferred that both of these quantities (f and DBZ) are being calculated
correctly, or incorrectly with the errors just compensating. Since the
results for the lattices do not produce a corresponding systematic effect,
it could be concluded that the leakage calculation is adequate, assuming f
efffor the A1-2 wt%
Pu series are approximately 2% higher than the other results. Because the

is also calculated correctly. The calculated values of k

discrepancy for this particular series of experiments is so much greater
than for any of the other experiments, it was suspected that something
could be systematically wrong with the experiments. The fuel rods have

(49) A chemical

been nondestructively and destructively re-examined.
analysis and an isotopic analysis was made to determine plutonium concentra-
tion and composition, and a spectrochemical analysis was performed in

search of impurities. This re-examination of the fuel did not produce any
new information that could explain why the discrepancy would be so much
larger for this series of experiments than for the other experiments. The

(24) unex-

correlation results remain, as they always have over the years,
plainable in terms of the difference from the results obtained for the Al-
1.8 wt%? and 5.0 wt% Pu fueled experiments. An explanation of the cause of
the discrepancy remains an open question.

The calculated results of keff for the uranium dioxide criticals, shown
in Table 5, range from about 0.5% low to about 0.4% high. A trend such that
the calculated keff value dgggeases with increasing lattice pitch is notice-
able for the six 2.734 wt% U fueled lattices. The span of this trend

is 0.66% Ak/k.
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The correlations for the mixed oxide systems, shown in Tables 6 and 7,
show some systematic trends. For the U02-1.5 wt? PuO2 fueled lattices, a
general trend with lattice spacing is discernible for the spacings from
0.55 in. to 0.90 in.; however, keff increases slightly for the 0.93 in.
lattice. The results for the U02—2 wt% PuO2 fueled criticals appear to be
randomly distributed. There is no trend with lattice spacing and it does
not appear that the effect of changes in Pu composition exhibit any notice-
able trend either. Similar results are obtained for the U02-4 wth Pu02,
and U02-6.6 wt?% Pu02 fueled systems as shown in Tables 6 and 7 respectively.

Lattice criticals containing slightly enriched fuel rods are typically
high Teakage systems. Since leakage is one of the more obvious candidates
as a source of error in the theoretical analysis, it is instructive to
examine the results in terms of leakage to determine if systematic effects
are evident. The calculated values of keff for all of the lattices are
2 fueled
lattices, in Figure 2 for the Al-Pu fueled lattice, and in Figure 3 for the

plotted as a function of the buckling in Figure 1 for the UO

mixed oxide fueled lattices.

Examining the results plotted in Figures 1-3 no noticeable trends are
evident for the U02, A1-Pu and U02-Pu02 fueled assemblies. Thus, Tacking
trends, it would appear that our analysis of Teakage from these assemblies
is adequate, or if an error exists it is being compensated for by errors
somewhere else in the analysis.

One of the reasons for conducting critical experiments using many dif-
ferent lattice spacings with the same fuel rods is to provide data which
cover a range of moderator-to-fuel volume ratios. Having data in which the
only variable that changes is the ratio of moderator to fuel allows the
evaluation of theoretical models for systematic errors. It is generally
conceded that a calculation made for overmoderated lattices is the least
susceptible to calculational error because the effects of the many approxi-
mations made in the theoretical analysis are much smaller for these types
of assemblies. Therefore, it is instructive to examine the results of the
calculation to see if a trend exists when keff is plotted as a function of

20
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moderator-to-fuel ratio. A plot of calculated keff versus hydrogen-to-
uranium-235 atom ratio is shown in Figure 4 for the UO2 fueled experiments.
Plots of keff versus hydrogen-to-plutonium atom ratio are shown in Figures 5
and 6 for the plutonium fueled critical experiments.

The only trends noticeable are for the UQ
235

5 fueled lattices. Neglect-

ihg the point at H/™""U of 330 which appears out of line, a trend is
observable in the curve (Figure 4) for the UO2 fueled Tattices. The larger
the H/235U ratio the lower the calculated keff‘ Using the argument pre-
sented above concerning which Tattices should be the easiest to calculate,
we would arrive at the judgment that the calculational methods are causing
about a -0.5% error in k of f since this is the discrepancy for open lattices

having H/235U ratios of >500.

The results of this analysis do not show very many systematic vari-
ations in calculated values of keff' The only trends which are discernable
are: (1) the calculated values of keff are consistently larger than the
measured values for the Al-Pu fueled lattices, and (2) the calculated values

of Keps
ratio.

for the UO2 fueled lattices are dependent on the moderator-to-fuel

2. Homogeneous Criticals

The calculated values of keff for the aqueous solution critical experi-
ments are shown in Table 8. The calculated values of keff are systematically
lower than the measured values by ~0.5% for the uranyl nitrate solutions.

The calculated values of keff for the 27.24 in. diameter sphere and the
48.04 in. diameter sphere are almost identical; therefore, reactor size
does not appear to be an influence on the calculation. When these results
are compared to those obtained for the UO2 lattice criticals we note that
the mean values are 0.5% different. However, if these points were plotted
on the curve of keff as a function of hydrogen-to-235uranium atom ratio
(Figure 4) then the results are consistent with those for the UO2 lattices.

That is, a -0.5% discrepancy exists in calculated values of k of f at H/235

ratios >500. These solution criticals are at H/ 235

U ratios ranging from
972 to 1835 as shown in Table 3. Thus, a bias which is related to hydrogen-

to-fuel ratio is evident in the theoretical methods.
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TABLE 8. Values of keff for Aqueous Solution Criticals*

Homogeneous Uranyl Nitrate Spheres

Experiment # Sphere Diameter Measured kﬂff Calculated k_

ff
1 27.24 1in. 1.00026 0.9955
2 27.24 1in. 0.99975 0.9959
3 27.24 1in. 0.99994 0.9936
4 27.24 in. 0.99924 0.9954
10 48.04 in. 1.00031 0.9944
Mean = 0.995 = 0.001
Homogeneous Plutonium Nitrate Spheres
(Measured Values = 1.0000)
H/Pu
Case # Sphere Diameter Atom Ratio Calculated kﬁff
1 (Reflected) 15.2 in. 553 1.0135
2 (Bare) 15.2 in. 668 1.0127

Mean = 1.013 + 0.001

*The uncertainties assigned to the mean values are standard
deviations for a typical value rather thun for the mean value.
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The values of keff calculated for the plutonium nitrate systems are
both high by 1.3% Ak/k. Since the bare and fully water-reflected spheres
have nearly the same calculated multiplication it does not appear that the
reflector adds to the calculational problem. Richey's ana]ysis(48) gave
calculated results using diffusion theory which were within *0.4% of experi-
ment using the GAMTEC-II and HFN computer codes. Since we used the same
diffusion theory code in this analysis, the reactivity difference between
Richey's results and ours is due to the difference in spectrum average
cross sections (GAMTEC-II versus HRG3/BRT-1) which is about 1.3% Ak/k. The
major difference between the spectrum average cross section is the result
of using different basic cross sections for 239Pu below 1.0 eV. Richey

used data for 239Pu which were normalized to a 2200 m/s n value of 2.093
239

(17)

whereas the
the 1965 IAEA evaluated n value of 2.114. This difference in values
239n at 2200 m/s is about the order of the difference in the k
values. Other slight differences in the calculated values of k

Pu cross sections used in our analysis were normalized to
(33)

for eff

off are due
to differences in calculational methods and cross sections, but these

effects tend to cancel. Thus, our findings are consistent with Richey's
when the calculational differences due to 239n at 2200 m/s are taken into

account.

Superimposing the calculated values of keff for these two plutonium
nitrate criticals on the curve where keff is plotted as a function of H/Pu
atom ratio (Figure 5) for the Al-Pu fueled systems, we note that they are
consistent with those for the Al1-Pu fueled lattices (i.e., biased values of
Kags but no evident trend with H/Pu ratio).

C. SUMMARY OF THE CORRELATION

The mean value of keff and the standard deviation of the mean for each
series of experiments are shown in Table 9. With the exception of the
A1-2.0 wt% Pu fueled experiments and the plutonium nitrate experiments the
calculations are all Tess than 1% in error.

The discrepancy observed for the plutonium nitrate systems indicates
probable calculational error. The discrepancy for the A1-2 wt% Pu fueled
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TABLE 9. Mean Values and Standard Deviation
for Lattice Multiplication Studies

Number of
Loading Data Points Mean Value

Lattice

A1-1.8 Pu 5 1.008 + 0.002

A1-2.0 Pu 5 1.020 + 0.003

A1-5.0 Pu 8 1.006 + 0.003

U02-1.5 PuO2 240 6 0.999 + 0.001

U02-2.0 PuO2 (8% Pu) 6 0.996 + 0.004

U0,-2.0 PuD, (16% “*%pu) 5 0.997 + 0.002

U0,-2.0 Puo, (24% 24%u) 6 0.998 + 0.002

U02-4.0 PuO2 7 1.002 + 0.004

U02-6.6 PuO2 4 1.005 £ 0.005

UO2 10 1.000 + 0.003
Homogeneous

Large Uranyl Nitrate Spheres 5 0.995 + 0.001

Small Plutonium Nitrate Spheres 2 1.013 % 0.001
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systems is inconsistent relative to the results obtained for the other
A1-Pu fueled systems. Two trends were observable in the results of this
analysis. One being that systems fueled with plutonium only have calculated
values of keff which are consistently larger than experiment. The other is
that the calculated values of keff for the systems fueled with uranium only

are dependent on the atom ratio H/235U.

The major components of keff for the plutonium only systems are the
neutron leakage and the thermal reaction rates (nf) because the values of
the resonance escape probability (p) and the fast fission factor (e) are
near unity. Thus, there must be errors in the calculation of one or both
of these components which are causing the discrepancies noted. The exami-
nation of the results in terms of buckling dependence did not point to
probable errors in the leakage calculation. Thus, the prime candidate of
error is the calculation of the thermal reaction rates.

The uranyl nitrate solution experiments are so well thermalized and
physically Targe that the major component of keff is the thermal reaction
rates (nf). As noted, the calculated value of keff is about 0.5% low which
indicates an error of this magnitude exists in the thermalization calcula-
tion. All of the components of keff are important contributions in the
values for the UO2 fueled lattices. On the basis of the correlation for
the aqueous solutions we cannot expect better agreement than -0.5%. The
mean value for the U02 lattices is 1.000 + 0.003 which is better than we
expected. Moreover, the comparison of measured and calculated values of
keff for these Tattices show a discrepancy which is dependent on moderator-
to-fuel ratios. Thus, we conclude that compensating errors are present in
the analysis. The calculated values of keff are not buckling dependent,
which indicates that the neutron leakage calculations are adequate. Of the
four factors of k_, n, f, p and £, we would expect to be able to calculate
n and f more accurately than p and €. The reason being that the value of

235U is nearly constant in the thermal energy region such that errors

n for
in the spectrum calculation do not significantly affect the cell average
value of n. Also, since most of the isotopes present in these lattices

have cross sections which are 1/v dependent, the only error in the
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calculation of f is that propogated by errors in the calculation of the
spatial flux within a lattice cell. Thus, we feel that the observed trend
in keff with H/235U ratio is the result of; an error in the calculation of
the resonance escape probability, p, (principally the 238U resonance absorp-
tion rate) and/or an error in the calculation of the fast fission factor,

e (principally spatial flux considerations).

The calculated values of keff are generally high for the plutonium
systems and lTow for the uranium systems. It could be inferred that the
calculated values of keff for the mixed oxide systems would be in better
agreement with experiment because these differences would tend to cancel.
In fact, we note that, in general and contrary to these expectations, the
calculated values of keff for the mixed oxide lattices do not simply lie
in-between the results obtained for the uranium only (U02) and plutonium
only (A1-Pu) fueled assemblies. Cancellation of errors probably exists in
the calculation of each different type of fueled assembly. Thus, the dis-
crepancies for uranium and plutonium fueled systems do not linearly combine
in the mixed oxide fueled systems. When we go back and delineate the
approximations which we have made in the analysis, the shear number of
these leads to further suspicion that cancellation of errors is present in
the analysis. To gain additional insight regarding the accuracy of our
analysis, we examine in the next section the potential sources of error and
make estimates as to the magnitude of the errors.
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V. EVALUATION OF SOME OF THE UNCERTAINTIES IN THE ANALYSIS

Uncertainties always exist in a neutronic theoretical analysis. If
the theoretical methods and the analysis procedures were exact, an uncer-
tainty in a calculated value would still exist because of uncertainties in
the cross sections. There are, however, approximations made in the theo-
retical methods, many of which are simply to make the mathematics tractable.
In addition, assumptions are frequently made in the analysis to make the
task less burdensome, (cost and/or time). Nevertheless, use of approxima-
tions can be a root of error and an understanding of the errors is vital to
making valid judgments concerning the inherent accuracy of the theoretical
methods.

The results of the analysis presented in the previous section have
such associated uncertainties. Results are presented in this section of
some studies which are aimed at determining the magnitude of the uncertainty
on the calculated values of keff due to approximations made in the analysis.

We delineate below the more obvious sources of potential error in the

calculations.
Area of Calculation Source of Potential Error
A. Fuel & Lattice Specification 1. Particulate Fuel
Lattice Hardware
Manufacturing Tolerances
B. Cell Calculations 1. Uncertainties in neutron cross

sections
- Effects of experimental uncer-

tainties in cross sections
- Effect of changing basic cross

sections
- Definition of diffusion coeffi-
cient

2. Slowing down calculation
Experimental uncertainties in
cross sections

Spatial fast fission effects
Spatial resonance absorption
Resonance overlap effects
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Area of Calculation Source of Potential Error
B. Cell Calculations (contd) 3. Thermalization
- Reflecting cell boundary
conditions

Approximating anisotropy
Energy groups
Upper energy limit of 0.683 eV

C. Leakage Calculations 1. Separating flux into radial and
axial component

2. Axial Teakage representation
- buckling
- streaming effects

Energy detail
Spatial detail
Transport theory

A. REPRESENTATION OF FUEL AND LATTICES

Uncertainties exist in the tolerance used for fabricating fuel rods
and lattice structure (i.e., templates). In addition, mixed oxide fuels
are fabricated from mixtures of plutonium dioxide and uranium dioxide which
leads to particulate fuel structures. Some of the uncertainty associated
with these effects are studied and estimates of their effect on the -
correlation results are made.

1. Particulate Fuel

Assuming that the fuel is a solid solution in the UOZ-PuO2 fueled

experiments is a known source of error in our calculations. It has been

(27)

demonstrated experimentally that the fuels used in these experiments

contain PuO2 particles of average size, 25 microns, and that a reactivity

(50)

defect occurs as a result of having these particles. Having the Pu0

2
in the form of finite size particles results in a reactivity change rela-

239 239

tive to homogeneous fuel mainly because of changes in Pu fission, Pu

4 239

capture and 2 OPu absorption. The changes in Pu fission and capture

240Pu

Pu resonance. As

are mainly in the energy range below 0.683 eV while the change in

absorption is primarily in the range of the 1.056 eV 240

50) 239

pointed out previous]y,( self-shielding of Pu with increasing Pqu

34



BNWL-1656

239

particle size reduces the Pu fission reaction rate in the fuel, thus

producing a negative reactivity effect. The thermal-spectrum-averaged
value of the 239Pu capture-to-fission ratio, &'23% is also reduced because
of a larger proportionate increase in shielding of the 0.3 eV resonance. A

positive reactivity change is contributed by the increased shielding of the

240Pu. The magnitude of this positive reactivity con-

240

1.0 eV resonance of
tribution depends on the concentration of Pu in the particle. The net
reactivity effect due to shielding within the PuO2 particles can be nega-
tive or positive, depending on the spectrum, the isotopic composition of
plutonium and the size of the PuO2 particle. We have made an assessment of
the magnitude of the error incurred in our calculations because of neglect-

ing the particulate nature of the fuel.

The codes GRANIT and EGGNIT, which are described in Appendix A, were
used to calculate unit cell group constants for selected lattices assuming
PuO2 grains with diameters of zero (i.e., solid solution fuel) and 25 microns.
These four-group constants were then used in HFN to regenerate values of
keff‘ The change* in calculated values of keff between zero and 25 micron
fuel cases is shown in Figure 7 for each fuel type.

The reactivity effect, because of neutron self-shielding in the parti-
cles, is seen to be dependent on; H/Pu atom ratio or lattice pitch, pluto-
nium content, plutonium composition and rod size. The largest effect occurs
for the U02-1.5 wt? PuO2 rods because these are smaller diameter rods than
the others. The reactivity effect is in the range of 0.1 to 0.7% Ak/k and
is negative for all the cases studied, but it can clearly be seen that at
tighter pitches the effect would be expected to be positive. Also, for

240Pu, one would

mixed oxide fuels containing higher concentrations of
expect the entire curve to shift toward the positive direction. These
results indicate that our calculated values of keff presented in the pre-
vious section for the mixed oxide lattices are all too high. The smallest
and Targest calculational errors are for tight and loose lattices

respectively.

* The experimental evidence shows a linear change in reactivity with
particle size; therefore, we use simply the difference in keff values.
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2. Lattice Hardware Ignored

In the calculations we have used the as-measured critical sizes for
all lattices. No corrections were made to account for the presence of
lattice grid plates and other hardware in the assemblies. The most signifi-
cant of the neglected items are the lattice grid plates. In most of the

).(51) The presence of

lattices the grid plates were of Lucite (C5H8O2
Lucite in the core produces an effect which is essentially a voiding effect.
Thus, in tight lattices we would expect a slight negative reactivity effect
and in Toose lattices a slight positive reactivity effect due to the pres-
ence of the Lucite. The magnitude of the reactivity effect has been deter-
(52) for a few lattices and is of the order of 0.2% Ak

or less. In a few of the lattices some grid plates of aluminum were

mined experimentally

included and in these cases one would expect a slight negative reactivity
effect. For the Hanford experiments using A]-]ZB wt% Pu and A1-2.0 wt% Pu
ments( indicated that the reactivity effect of the Lucite sleeves was
of the order of 0.1-0.2% in ke

rods, the rods were enclosed in Lucite sleeves. 41) Subsequent measure-

53,54)

ff*
3. Manufacturing Tolerances

As in all situations of having to manufacture something, the specimen
to be manufactured is built to within certain tolerances. Usually, these
tolerances are selected such that they represent a meaningful balance
between cost of manufacturing and the effect of the tolerance on the pre-
dicted performance of the product. We have determined the effect these
manufacturing constraints have on the accuracy of the calculations and
whether they are of significance in terms of the accuracy of the correla-
tion. Specifically, the reactivity effects due to variations in fuel
density, fuel height, clad thickness and lattice spacing were studied using
the U02-].5 wt% PuO2 fueled lattices as typifying the effect for the plu-
tonium fueled systems. The sensitivity of multiplication values to changes
in these quantities was determined by repeating the calculations using

different input paramenters.

To determine how sensitive the calculated multiplication is to changes
in transverse buckling (i.e., tolerances in the height of the fuel and the
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reflector savings value used to deduce an axial leakage), the multiplica-
tion factor, keff’ for the %02-1.5 wt?% Pu[)2 lattices has been recalculated
assuming no axial leakage BZ = 0 in the HFN calculation. Correspondingly,
the sensitivity of the nonthermal reaction rates of cell components to
changes in neutron leakage were determined by reducing the geometrical buck-
ling, BS , used as input to the HRG3 code by a factor of 100. The result-
ing few group cross sections from HRG3 were used to obtain new multiplication
values from HFN calculations.

The results are summarized in Table 10 as coefficients of reactivity.
These coefficients were obtained by taking the differences in multiplica-
tion between the perturbed and the correlated cases and dividing by the

change in the perturbed parameter (i.e., BE or BS).

Also shown in Table 10 are coefficients for changes in fuel element
density, cladding thickness and lattice spacing. To determine the effects
on reactivity due to variations in fuel density all calculations were
repeated for a uniform 2% decrease in fuel density.

The multiplication sensitivity to variations in cladding thickness was
determined by repeating the calculations for rods with a 25 mil cladding
thickness (i.e., 2 mils less).

The multiplication uncertainty due to lattice spacing variations was
also calculated. An analytical expression for the best fit curve to the
calculated critical mass was differentiated with respect to lattice spacing,

2 _ [ 2.a088  \2, [3.1416

g
N V3 H+ 2x
4V g + A

m

2

B

the calculated number of rods for critical
the lattice spacing

where:
C

the reflector-savings

N
2
A
H the height of the fuel column
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2, to obtain the slopes (dN/dX in rods/mil of lattice spacing) of the curve
at each measured lattice spacing. The corresponding multiplication sensi-
tivity was obtained by dividing these values for the slope by the calculated
value of the number of rods/mk as determined from a criticality search cal-
culation in HFN. The resulting perturbation coefficients are Tisted in
Column 7 of Table 10.

The coefficients 1isted in Table 10 demonstrate how important geomet-
rical considerations are in obtaining agreement between calculational and
experimental results. As an example we can consider the importance of the
uncertainties in the geometrical arrangement of the critical experiments.
To do this, the errors of a given quantity will be used to determine such
an effect on keff‘ This example, however, is not considered a realistic
situation since each value considered is the best value for a core average
and any individual values will be randomly distributed about the average.

The largest uncertainties in keff due to uncertainties in Bg and 82

occur for the 0.60 in. lattice. The values are the products of the quoted
experimental uncertainties in each (1.46 uBE and 80 uBg ) and the buckling
coefficients of reactivity, 1/keff d keff/dBE . These values are 4.5

X 10'2 mk for the uncertainty in Bz and 1.8 x 10'2 mk for the uncertainty
in BS . Uncertainties in multiplications caused by the experimental uncer-

tainties in A and Bg can be considered negligible for these lattices.

Variations in the lattice geometry occur tecause of variations in fuel
length, cladding thickness and fuel rod positioning. A variation in fuel
length reflects a variation in BE and subsequently a perturbation in the
calculated values of keff‘ A variat;on of *1/16 in. in fuel length corre-
sponds to a maximum change of 1.2 uBz in the transverse buckling, which
occurs for the 0.55 in. lattice. Using the transverse buckling coefficient
of reactivity from Table 10 and this BE variation results in a multiplica-

tion perturbation of <0.04 mk.

The largest reactivity difference due to a uniform 1.5% change in
fuel density occurs for the 0.90 in. lattice and is <4 mk.
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A change in cladding thickness significantly changes the amount of
moderator to be associated with a fuel rod at tight lattice spacings. The
perturbation on multiplication for the 0.55 in. lattice is 7.0 mk. Thus,
in this range of moderator-to-fuel volume ratios the multiplication (or
critical mass) has a sizeable dependence on cladding thickness variations.

The perturbation on the multiplication because of lattice spacing vari-
ations is also due to the change in the moderator-to-fuel ratio. The
largest perturbation due to a 1 mil change in all lattice positions occurs
for the 0.55 in. lattice and is 2.2 mk.

In summary, assuming that we can use these results as typical, the
variations in multiplication due to variations in fuel density, cladding
thickness and lattice position could represent a large uncertainty if these
variations are not controlled and all acted in the same direction. In the
example used, the tolerances associated with fuel and Tattice fabrication
do not necessarily evolve into an uncertainty in keff' For example, a 2 mil
tolerance in cladding thickness is calculated as a 7 mk uncertainty in keff
for the 0.55 in. lattice. However, this variation in keff represents every
rod in the Tattice being clad with tubing 25 mils thick instead of 27 mils
thick. Statistically, some rods are going to have cladding which is thicker
in the other direction (i.e., 29 mils thick). To assign an uncertainty
limit in keff due to variations in these parameters (fuel density, cladding
thickness, etc.) the exact value of each parameter for each fuel rod plus

the location in the lattice would have to be known.

Thus, of all the variations discussed above, the only parameter for

which an approximate uncertainty value in k can be assigned is the par-

ticle size of Pu02, since a homogeneous fue?fgs assumed rather than a fuel
based on an average particle size. The estimated bias in our correlated
multiplications due to particle lumping is taken as the value for 25u parti-
cles. Using the results shown in Figure 7 we correct the calculated values
presented in Table 6. The results are shown in Table 11 along with the
uncorrected results for comparison. The effect of including neutron self

shielding in the Pu0, particles in the calculation of keff is to uniformly

2
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TABLE 11. Corrected Values of keff for U02-Pu02 Lattices
to Account for PuO2 Particle Self Shielding
lattice Calculated Value of keff
Spacing Corrected for
Fuel Type (in.) Solid Solution Fuel 25 y Puo, Particles
U02-1.5 wt% PuO2 0.55 1.0035 1.0017
0.60 0.9988 0.9960
0.71 0.9988 0.9945
0.80 0.9968 0.9916
0.90 0.9971 0.9908
0.93 0.9989 0.9923
Mean = 0.9990 0.9945
8%* 16%* 24%* 8%* 16%* 24%*
U02-2 wt?% PuO2 0.80 0.9920 - 0.9942  0.9907 - 0.9935
0.93 0.9979 0.9982 0.9963 0.9956 0.9963 0.9947
1.05 0.9913 0.9931 0.9981 0.9983 0.9905 0.9958
1.143 0.9992 1.0000 1.0007 0.9958 0.9969 0.9979
1.32 0.9999 0.9995 0.9985 0.9958 0.9957 0.9950
1.386 0.9979 0.9964 0.9971 0.9935 0.9924 0.9933
Mean = 0.9964 0.9974 0.9975 0.9933 0.9944 0.9950
U02-4 wt% PuO2 0.85 0.9964 0.9956
0.93 0.9940 0.9929
1.05 1.0035 1.0019
1.143 1.0024 1.0003
1.386 1.0062 1.0035
1.60 1.0047 1.0014
1.70 1.0031 0.9996
Mean = 1.0015 0.9993

240

* 7 Pu

9G91-1MNg



BNWL-1656

lower the calculated value as shown by comparing the mean values in Table 11.
We noted previously that discrepancies between calculated and measured
values of kgege for the U02-Pu02 fuels did not appear to be functions of Pu
content, 240py content, leakage (Bg ), or moderator-to-fuel ratio (H/Pu).
Though the calculated values change when neutron self shielding in the PuO2
particles is included in the calculations, the evidence of trends is still
absent. Calculations of keff for particles of PuO2 were not made for the
U02-6.6 wt? PuO2 fuel. However, using the results we do have, and extrapo-
lating, we estimate the effect to be similar in that the calculated values
of keff would be Tower for each lattice and that the largest change would

occur for the lattice with the largest pitch.

B. CELL CALCULATIONS

Many approximations have been made in the representation of the unit
cell and the calculation of the multigroup neutron-spectrum in the lattice
cell. These include the basic cross sections, the cell transport theory
methods, and the manner in which they are applied. The uncertainty stem-
ming from these is estimated here.

1. Uncertainties in Neutron Cross Sectijons

In considering what effects uncertainties in basic neutron cross sec-
tions have on calculated values of keff’ two approaches are taken. The
first approach is to consider the actual experimental uncertainties asso-
ciated with the best evaluated measured cross-section data, and to calcu-
late the changes in keff that come about when the cross sections are varied
within their Timits of uncertainty. In this approach one attempts to deter-
mine how accurately one should legitimately expect to be able to calculate
Keff?
second approach is to consider the latest cross-section set to be "exact,"
and then calculate changes in k that come about when the latest set of
cross sections is substituted for some earlier set. This then is a measure

knowing the quoted precisions of the basic cross sections. The

of the "uncertainty" in the earlier set.
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Effects of Experimental Uncertainties in Cross Sections

Uncertainties in the nuclear data propagate through the calculational
procedures and lead to uncertainties in calculated values of keff' Calcu-
lations have been performed to determine the sensitivity of kofs to changes
in the cross sections of uranium and plutonium isotopes.(55’56) The
results of these earlier studies are summarized in Table 12. Estimated
uncertainties in the “"best" evaluated cross sections have been reduced some-
what throughout the years, but the results shown in Table 12 are still
representative. The uncertainties 1isted in Table 12 are for the Tattice
of each type of fuel which exhibits the largest sensitivity to the cross
section uncertainty.

TABLE 12. Uncertainties in Neutron Multiplication of Lattice Experi-
ments due to Uncertainties in Isotopic Cross Sections

Isotope and Type Estimated Uncertainty Uncertainty in keff, %
of Integral inl , % Uo AT-Pu  U0,-Pu0

90, 10,-Pu0,
235 tission 6.0 0.8 - 0.3
235U absorption 10.0 0.9 - 0.3
238U absorption 5.0 0.9 - 1.0
239y fission 10.0 - 0.6 1.2
23%,, absorption 12.0 - 0.6 0.8
240Pu absorption 8.0 - 0.3 0.4

Isotope and Type Estimated Uncertainty
of Cross Section in 2200 m/sec Values, %

23% fission 0.4 0.4 - <0.1
235U absorption 0.4 0.2 - <0.1
238U absorption 2.0 0.2 - 0.1
239y fission 0.5 _ 0.5 0.5
239Pu absorption 0.5 - 0.4 0.4
240Pu absorption 7.0 - 0.2 0.2
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Since the largest uncertainties are in the non-thermal data, the uncer-
tainty in calculated values of keff is greatest for the tight lattices
which have a greater proportion of non-thermal neutrons and is reduced as
the assemblies become more thermal, i.e., as the moderator-to-fuel volume
ratio increases. Uncertainties for fission and absorption cross sections
are expected to be correlated but no effort has been made to evaluate the
correlation effects.

The thermal data for 239

which the capture-to-fission ratio varies as a function of energy. Refer-
239Pu data
with different shapes for the cross-section curve in this energy region.

Pu contains a large resonance at 0.3 eV in
ence 57 contains results of calculations utilizing two sets of

One shape was that given by Schmidt in Reference 58 and the other shape was
that suggested by Leonard and given in Reference 59. The two different
shapes can be taken as representative of the uncertainty in the exact shape
of the cross-section curves. The values of keff calculated using the dif-
ferent shapes differ by ~0.5% for plutonium lattices.

In summary, our estimates of the uncertainties in calculated values
of keff due to experimental uncertainties in the cross sections are the
following: For the Al-Pu Tattices the uncertainty in keff is about 1%.
For the UO2 lattices the uncertainty in keff ranges from about *1.5% for
tight lattices to about +0.5 for Toose lattices. For the U02-Pu02 lattices
the uncertainty in keff ranges from about *2.0% for tight lattices to about
+1.0% for loose lattices. These numbers are estimates of how accurately
one should Tegitimately expect to be able to calculate the reactivities of
light water lattices using "exact" methods and knowing the quoted preci-

sions of the basic cross sections.

Effect of Changing Basic Cross Sections

Some of the calculations were repeated using cross sections derived
from ENDF/B-II. If ENDF/B-II data were not available for a particular iso-
tope, the BNWML data were used. Thus, differences in results can be
ascribed to differences between the cross sections for certain isotopes
from ENDF/B-II and the BNWML. The source of the data for these calcula-
tions is summarized in Table 13. Water cross sections were not available
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Isotope

Oxygen
Water
Zirconium
Aluminum
Iron
Nickel
Chromium

235U

238U

238Pu

239Pu

240
241

Pu

Pu

242Pu

2815

BNWL-1656

Source of Cross-Section Data for Cross
Section Sensitivity Calculations

HRG3 BRT-1I

BNWML BNWML

ENDF/B-I1

BNWML

ENDF/B-IT 2200 m/s Value
ENDF/B-1I

ENDF/B-I1

|

BNWML
ENDF/B-TI

Y BNWML

for HRG3 calculations because of library processing code problems. There
are also no zirconium cross sections available on ENDF/B-II, so the BNWML
data was used for both HRG3 and BRT-I calculations. Aluminum, iron, nickel
and chromium thermal absorption cross sections were used as 1/v and normal-
jzed to ENDF/B-II values at 2200 m/sec. The most important fissile and
fertile isotopes are from ENDF/B-II.

The results of these calculations are shown in Table 14, along with
the corresponding calculations based upon the BNWML. Except for the Al-Pu
fueled systems, the results are drastically different. The calculated
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TABLE 14. Effect of Changing Cross Sections on Calculated Values of keff

Lattice Calculated Value
Spacing Keff
Fuel Type (in.) BNWML ~ ENDF/B-II
2.734 wt% O, 0.405 1.0035  0.9658
0.470  1.0002  0.9770
0.573  0.9989  0.9850
0.665 0.9969  0.9861
A1-1.8 wt% Pu 0.75  1.008  1.0113
0.85  1.0079  1.0112
0.95  1.0045  1.0083
Al-2 wt% Pu 0.75  1.0182  1.0214
0.85  1.0213  1.0249
0.95  1.0189  1.0226
A1-5 wt% Pu - 0.85  1.0067  1.0065
1.05  1.0113  1.0119
1.30  1.0069  1.0074
U0,-1.5 Wt Pud, 0.55  1.0035  0.9654
0.71 0.9988  0.9823
0.93  0.9989  0.9914
U0,-2 wt# Pud, (8% 2400,y 0.80  0.9920  0.9634
1.05  0.9913  0.9778
1.38  0.9979  0.9898
U0,-2 wt# Pud, (16% 240p,) 1.05  0.9931  0.9799
1.386  0.9964  0.9884
U0,-2 wt% Puo,(24% “*%pu) 0.80  0.99%42  0.9676
1.05  0.9981  0.9855
1.38  0.9971  0.9893
U0,~4 Wt Pu, 1.05  1.0035  0.9920
1.386  1.0062  0.999]

values of keff are systematjca]]y lower using ENDF/B-II data for the UO2

and the U02-Pu02

fueled systems. Moreover, a substantial trend is evident

with changes in lattice spacing. The largest discrepancies occur for the
smallest lattice spacings with the differences being approximately 3.5% Ak.
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Considering the thermal cross sections for the fissile nuclides, we
did not expect large differences in keff in switching from BNWML to
ENDF/B-II cross sections. The BNWML values at 2200 m/s are the 1965 IAEA
(33) The corresponding ENDF/B-II values are the 1969 IAEA
(60) The differences between these two evaluations in parame-
ters which have the most effect in these calculations are small. The prin-
235U and 239
at 2200 m/s are not large enough to affect the calculation of nf. Likewise,
the differences in the shapes of the cross sections in the BNWML and
ENDF/B-II are not large enough to cause a significant change in calculated
values of nf. Therefore, any observable differences were expected to come

evaluation.
evaluation.

cipal parameters are 9, and n for Pu, and the change in values

from above the thermal region for the fissile nuclides and from differences
in the other cross sections.

It is instructive to resort to the two group buck]ing representation

of keff to examine in more detail what changed. This expression is:
K i} T]f-](] - p]) N nfz(p]) (-l)
eff 1+ Bg2 ) 1+ Bgz'r)(l " Bg L%)

where subscripts 1 and 2 refer to nonthermal and thermal energy groups and

z
— = - scatter from group 1
nf = (vz?/%é) group 1 or 2° P1 3
removal from group 1
82 = trical buckli = q/%
g " geometrical buckling, T removal | group 1 °

2 = .
L (9/;a) group 2 and all cross sections are cell average values.

According to this expression, when the system is infinite in size,

82 becomes zero and keff becomes the infinite system multiplication

factor ,k_.
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The values of the parameters for this equation were taken from the
BRT-I and HRG3 calculations and are shown in Tables 15, 16 and 17 for two
U02, two U02-Pu02 and two Al1-Pu lattices respectively. Also shown are the
the values of k_ and keff as calculated using Equation 1 and the values of
keff calculated using HFN.

The leakage effects for the Al1-Pu Tattices are essentially the same
for both sets of cross sections because 1 and L2 are essentially the same.
In addition, nf and p for the nonthermal energy group are also nearly the
same. For the more open lattices, p is so close to 1.0 that differences in
ﬁ?] do not affect keff significantly. The increase in keff and k_ of about
0.3% is related solely to differences in nfz. This difference is primarily
due to a change in f which stems from differences in the aluminum cross
sections (0.235b on the BNWML and 0.230b on ENDF/B-II).

In the UOZ-PuO2 systems, T increases when the ENDF/B-II data is used.
For the 0.80 in. lattice the difference is about 1%. The increased value
in T corresponds to the decreased value in ﬁ?]. For both lattices, the

decrease in nf, is about 8%. It is due primarily to a larger spectrum

1
average 238U cross section and this larger cross section leads to a signifi-

cant reduction in p. As lattice spacing increases, the 238

U cross section
has a diminishing effect on p. In addition, since p approaches 1.0 the

nonthermal energy group is relatively less important.

The thermal value of nf is virtually identical for both sets of cross
sections for the three types of lattices. The increase of 0.3% in nfz
observed for the Al-Pu systems does not show up in the U02-Pu02 systems
because of the absence of aluminum in these fuels. The change in k_ and
kers for the U0, and the UO,-Pul, fueled lattices is due to the change in
238)) resonance absorption rates as seen by comparing values of P in
Tables 15 and 16.

Thus the large changes in keff (1-3%) for the UO2 and UOZ-PuO2 ;g;tems
observed in Table 14 are basically due to nonthermal absorptions by u.
Effects of changes in leakage and thermal neutron reactivity are much less
than effects of changes in the nonthermal reactivity.
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TABLE 15. Comparison of Multiplication Parameters
for Yankee UO2 Lattices
Lattice Spacing Lattice Spacing
0.405 in. 0.665 in.
Parameter BNWML ENDF/B-II  BNWML ENDF/B-11
ﬁ?l (nonthermal) 0.7068 0.6453 0.6531 0.6041
Py 0.5897 0.5672 0.8687 0.8614
ﬁ?z (thermal) 1.4885 1.4843 1.2540 1.2509
1, cm? 35.83  35.47 28.09  27.94
L2, cm? 1.64 1.69 2.19 2.11
BS (measured), m~2 40.75  40.75 52,92  52.92
K, (Eq. 1 with 82 =0) 1.1678 1.1212 1.1751 1.1613
keff (Eq. 1) 1.0139 0.9745 1.0121 1.0013
keff ( 4 group HFN) 1.0035 0.9658 0.9969 0.9861

TABLE 16. Comparison of Multiplication Parameters
- for U0,-2 wt% Puo, (8% 240py) Lattices
Lattice Spacing Lattice Spacing
0.80 in. 1.386 in.

Parameter BNWML __ ENDF/B-II BNWML _ ENDF/B-11
nf, (nonthermal) 0.7009  0.643T 0.6498  0.6014
Py 0.6676  0.6505  0.9032  0.8985
nf, (thermal) 1.6662  1.6658  1.2817  1.2798
1, cm 35.97  36.36 28.30  28.38
L2, cn? 1.54 1.50 2.93 2.78
Bg (measured), m~2 88.0 88.0 70.0 70.0
K, (Eq. 1 with B2 =0) 1.3453 1.308  1.2205 1.2109
kers (EQ. 1) 1.0106  0.9805  0.9993  0.9919
kegp (4 group HFN) 0.9920  0.9634  0.9979  0.9898
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TABLE 17. Comparison of Multiplication Parameters
for A1-1.8 wt% Pu Lattices

Lattice Spacing Lattice Spacing
0.75 in. 0.95 in
Parameter BNWML  ENDF/B-TT  BNWWL _ ENDF/B-II

ﬁ?l (nonthermal) 0.6839 0.6817 0.6190 0.5944
P, 0.9136  0.9140  0.9488  0.9552
7, (thermal) 1.5054  1.5097  1.2573  1.2615
T, cnl 60.80  60.78 40.85  40.84
L2, cm? 4.67 4.49 4.61 4.38
Bg (measured), m~2 60.2 60.2 47.3 47.3
k_ (Eq. 1 with Bs- =0) 1.4344  1.4385  1.2246  1.2316
oee (EG. 1) 1.0225  1.0266  1.0050  1.0117
koee (4 group HEN) 1.0086  1.0113  1.0045  1.0083

When the HRG3 cases are compared with each other, one finds that the
238U cross sections.(ﬁ]) We examine the

calculations for the U02-2 wt% PuO2 (8% 240Pu) fuel, 0.80 in. lattice in
more detail to illustrate. The macroscopic parameters over the range 0.683

7
to 10
parameters are also separated into the contribution from U and the con-
tribution of all the other isotopes. 1In going from BNWML to ENDF/B-II

cross sections, the cell-average macroscopic absorption cross section (Eé)

differences are due primarily to

eV for the two cases are summarized ir Table 18. The cell-average
238

increases 4.0% while the production cross section (vf%) decreases 4.6%.
These changes give a net decrease in nf (vf%/fg) of 8.2%. About 60% of the
absorptions occur in 238U while 30% of the fissions occur in 238U. If we
lTook at the column headed A Change, we see that the increase in E§38 i
about 4 times as much as the decrease in Za of the other isotopes. In addi-
tion, the decrease in Za of the other isotopes is nearly offset by a

decrease 1in vf% due to the other isotopes. Thus, nf is decreased only 1.2%
.. 238
if

S

U reactions are not included.
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TABLE 18. Nonthermal Parameters for the 0 80 in.
Lattice of U0, -2 wt% Pu0, (8% 40Pu) Fuel

2
Parameter BNWML ENDF/B-II A Change % Change
Macroscopic
22911 0.010486 0.010904  +0.000418  +4.0
E§38 0.006152 0.006711  +0.000559  +9.1
Ege‘1 - E§38 0.004334  0.004192  -0.00014] 23.3
vfﬁe“ 0.007349  0.007013  -0.000337 -4.6
vz§38 0.002457  0.002285  -0.000171 7.0
vZ?e]] - vz§38 | 0.004893 0.004727  -0.000166  -3.4
T (cel1-238)* | 1.1290  1.1276 -0.0014 1.2
2f(cell) 0.7009  0.6431 ~0.0578 -8.2
Microscog;c for 238U
op (107 - 1.17 x 10% ev) o0.181 0.165 ~0.016 -8.9
1
o, (10 o/ - 1.17 x 10% ev)  0.346 0.321 -0.025 7.2
1
o, (1.17 x 10% - 2.38 ev) 1.858 2.187 +0.329 £17.7
2
o, (2.38 - 0.683 eV) 0.414 0.512 +0.098 +23.9
3
Ieff (107 - 0.683 eV) 15.237  15.530 +0.293 1.9
f_ vfge11 _ vE?BB
L3 - I

The effect on p, the resonance escape probability, is essentially pro-

portional to the change in Zcell.

In principle, one cannot separate fluxes
and cross sections, but Tab]e 18 and the discussion in the previous para-

graph do show the major differences between the two sets of cross sections.
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The last section of Table 18 shows that the largest contribution to
Ege]] is in the second energy group (2.38 eV to 11.7 keV). The microscopic
absorption cross section increases by 17.7% in group 2. Since most of the
absorptions in this energy range occur in the resonances, a comparison of
the effective resonance integrals was made. The effective resonance inte-
ff using ENDF/B-II data‘®?) is only 1.9%

higher than the value using BNWML data. Thus, the difference in Cay must

gral excluding the floor, RIE

come from differences in cross sections not subject to self-shielding, i.e.,
the floor.

In order to understand the 238

U cross-section differences more clearly,
the infinite dilute resonance integral was looked at in detail. Values are
summarized in Table 19. The processing codes BARNS(63) and ETOG(64) give
values of 270.8 for BNWML data and 278.1 for ENDF/B-II data, respectively,
for the infinite dilute resonance integrals. HRG3 runs were made using a
1/E flux and resonance parameters which should give infintely dilute values.
The "infinitely dilute" resonance integrals calculated in this manner are
3.8 and 3.2 barns smaller than the values from BARNS and ETOG, respectively.
Nevertheless, the HRG3 values are adequate for this discussion. The reso-
nance integral calculated using HRG3 is broken down into components repre-
senting five energy groups. Group 3 in Table 19 covers the same energy
range as group 2 in Table 18 (2.38 eV to 11.7 keV). It contains all of the

resonance integral subject to shielding.

The portion of the resonance integral subject to shielding in HRG3 is
261.8 and 267.5 barns for BNWML and ENDF/B-II data, respectively. Thus,
the floor or non-shielded portion of the resonance integral is 5.15 barns’

- for BNWML data and 7.39 barns for ENDF/B-II data. This difference is small
when compared to the infinite dilute resonance integral; however, when it
is added to an effective resonance integral of about 15 barns, the result-
ing cross section differs by ~10%. The floor in the resonance region
(Group 3) increases from 1.36 barns to 3.85 barns. Adding this floor to an
effective resonance integral of 15 barns would increase the spectrum aver-
age cross section in this group by 15%. This is in good agreement with the

observed increase 1in o, (Table 18) of 17.7%.
2
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TABLE 19. Components of the Infinite Dilute
Resonance Integrals used in HRG3

Component, b. BNWML ENDF/B-11

R, (processing codes) 270.8 278.1

R, (processing codes) 1.25 1.18
RIa] (10 MeV - 0.18 MeV) 1.59 1.52
RIa2 (0.18 MeV - 11.7 keV) 1.15 1.05
RIa3 (11.7 keV - 2.38 eV) 263.21 271.39
RIa4 (2.38 eV - 0.683 eV) 0.52 0.64
RI, (0.683 eV - 0.414 eV) 0.53 0.33
RIa =3 RIa.(HRG3) 267.00 274.92

i i
RIa (subject to shielding in HRG3)  261.85 267.53

RIa (HRG3 floor) 5.15 7.39

RIa (HRG3 floor) 1.36 3.85
3

The contributions to the floor of the ENDF/B-II data used in
HRG3 are summarized in Table 20. Since HRG3 can handle only 99 resonances,
the other 150 are put in the floor as infinite dilute values. This amounts
to only about 0.45 barns. The floor under the resolved resonances is also
added to the floor of the data file. It has a resonance integral of .0.21
barns. The p-wave resolved resonances contribute 1.06 barns to the total
resonance integral while the p-wave and s-wave unresolved resonances con-
tribute 1.65 barns to resonance integral. The smooth (n,y) ENDF/B-II file
adds 2.80 barns to the floor. It contains 1.27 barns of p-wave cross
section in the resolved region. The components listed above are (n,y)
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reactions. If 1.18 barns is added for (n,f) reactions, the total is the
portion of the absorption resonance integral which is not subject to self-
shielding. It agrees very well with the floor in the HRG3 Tibrary.

TABLE 20. Cross Section Components of the 230U Floor in HRG3
RI from
Component ENDF/B-II, b.
150 excess resonances 0.45
1/v portion under the resonances 0.21
p-wave resolved resonances 1.06
unresolved resonances 1.65
smooth (n,y) 2.80
smooth (n,f) 1.18
Total Floor 7.34

The BNWML resolved resonance region is from 1 eV to 1.8 keV and the
unresolved region covers the energy range from 1.8 keV to 2.5 keV for 238U.
The resolved resonance region on the ENDF/B-II data file is from 5 ev to
3.9 keV while the unresolved region extends up to 45 keV. The BNWML data
does not contain any p-wave cross sections in either the resolved or unre-
solved resonance regions (from 1 eV to 2.5 keV). From the previous para-
graph and Table 20 we note that the p-wave resolved resonances and the
p-wave cross section on the smooth file add up to about 2.3 barns. Thus,
the difference between the HRG3 floors using BNWML and ENDF/B-II cross-
section data appears to be due to the p-wave cross-section data in the
resonance region. Group 3 in Table 19 essentially covers the resonance
region. The floor in this group shows a difference of about 2.5 barns

which is consistent with the previous discussion.

In principle, the ENDF/B-II cross-section data is better than BNWML
cross-sction data because it represents newer experimental data and evalu-
ations. Since keff values calculated with ENDF/B-II data are as much
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as 3.8% Tow, we expect that the calculation of resonance absorption in 238U

is in error. This could be the result of; 1) the 238U cross sections in
ENDF/B-II, 2) the way that it is processed to multigroup format for HRG3,

3) the HRG3 resonance calculation itself, 4) all of these.

Definition of Diffusion Coefficient

Two types of transport cross sections are calculated in HRG3. The con-
sistent definition is obtained by equating the second of the P] or B] equa-
tions to Fick's Taw. In terms of cross sections, the definition for

group g is:
z (consistent) = o & - Zin (2)
tr,g g°t,g 1,9

where Zt g is the current weighted total cross section, Z}ng is the current

weighted P] component of the scattering cross section from’a11 energies
into energy group g, and ag is a parameter in the second B] equation:

o

g
where X = K/Zt g’ Ao = tan']X/X, and K is the square root of the buckling.

ag approaches 1.0 as leakage approaches zero. Our analysis above was based

2
X A0/3(1 - Ao)

upon using this definition of Ztr'

The standard transport cross section is defined as:

- _ yout
Ztr,g (Standard) = agzt’g Z],g (3)
where Z?Ut is the current weighted P] component of the scattering cross

section from group g into all other energy groups, and the other parameters
are as above. In the 1imit of a single energy group solution, these two
definitions yield identical values for the transport cross section. How-
ever, in a multigroup solution the values may differ considerably.

Diffusion coefficients, D, can be calculated with either type of trans-
port cross section as 1/3 Lipe Values for one of the mixed oxide lattices
are shown in Table 21. The standard D is 5% higher than the consistent D
in the fast energy group, but is 5% Tower in group 2 and 10 % lower in
group 3. The one-group value is only 1.3% higher.
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TABLE 21. Comparison of Diffusion Coefficient Definit;gns in HRG3
T for 0.80 in. Lattice of U0,-2 wt% Pu0, (8% 4%0pu)

2
Type of Definition
Parameter Energy Range Consistent Standard
D] 10 MeV to 11.7 keV 1.4190 1.4923
02 11.7 keV to 2.38 eV 0.6044 0.5766
D3 2.38 eV to 0.683 eV 0.6394 0.5754
D 10 MeV to 0.683 eV 1.1345 1.1489

Calculated values of keff using the two different definitions of the
transport cross sections are shown in Table 22 for this lattice. The value
of D from BRT-I for the single thermal group was used for all the calcula-
tions shown in Table 22. The 2-group buckling equation gives values of
keff about 1% high. The difference of 1.3% in the nonthermal diffusion
coefficient resuits in values of keff which are 0.30% Ak different. When
the leakage calculation is performed with HFN in 4 energy groups, the
values of keff are about 1% low. The three nonthermal groups correspond to
the energies shown in Table 21. The results shown on line 2 of Table 22
utilize consistent D's for the reflector for both calculations. The results
on line 3 are similar to the results on line 2 except the HRG3 calculation
was performed with no leakage. With no leakige, values of keff increase
about 1.5 mk primarily because absorption, fission, and scattering cross
sections change (k_ is 0.19% Ak/k higher). The effect of the diffusion
coefficient definition on keff is about 0.40% whether or not leakage is put
into the HRG3 calculation.

To properly determine the effect of the diffusion coefficient defini-
tion on keff’ the diffusion coefficients in the reflector should also be
changed. The results on the last two Tines of Table 22 show the effect of
changing D in both the core and reflector. The reflector cross sections
were recalculated, but the only significant change was in the thermal D

(0.1185 to 0.1350). The new reflector cross sections increase keff
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by 1.6 mk as shown by comparing the results using consistent D's with the
values on lines 2 and 3. Calculated values of keff are decreased by 0.65%
when consistent D's are replaced by standard D's in both the core and
reflector. Thus, the reflector D's have an effect (2.5 mk) nearly as large
as the core D's (4.0 mk).

TABLE 22. Diffusion Theory Results for 0,80 in.

Lattice of U0,-2 wt% Pu0, (8% 240py)

k in HRG3, Keff Difference
cm” Koo Consistent D Standard D % Ak

2-Group Buckling Equation

0.09322 1.3453 1.0137 1.0107 -0.30

HFN (4 Groups)*

0.09322 1.3453 0.9920 0.9881 -0.39
1.0-10 1.3479 0.9935 0.9894 -0.41

HFN (4 Groups)**

0.09322 1.3453 0.9936 0.9874 -0.62
1.0-10 1.3479 0.9952 0.9886 -0.66

* 01d water with consistent D's for the reflector;
0220 - 0.11848 cm.
** New water with appropriate D's for the reflector:

0220 = 0.13504 cm.

Reactivity calculations for a number of other lattices were performed
with HFN in 4 energy groups using the two types of diffusion coefficients.
Results are shown in Table 23. The reflector diffusion coefficients were
not changed so the results indicate a smaller effect than actually exists
(analogous to line 2 of Table 22). The few-group parameters were obtained
using ENDF/B-II data in HRG3 and BRT-1 for the heavy isotopes. The D's in
Table 21 and ke's in Table 22 utilized BNWML data. The primary difference
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TABLE 23. Effect of Changing the Diffusion Coefficient on Calculated Values of keff

Lattice Calculated Value

Spacing of keff with ENDF/B-II Data Difference B2 in HRG3,
Fuel Type (in.) Consistent D Standard D % Ak m-2
2.734 wty U0, 0.405 0.9658 0.9637 -0.21 40.7
0.470 0.9770 0.9736 ~0.34 63.4
0.573 0.9850 0.9809 -0.41 59.4
0.665 0.9861 0.9821 ~0.40 51.0
A1-1.8 wt% Pu 0.75 1.0113 1.0067 ~0.46 60.2
0.85 1.0112 1.0064 -0.48 60.1
0.95 1.0083 1.0037 ~0.46 47.3
A1-2 wt% Pu 0.75 1.0214 1.0168 -0.46 48.5
0.85 1.0249 1.0202 -0.47 45.4
0.95 1.0226 1.0186 -0.40 36.3
A1-5 wt% Pu 0.85 1.0065 1.0008 -0.57 102.8
1.05 1.0119 1.0050 -0.69 79.8
1.30 1.0074 1.0010 ~0.64 105.8
U0,-1.5 wti PuO, 0.55 0.9654 0.9629 ~0.25 48.0
0.71 0.9823 0.9780 -0.43 78.5
0.93 0.9914 0.9870 ~0.44 55. 2
00,-2 wt# Pu0,, (8% 240p,)) 0.80 0.9634 0.9597 ~0.37 86.9
1.05 0.9778 0.9726 -0.52 108.2
1.386 0.9898 0.9846 -0.52 66.4
U0,-2 Wt Pu0, (16% 280p,y  1.05 0.9799 0.9749 -0.50 86.2
1.386 0.9884 0.9839 ~0.45 59.6
U0,-2 Wt Pu0, (24% 240p,)  0.80 0.9676 0.9642 ~0.34 63.3
1.05 0.9855 0.9806 ~0.49 75.7
1.386 0.9893 0.9853 ~0.40 4a.4
U0,-4 wt# PO, 1.05 0.9920 0.9869 -0.51 108.7
1.386 0.9991 0.9934 -0.57 88.4
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in results using the two sets of data is in the k_ calculation rather than
the leakage calculation. For example, the diffusion coefficient effect for
the 0.80 in. Tattice of U0,-2 wt# Pu, (8% “*Opu) is -0.37% ak with ENDF/B-II
data whereas it is -0.39% Ak with BNWML data. k_ for this lattice using
ENDF/B-II data is 1.3084 which is 2.75% Tower than the value calculated with
BNWML data (1.3453). The differences in kege Shown as % Ak in Table 23

range from -0.2% to -0.7%. The difference should be proportional to the
geometrical buckling because it is a leakage effect only. However, there
does not seem to be much of a correlation between the differences and the
geometrical bucklings shown in Table 23.

To aid in evaluating which definition of the diffusion coefficient to
use, the age of fission neutrons in water was calculated and is compared to
the measured age to indium resonance in Table 24. The indium resonance is
at 1.46 eV whereas the few-group parameters for the reflector were calcu-
lated for a boundary of 0.683 eV. HRG3 calculates a quantity called "Age"
at each energy group. Comparing lines 2 and 3 of Table 24, the two differ-
ent boundaries affect the value by only 0.3 cmz. The value printed out by
HRG3 js midway between the values calculated with the equation: T = D/Er
where L, is the removal cross secgggn and the two definitions of D are u§ed.
The calculated values utilized a
value is for 235U fission neutrons. The effect of differences in fission
spectra for 235U and 239Pu in HRG3 on the calculated age is small. Using
the last two values in Table 24 and correcting for the different energy cut-

off, the age calculated with the consistent D would be slightly closer to

Pu fission spectrum while the measured

the measured age than the age calculated with the standard D. However, on
this basis alone, stating that one definition of the diffusion coefficient
is better than the other would be difficult.
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TABLE 24. Neutron Age in Water

Description Age, cm2
Measured (to Indium Resonance) 26.48 + 0.32 (Ref. 65)
Age as calculated by HRG3 (1.44 eV) 26.61
Age as calculated by HRG3 (0.683 eV) 26.92
D/z,. (0.683 eV) consistent D 26.59
D/Z, (0.683 eV) standard D 27.29

2. Slowing Down Calculation

Fast Fission. In the calculational method described above, the fast
fission from 235U, 238U, 239 240

homogenized lattice. However, the fuel rods are in a regular array through-

Pu and Pu is computed assuming a finite

out the moderator. Thus, in describing the lattice as a homogeneous mixture
of fuel, cladding and moderator, the fast neutron flux is assumed to be
spatially flat throughout the unit lattice cell. 1In reality, the fast
neutron flux is peaked in the fuel rod and depressed in the moderator (i.e.,
the reciprocal of the thermal neutron flux distribution in the lattice
cell). Thus a correction to the fast cross sections due to lattice hetero-
geneity should have been made. The effects on criticality due to approxi-
mating the Tattice cell in a homogeneous fashion have been investigated by
Dwivedi(66) for the UO2 fueled lattices studied here. The results of his
study show that the lattice multiplications increase when a heterogeneous
correction is made to the fast fission factor. The correction to the
lattice multiplications ranges from approximately 0.22 to 0.45%. These
results are consistent with the findings of other investigations of the
spatial effects of fast fission events in 238U.(67’68)
fuels and the UO2 fuels in our ;ggdy are similar from the standpoint of
fast fission events because of

of the correction is a function of lattice spacing
effect expected at the more open lattices. On this basis we would estimate
the error in our calculated values of keff to be of the order -0.5% because
spatial effects were neglected in calculating fast fission events,

The mixed oxide

U contents in the fuels. The magnitude

(67) with the largest
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Resonance Absorption. Just as in calculating fast fission events

using the HRG3 code, spatial flux considerations are neglected in calculat-
ing resonance absorption events. Also, the effect of one resonance shield-
ing another is neglected. These assumptions may not be valid and may be
the cause of errors in our calculated values of kgff. Other investigators
have studied the effect of resonance over]ap.(69’70’7]) The results of
these investigations show that a definite effect exists. He]]ens(7]) has

made an estimate of the magnitude of the resonance overlap of 239

Pu and
238 in terms of P for the U0,-2 wt% Pu0, (8% 240Pu) fuel. His results
indicate a correction ranging from 0.1 to 0.4% Ak can be attributed to
neglecting this effect. The largest effect is in the tightest lattice. On
the basis of this Timited information, we assume an error exists in our cal-
culated values of keff for the U0, and U0,-Pul, fueled Tattices. We esti-

mate this error is of the magnitude - 0.5% Ak/k.

3. Thermalization Calculation

Boundary Conditions. In our thermal model, reflecting boundary c?ndi-
72,73)

tions were used in the one dimensional cylindrical cells. Others have
shown that these boundary conditions could lead to serious errors in the
spatial flux for tightly packed uranium-water lattices. Honeck showed that
disadvantage factors obtained from the one dimensional cell calculation
agree favorably with two dimensional calculations when the outer boundary
of the one dimensional cell has a pure heavy srattering material surround-
ing it (i.e., neutrons returned isotropically). Subsequent investigations
on the effects of cell boundary approximations have shown that a so-called
white boundary leads to significant improvements in the description of

thermal neutron distributions in space and energy.(74)

A white boundary
condition was incorporated in the BRT-I code after most of our calculations
were completed. To assess whether the use of reflecting boundary conditions
causes errors in our calculated values of keff’ some of the BRT-I problems
were rerun using the white boundary condition incorporated in the BRT-I
code. The tight lattices were studied since the largest effect is expected
for these cases. The results are compared in Table 25 to those obtained

using reflecting boundary conditions. Calculated values of thermal
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utilization, f, thermal disadvantage factor, & Moderator/® Fuel, and the
thermal component of k_, nf, are presented. The use of a white boundary con-
dition leads to a larger calculated value of f mainly because of the
smaller value of the disadvantage factor. The change in nf follows the
change in f. The magnitude of the effect ranges from 0.2% Anf for the
- 2.35 wt% UO2 fueled system to 0.5% for the A1-2 wt% Pu fueled system. For
the plutonium fueled systems, the change in nf is smaller than the change
in f because n is decreasing to offset some of the change in f. Assuming
that the white boundary condition is exact and the change in nf propagates
directly to a change in keff’ we state that our calculated values of keff
are in error because we used reflecting cell boundary conditions in the
thermalization calculation. The magnitude of the error is expected to be
lattice spacing dependent but no larger than 0.5% %}-for the Tattices
studied. '

TABLE 25. Comparison of Thermal Utilization, Disadvantage Factor and
Thermal Value of nf for Reflecting and White Boundary
Conditions in the Thermalization Calculation

Disadvantage Factor = _ =T
Thermal Utilization, f 9 Moderator/¢ Fuel ﬁf _Yzf/za (Thermal)
Reflecting White Reflecting White Reflecting White

2.35 wt% U0,-0.75 in. lattice

0.847 0.849 1.206 1.181 1.476 1.480
A1-2 wt% Pu-0.75 in. lattice

0.844 0.849 1.123 1.090 1.463 1.471
A1-2 wt% Pu-0.95 in. lattice

0.701 0.703 1.117 1.108 1.218 1.222

240Pu)

QQQ-Z wt? PuO2 (8% -0.75 in. lattice

0.930 0.934 1.446 1.359 1.665 1.670

U0,-4 wt% Pu0,-0.80 in. Tlattice

0.948 0.953 1.723 1.572 1.687 1.690
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Resonance Overlap. In our computational model, the 1.054 eV resonance
240Pu is assumed to not shield the 0.296 eV resonance of 239

of Pu (i.e.,
flux recovers to 1/E in shape between the resonances). To determine if the
240Pu resonance does indeed self-shield the 239Pu resonance, a calculation
using an early version of the THERMOS code was made, whereby, both reso-
nances are included in the cell calculation. A 40 energy group mesh cover-
ing the range from 0.0 to 1.4 eV was utilized with the Brown-St. John model
for H20.(75) The Brown-St,John model was used rather than the Nelkin
mode1(76) because numerical problems were encountered in the Tatter when

stretched over this energy range.(77)

An edit from the problem provided
cell averaged cross sections for the thermal range (0.0 to 0.683 eV) and
these results are compared in Table 26 to the corresponding values obtained
from calculations in which the self-shielding was neglected. The problem
studied was the 0.55 in. lattice using U02-1.5 wt% PuQ, fuel. The cell

2
averaged cross sections, vf% and Ly both decrease when the 240

Pu resonance
is included in the calculation. The net effect of these changes is to
increase the value of nf by about 0.5%. The increase is shown to be the
result of a change in n rather than f. Again assuming nf changes propagate
directly to changes in keff’ we estimate that not including the 240Pu reso-
nance in the thermalization calculation results in an error of about 0.5%.
Since a gas model was used for these calculations, molecular binding effects
due to H20 are not included which may lead to additional error or compen-

sate for the effect noted here.

TABLE 26. Comparison of Cell Averaged Thermal Cross Sections, and the
Effects on Criticality for the U02-1.5 wt% Pu02 0.55 in.
Lattice Which Include and Neglect Resonance Shielding

<
-+

nf = _
f a a N f

™
MII

No Shielding 0.2266 0.1424 1.592 1.688 0.943
Shielding 0.2254 0.1408 1.601 1.697 0.943
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Energy Detail. We have used 30 groups to span the energy region from
0.0 to 0.683 eV. To check if this provided enough detail for the reaction
rate calculation, the thermalization problems for the 0.55 in. lattice
using U02—1.5 wt% PuO2 fuel and the 0.75 in. lattice using A1-2 wt% Pu fuel
were run using 40 energy groups. Most of the extra detail provided by the

10 additional groups was concentrated in the mesh covering the ~0.3 eV 239,
resonance. Comparison of calculated values of nf (%Ef) cell from the 30
a

and 40 energy group problems showed differences of the magnitude of
0.1% Ak/k.

We also have assumed that the thermalization region extends to only
0.683 eV and that neutron upscattering to energies above this in water sys-
tems can be accounted for by an approximate correction to the hydrogen
cross section in HRG3. Evidence of molecular binding in the neutron energy
region above 0.683 eV which was assumed in our calculations is well foundedﬂ78)
One of our early attempts was to include the region from 0.683 to 2 eV in
our thermalization calculation using the THERMOS type code. Though we were
not limited as to the number of energy groups, the results of studies we

made(77)

showed that extending the Nelkin kernel for H20 to energies above
0.683 eV resulted in oscillating behavior in the calculated water cross
sections and the flux in media comprised of only HZO' Attempts to "connect"
a gas model to account for downscattering with a Nelkin model to account

for upscattering were unsuccessful. Therefore, considering the circum-
stances it was decided that the most prudent approach was to try to account
for this effect by an approximation which could be accommodated in the slow-
ing down calculation in the HRG3 code. Determinations of the magnitude of
the effect of the approximation which is included in the HRG3 code(79) were

made for purposes of evaluation and the results are presented in Table 27.

The change in keff is negligible when H20 upscattering is introduced
into the UO2 lattice calculations. For the lattices containing plutonium,
the effect is significant ranging up to 0.7% Ak/k. The change in keff is
due primarily to the increased absorption rate in the 240Pu 1.056 eV reso-

nance. The effect is largest for the tightest lattices. It also increases
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as the 240

Pu content in the plutonium increases. The base calculations
reported in this paper utilized the approximation for H20 upscattering in
HRG3. No estimate on the accuracy of this approximation has been made.
The results shown in Table 27 give an indication of the significance of H

upscattering in the various lattices.

20

TABLE 27. Reactivity Effect of Using Water Upscattering in HRG3

Upscattering
Lattice N Dk e X 103
Spacing -
(in.) Nf1ss H20
5 235 .
U0, (2.734% “**U) 0.3 in. rods (Yankee)
0.405 113 -0.41
0.435 151 -0.38
0.470 200 -0.33
0.573 363 -0.31
0.615 439 -0.24
0.665 537 -0.09
A1-5 wt% Pu (5% 2*Opu) 0.5 in. rods
0.85 384 -2.68
1.05 722 -1.74
1.30 1242 -1.17
U0,-4 wt% Pu0, (18% “*°%pu) 0.5 in. rods
0.85 156 -5.98
U0,-2 wt# Pu0, (8% “*%u) 0.5 in. rods
0.800 185 -4.35
1.143 541 -2.31
1.386 868 -1.50
U0,-2 wt% Pu, (24% **%u) 0.5 in. rods
0.800 213 -6.72
1.143 620 -3.57
1.386 996 -2.50
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0.683 eV. The study does show that a change in k
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Neill and Prezbindowski(80) made a study of the effects of different
group structures and HZO scattering kernels for the Al1-5 wt% Pu fueled -
1.30 in. lattice. The results of their study showed that the calculated
value of keff was insensitive (*0.1% Ak/k) to scattering models (Haywood-II,
McMurray-Russell and Nelkin) or to including more groups than 30 below
of f of somewhere in the
neighborhood of +0.3 to +0.7% Ak/k occurs when the thermal cutoff is
increased from 0.683 to 3.059 eV. In Table 27 we show that the upscatter-
ing correction incorporated in the HRG3 code leads to a reduction in keff
of 0.117%. Thus, the results of Neill's and Prezbindowski's study show
an opposite effect from our results.

Anisotropy. We also approximate the effects of anisotropy in the ther-
malization calculation by altering the scattering kernels. Previous

studies(81)

have shown that the approximation of substituting the transport
cross section for the total cross section is a significant effect for cer-
tain lattices. The question remains: is the approximate correction an
accurate method to account for the effect of anisotropy in the scattering?
Lacking more definitive evidence, we simply state that the results of our
analysis are correct in this regard by assuming the anisotropy effect has

been accounted for in our calculations.

C. LEAKAGE CALCULATIONS

This area of the analysis is perhaps most susceptible to error because
of the relatively high leakage components of the assembly multiplication
value. Some of the effects of various approximations made in this area are
studied to determine if systematic errors are introduced in the analysis.

1. Separability of Flux in Axial and Radial Components

We assumed that the radial and axial components of the flux in the
critical assembly are separable. Moreover, we assumed that axial leakage
can be adequately described by an axial buckling representation in HFN. To
test this approximation a two-dimensional diffusion theory solution was

obtained using the EXTERMINATOR-2 code(82) and the results compared to the



one-dimensional HFN solution with axial buckling. The problem selected was
the 1.05 in. lattice containing Al1-5 wt% Pu fuel because this lattice has
the largest axial leakage. To make certain that the evaluation was actually
physical and not numerical, comparisons were made between the results from
the HFN code and corresponding solutions using the EXTERMINATOR-2 code in
one dimension. The results are shown in Table 28.

TABLE 28. One and Two Dimensional Diffusion Theory Solutions
for the 1.05 in. A1-5 wt% Pu Fueled Lattice

# Mesh Points

Code # Dimensions Core Reflector keff
HFN ‘ 1 30 30 1.02725
HFN 1 50 50 1.02721
HFN 1 70 70 1.02721
Exteminator-2 T 30 30  1.0269
Exterminator-2 1 50 50 1.02692
Exterminator-2 1 15 15 1.02350
Exterminator-2 2 15Radialls
25 Axial 10 1.02025

We first note that the two codes produce nearly identical results when
mesh points are changed from 30/30 to 50/50 in core/reflector, with the
absolute difference in keff between codes being 0.029% Akeff' Due to limi-
tations in spatial representation of the core, the two-dimensional calcula-
tion was made using 15 points in both core and reflector in the radial
direction, with 25 points in the core and 10 in the reflector axially. The
results are compared to the corresponding one-dimensional radial solution
with axial buckling to evaluate the combined effect of flux separability
and use of axial buckling, since they cannot be separated in this problem.
The difference in keff values is seen to be 0.00325 Akeff' Thus, a
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one-dimensional diffusion theory solution using axial buckling can result
in errors of 0.2% Akeff/keff’ since this lattice should represent the
extreme case.

The results in Table 28 also show that the use of 50 points in the
core and reflector regions, respectively, is an adequate representation
~since the value of keff does not change upon adding 20 points to each region.

2. Axial Leakage Representation

The representation of the axial Teakage in our calculations is uncer-
tain because of the buckling representation and the possibility of neutrons
streaming in the fuel rods. The results of the investigations presented in
the subsection above show that the uncertainty stemming from the use of a
DB2 representation of axial leakage is about £0.2% Ak/k.

We have represented axial leakage as that emerging from the top and
bottom of a cylindrical homogeneous core which is fully reflected with H20.
This representation does not account for the possibility of neutrons leak-
ing from the assembly via streaming in the fuel and moderator channels in
the lattices. For the systems we have studied, the largest probability for
calculational errors from this source occurs in the case of the Al-Pu
fueled lattices because the fuel rods are mainly aluminum. We have not
made an analysis of the existence or the magnitude of this effect. However,
other investigations have studied this phenomenon both experimentally and
ana1yt1ca11y.(83’84) Based upon their findings, we state that this effect
is real and unaccounted for in our analysis. We arbitrarily assign an
error in our analysis of the Al1-Pu fueled systems of 0.5% Ak/k. The sign
of the correction for this effect is negative because we would underestimate
the fast neutron leakage from the core with our homogeneous model which
would Tead to overpredicting keff' We likewise arbitrarily assume an error
of -0.25% Ak/k for the UO2 and UOZ—PuO2 fueled lattices. We use a smaller
error because these fuel rods are longer than the Al-Pu rods and less sus-

ceptible to streaming.
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Our analysis also assumed that four groups of neutrons were sufficient

in describing the neutron leakage from the assemblies.

To test the valid-

ity of the assumption, we performed some calculations using 18 groups of
neutrons in the HFN code. The groups were selected such that extra energy
detail was provided in the region above 11.7 keV, the one fast group in the
four-group analysis. The problems selected for the evaluation were the two
highest leakage systems; the 1.05 in. A1-5 wt% Pu fueled lattice and a
plutonium nitrate critical. The results are shown in Table 29.

TABLE 29. Effect on Calculated keff of Increasing
the Number of Energy Groups

A1-5 wt% Pu - 1.05 in. Lattice

Case # Number of Groups

Calculated k

2
1 2 (B
()
2 2
3 4
4 18

Pu Nitrate Systems

0 N o O

1.
1.
1.
1.

— ot ot

0466
0282
0234
0284

.01332
.01401
.01918
.01936

ff

For interest, we also show two-group results for the Al-5 wt% lattice.
Case 1 is using the measured value of the buckling in Equation 1 and Case 2
is a two-group HFN solution with axial buckling where the range from 0.683

to 107 eV is described by a single group.

We note results similar to those

shown in Table 17, whereby the buckling representation of total leakage
consistently underpredicts the leakage and therefore overpredicts keff'
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The effect of increasing the number of groups from 4 to 18 is to
increase the calculated value of keff' The magnitude of the effect is 0.5%
for the A1-5 wt% Pu fueled lattice as shown by the differences between
Cases 3 and 4, and less than 0.1% for the plutonium nitrate criticals for
both the bare and reflected systems. Thus, we conclude the maximum error
incurred in our four-group model using diffusion theory is 0.5% in keff‘

4. Two Region Model of the Assembly

A11 of the analyses have been made using a two region radial model of
the assembly, namely, a homogeneous core and a reflector. In reality,
there is a spectral shift which occurs as the boundary between core and
reflector is approached. A calculation was made to assess the sensitivity
of the calculated value of keff when some accounting for the shift is
accommodated in the model. This was accomplished by using two discrete
reflector regions: a one-unit-lattice thick region near the core and a
region outside of this region which represented the balance of the reflec-
tor. The cross sections for hydrogen and oxygen in the interim reflector
region were taken directly from the HRG3 and BRT-I cell calculations. The
nonthermal constants were cell average values and the thermal constants
were averages over the moderator portion of the three region unit cell.
The calculation was made for the U02-2 wt% PuO2 (8% 240Pu) lattice with a
0.85 in. lattice spacing. The calculated keff increased from 0.9954 for
the two-region reactor to 1.0062 for the three-region reactor. We conclude
from this that if we were to change from a two-region model to a more
detailed description we could expect changes in calculated values of keff
at least as large as 1%. The three-region calculational method gives much
better agreement between measured and calculated radial power density dis-
tributions.(ss) In the study reported in Reference 38, the value of keff
obtained for a UOZ-PUO2 lattice (0.75 in. square), using the three-region
reactor model was V1% greater than that obtained using a two-region model.
For a UO2 lattice the three-region model yielded a keff 0.5% greater than
that given by the two-region model.
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5. Transport Theory Solution

Diffusion theory solutions of neutron leakage from typically high
leakage assemblies may be introducing errors in the analysis. To determine
if this is so, some calculations were repeated using a transport theory
code. Based upon the studies presented above, a one-dimensional solution
appears to be adequate and therefore the 1D transport code(87) DTF-IV was
used for these studies. The code is briefly described in Appendix A. The
same problems run in the sensitivity to energy groups, Table 29, were run
using the DTF-IV code, since these represent the highest leakage systems.
The calculations were made using both the 4-group and 18-group structures.
The results of these calculations are shown in Table 30 along with the
diffusion theory results.

TABLE 30. Comparison of Diffusion and Transport Theory Solutions

Number of

Solution Energy Groups Calculated kﬁff
Al1-5 wt% Pu - 1.05 in. lattice
Diffusion 4 1.0234
Diffusion 18 1.0284
Transport (S4) 4 1.0960
Transport (S4) 18 1.0322
Plutonium Nitrate Criticals Bare System Reflected System
Diffusion 4 1.0133 1.0192
Diffusion 18 1.0140 1.0194
Transport (S4) 4 1.0839 1.1059
Transport (S4) 18 1.0211 1.0373

The comparison shows substantial differences between values of keff
calculated using diffusion and transport theory, particularly for the four-
group comparisons. Increasing the number of groups in diffusion theory

does not have near the effect on calculated keff as it does in transport
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theory. The differences in keff values for the 18-group comparisons of
diffusion theory with transport theory range from approximately 0.5% for
the A1-5 wt% Pu cases to slightly more than 2% for the reflected nitrate
system. Dwived1(87) has made an analysis to determine the dependence of
calculated keff on energy and angular detail for the two nitrate systems
“shown in Table 30. He concludes that 10 energy groups and an S-8 order
approximation is sufficiently accurate for DTF-IV calculations. The effect
of going from S-4 to $-8 would be to decrease slightly (approximately

0.2% Ak/k) the calculated values presented in Table 30.

As stated previously Richey(48) made an extensive analysis of plutonium
homogeneous critical experiments. His results were all based upon an
18-group model and they showed similar trends when going from diffusion
theory to transport theory solutions. The trends observed when transport
theory is used rather than diffusion theory for the leakage calculations
(80) h

ey
observed differences of 3.4% in the calculated value of keff for the

are confirmed in a study performed by Neill and Prezbindowski.

A1-5 wt% Pu - 1.30 in. lattice. These results cast suspicion on the valid-
ity of the use of diffusion theory to calculate neutron leakage from these
assemblies.

Multitable Definitions. The transport theory calculations reported

above were made a few years ago with older versions of HRG. Transport
theory calculations were recently performed with DTF-IV for the 0.80 in.
Tattice of U0y-2 wtk Pu0, (8% 2*%u) using BNWML data. Values of k ..
with 4 and 10 energy groups using various definitions of multitable cross
sections for transport codes from HRG3 are presented in Table 31. Condi-
tions for the calculations are summarized at the bottom of Table 31. The
water cross sections correspond to the values used for the calculations in
the Tast part of Table 22. The group structure for 4 energy groups is the
same as the structure used in the HFN calculations. The 10—?roup structure
(Table -32) is the same as was used in previous calculations, 87)

to be detailed enough at that time. When WOIN = 1.0 in HRG3, only one table
of cross sections is punched and an isotropic calculation is done in DTF-IV.
When WOIN = 2.0 or 4.0, two tables of cross sections are punched for each

material. The latter set (WOIN = 4.0) represents the extended transport

and found
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}28 for 0.80 in.

Lattice of UO2 -2 wt% PuO (8%
Number of
Description* WOIN Groups eff
Isotropic 1 4 1.0015
Normal Transport 2 4 0.9969
Extended Transport 4 4 1.0021
Isotropic 1 10 1.0033
Normal Transport 2 10 1.0056
Extended Transport 4 10 1.0067

*BNWML Cross-Section Data

k(Buckling) = 0.09322 in HRG3

WCTP = 4.0 in HRG3
= 1074 in DTF-1v
54 Quadrature Set

New Water in the Reflector (See Table 22.)
50 Space Points in Fuel + 50 Space Points in Reflector

TABLE 32. Energy Boundaries for 10-Group Structure

Group #

Lower Energy, eV

1

O W 00 ~N O O B W N

—

.72
.87
74
.35
.98
.83
A7
.38
.683

X

X
X
X
X
X
X

100
10
10
10
10
10
10
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approximation which contains second moment weighted cross sections. The
cross sections for WOIN = 2.0 are basically the same as cross sections
punched with older versions of HRG. The main difference is in the defini-
tion of the self-scatter entry in the first table. The 4-group values of
keff with DTF-IV are all higher than the HFN values (ranging from 0.5% to
- 1.5%). Of the three 4-group values of keff’ the extended transport calcu-
Tation in DTF-IV is most sophisticated. This value is 1% larger than
obtained with HFN.

In going from 4 groups to 10 groups in DTF-IV, the calculated values
of keff increase for all values of WOIN. The normal and extended transport
calculations give values of keff within 1 mk of each other. The isotropic
calculation is only 2 to 3 mk lower. The sensitivity of keff to group
structure is much less pronounced than noted in the calculations presented

above.(87)

From all of the analyses of leakage presented in this report, it seems
reasonable to assume that the 10-group DTF-IV calculations with HRG3
punched cards for the extended multitable definition is an accurate calcu-
lation of the leakage from lattices of small critical systems such as these.

D. SUMMARY OF THE ERRORS AND/OR UNCERTAINTIES IN THE ANALYSIS

We have attempted to identify the sources of error in our theoretical
analysis of these critical assemblies. Many potential sources of error
have been shown to exist and estimates were made as to the magnitude of the
associated errors. For some sources such as manufacturing tolerances it is
perhaps more accurate to state the effects as uncertainties rather than '
errors because the variations are controlled and therefore are not expected
to act in the same direction. Therefore we have not associated any uncer-
tainty to our calculated values of keff which 1is ascribable to such
sources.

We view it reasonable to assume that there are two major sources of
error in our analysis and we attempt to correct for these in the following
sections. The first is that particle self shielding cannot be neglected
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for mixed oxide fuels. Second, a diffusion theory calculation overpredicts
the leakage as compared to a transport theory solution. Another source
which could be debated as to error or uncertainty is the use of BNWML cross
sections in lieu of ENDF/B-II cross sections. We choose to treat this as
an error simply because ENDF/B-II represents newer experimental data and
evaluations than the BNWML data.

It is obvious that we cannot provide an estimate of the uncertainty in
the calculated value of keff for each individual lattice studied because we
have not made a detailed analysis of all the individual effects for each
lattice. Taking the simplest approach we try to estimate the overall uncer-
tainty in our calculation of keff for each of the major fuel types studied
(namely plutonium only, uranium only and mixed oxide) by making extrapola-
tions from the limited amount of data that we do have.

Errors in Our Analysis. As mentioned, it is difficult to predict pre-

cisely the values of keff if we had used ENDF/B-II cross sections, and a
10-group transport theory solution of neutron leakage from each assembly.
Nevertheless, we estimate how the mean values presented in Table 9 would
change were these errors not incurred, and these are given in Table 33.
Included is a gross correction value for particle self shielding as pre-
sented in Table 11. The corrected calculated values of keff'a1] become

more discrepant with experiment except for the U nitrate systems. The plu-
tonium only systems have high values of keff’ and the UO2 and mixed oxide
systems have Tow values of keff' As noted in Table 33, we expect a signifi-
cant trend in keff with lattice pitch for these latter two systems.

Uncertainties in Our Analysis. Some of the sources of uncertainty

discussed in the previous subsection are present in the analysis for these
systems. We 1ist the estimate of the magnitude of uncertainties in Table 34
for certain areas of our calculation. We neglected including certain hard-
ware, such as lattice templates, in our calculations. We estimate this
results in an uncertainty of around 0.1 to 0.3% Ak/k. The slowing-down cal-
culation is an important source of uncertainty, particularly for the systems

238

containing large amounts of U. We assign a slightly higher uncertainty

for the mixed oxide lattices compared to UO2 lattices because of resonance
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TABLE 33. Estimated Corrections to the Analysis to Account for Errors

Gross Corrections (Ak/k,%)

“Mean Value : Corrected
of k ... (Table 9) Particle k
System eff Leakage Self Shielding ENDF/B-II eff
Al1-Pu 1.007 +1.5 0.0 +0.4 ~] .03
Pu Nitrate 1.013 +1.5 0.0 +0.4 1,03
UO2 1.000 +0.8 0.0 -1.8*% a0,99*
U Nitrate 0.995 +0.5 0.0 -0.2 ~1.00
U02-Pu02 0.995 +1.0 -0.3 -1.5% ~0.99*

* It is estimated that these lattices would have a significant discrepancy in keff
as a function of lattice pitch with the largest discrepancy appearing for the
tightest lattices (as illustrated in Table 14).

TABLE 34. Estimated Uncertainties in Qur Analyses

Magnitude of Uncertainty, (Ak/k,%)

Area Al1-Pu  Pu Nitrate ggz_ U Nitrate !QQ:BEQQ
Lattice Hardware, etc. 0.3 +0.2 +0.3 +0.1 +0.3
Slowing-Down Calculation +0.5 +0.5 0.8 +0.2 1.0
Thermalization Calculation 0.8 0.5 0.5 +0.3 0.8
Basic Cross Sections 0.6 0.6 0.8 0.4 1.0
Standard Deviation = #1.2 *0.95 1.3 +0.55 / 1.7
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overlap effects. The thermalization calculation represents an area of
uncertainty which has many individual sources. These are energy detail
(number of groups and what region should represent thermalization), boundary
description and anisotropy. We assign an uncertainty ranging from 0.3 to
0.8% to the collection of these depending on the system. Finally, the
degree of uncertainty in the experimental knowledge of basic cross sections
is still a significant source of uncertainty, as shown in Table 34. We
assign values ranging from 0.4 to 1.0% depending on the particular system.
Combining these uncertainties statistically, we obtain the standard devia-
tions shown in Table 34. The values are larger for the lattices than for
the homogeneous systems, as would be expected.

The following qualitative judgments can be made by comparing the
corrected values of keff in Table 33 with the standard deviations in
Table 34:

1. For the Al-Pu and Pu nitrate systems, if the uncertainties all
acted in the same direction (i.e., be of same sign) they would
not account for the magnitude of the discrepancies in calculated
Kefs'S-

2. For the UO2 and UOZ-PuO2 systems, the uncertainties would all
have to have the same sign to come close to accounting for
the magnitude of the discrepancies. It is doubtful that they
could account for it entirely at tight Tlattices.
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VI. SUMMARY OF OTHER CORRELATIONS

An important consideration when choosing a calculational scheme for
design purposes is that its range of applicability covers all conditions
which the design must meet. Therefore it is important to know the limits
within which the particular calculational scheme can be reliably applied.

We have already addressed ourselves to this problem with regard to the
parameter keff in terms of the range of enrichments, the range of bucklings,
and the range of hydrogen-to-plutonium ratios.

When evaluating the range of validity of a calculational scheme one
should also apply the scheme to other parameters which can be obtained from
various experiments. This is recommended because it is possible that a
fortuitous cancellation of errors results in good theory-experiment agree-
ment for one particular parameter and not for another. In this section we
address ourselves to this problem by considering additional information that
is available from several other studies.

A. CORRELATIONS OF k.,

Measurements and calculations of k_ have been made by Newman and

(50)

and core-reflector spectrum problems associated with small critical

Gordon. These experiments have the advantage of eliminating leakage

experiments.

The calculated value of k_ for a U02-2 wt% PuO2 water lattice is about
3% high. It was also found in their study that the thermal disadvantage
factor in mixed oxide, Tight-water moderated lattices is consistently over-
estimated by about 14% using the BRT-I code. This overestimation of the
thermal disadvantage factor has the effect of underestimating the thermal
utilization by 2% to 6%.

The discrepancy between the calculated and measured thermal utiliza-
tion increases with boron concentration in the water moderator. There is
evidence that the flux depression around the 0.3 eV resonance of 239Pu

is overestimated in the thermalization calculation. The fission ratio

79



BNWL-1656

of 235 to 239 239

Pu and the spectrum average value of eta, n, for Pu are
both overestimated in the calculation. Calculational errors in n and f
tend to cancel for lattices poisoned with boron in the water to koo of
unity. Calculational errors in 1 and f for unpoisoned lattices only

partially compensate.

The conclusion was reached that there appears to be a basic discrepancy
in the space and energy-dependent thermal neutron spectrum as calculated
using the BRT-1 code. Nevertheless, the calculational scheme yields
"better" agreement in keff than 3% for the high leakage systems. This
correlation of k_ values makes any agreement between measured and calcu-
lated keff values for the clean critical lattices appear dubious.

28 28

B. CORRELATIONS OF p~"~ and &

A study has been made at Pacific Northwest Laboratory to evaluate

* *%
8% and s%8™ for 26 Tattices of UO,
rods in light-water moderator.(88) In mixed oxide rods there is a large

amount of 238 238U

theory-experiment correlations of p

U present and neutron capture and fission rates in
strongly influence the physics characteristics in these lattices. Thermal
neutron capture in 238U typically represents 5 to 15% of the total thermal
neutron captures in power reactors. However, the resonance neutron capture
rate in 238U represents most of the nonthermal neutron captures in these
lattices and is typically one to four times the thermal capture rate in

238U. An accurate knowledge of the capture rate in 238

U is also important
for predicting fuel economy since the obtainable fuel burnup is sensitive
to the initial conversion ratio which is defined as the number of neutrons

captured in 238U per neutron absorbed in 235U.

Detailed fine structure measurements within the fuel have not been
made in the plutonium enriched systems. One reason for this omission has
been the toxic nature of plutonium which dictates handling precautions that
increase the cost of such measurements by factors of five to ten and which

* ;28
*% 628

238

1/CdR-1 where CdR is the
Total fission rate in 238U/Tota] fission rate in

U cadmium ratio in the fuel rod.
235U
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require additional confining materials that in some cases increase the
experimental level of uncertainty. Other reasons have been the very small
supply and the high cost of highly purified plutonium isotopes for use in
studies of individual reaction rates. However, when it comes to testing

238U reaction rates,

the adequacy of calculational methods in predicting
we can rely upon the information that has been gathered along these lines
for UO2 lattices. g§8can use this information because there is essentially
the same amount of

UO2 lattices.

U in mixed oxide lattices as in slightly enriched

A group of 26 lattice experiments from four different laboratories,

235U enrichments, fuel rod diameters and lattice

covering a wide range of
pitches were chosen for this study. The results of this theory-experiment
28 and 628 for 26 lattices of UO2 rods indicate large dis-
crepancies between theory and experiment. Calculations in general yield

values of p28 higher than measured values, and values of 628 lower than

correlation of p

measured values. The net effect of overestimating p28 and underestimating
28
$

should result in a consistent underestimate of k_ and keff in the
absence of other errors. For a typical light-water reactor, one would
expect the error in calculated keff values to be of the order of 1% due
to the incorrect calculations of p28 and §28,

The incorrect calculation of p28 would also be expected to have an

effect on calculations of burnup. If one consistently overestimates p28,

238

which is the ratio of the epi-cadmium capture in U to the sub-cadmium

capture rate in 238

U, one should not expect to be able to calculate the
burnup accurately using these same calculational methods. Thus, this
study brings to light several additional inconsistencies in the calcula-
tional methods. These particular inconsistencies apply to the calculation

of mixed oxide lattices as well as to UO2 lattices.
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A search was made to determine if there is any systematic variation
in the discrepancy between calculated and measured temperature coefficients
as a function of the buckling or of some calculated cell parameter. The
only parameters for which there seems to be any systematic variation of
the discrepancy are the thermal group parameters; the cell average values
of thermal s and VIg. Thus, there seems to be some evidence that the
discrepancies observed between calculated and measured temperature coeffi-
cients are related to the thermalization calculation. This tends to
support the conclusion reached in the k_ study that there appears to be
some basic discrepancy in the space and energy dependent thermal neutron

spectrum as calculated using the THERMOS method.
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VII. CONCLUSIONS AND RECOMMENDATIONS

The results of the analysis presented in this report have demonstrated
the importance of detail. Given only the summary of results presented in
Table 9, it could be concluded that the cross sections, theoretical methods
and analysis procedures are adequate and that sound technical bases and
design criteria could be established using these results. However, keff
is an integral parameter which is made up of many components. Subsequent
study of the underlying uncertainties in calculating these components
uncovers many potential sources of error. We have attempted to identify
what we think are the major errors/uncertainties and have provided an
estimate of the magnitude of these in our calculations. Our estimates of
the best calculated values of keff (i.e., the corrected values in Table 33)

show:

e For Al-Pu lattices, the calculated values are ~3% larger than
measured values.

e For UO2 and U02--Pu02 Tattices the calculated values are smaller

than measured values (1% or more).

We combined the uncertainties in a gross manner to assign a standard
deviation to the calculation of keff for the lattices considered. The
values arrived at were 1.2, #1.3 and #1.7% ak/k for the Al-Pu, UO2 and
UOZ—PuO2 fueled Tattices respectively (Table 34). The standard deviation
quoted for the Al-Pu lattices of +1.2% Ak/k is ~2% smaller than the dis-
crepancy noted (v3%). We used the uncertainty in cross sections quoted
) which perhaps is an underestimate. Concerning the

magnitude of the efforts expended in attempting to improve the basic

by the eva]uators(61

reactor physics technology, the size of the discrepancies is rather large.
However, the analysis of so-called simple systems such as clean-uniform
lattice criticals is not simple, but rather requires a complex analysis.

According to our analysis, the calculation of the neutron leakage is
of prime importance in correlating these lattices. The use of sophisticated
theoretical methods (transport theory) yields systematically larger values
of keff than the Tess exact methods such as diffusion theory.
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We assume, a priori, that transport theory is exact and conclude that
high Teakage lattices, such as analyzed in this study, require the utiliza-
tion of a one-dimensional transport theory code to calculate the leakage
properly.

In summary, the results of the theory-experiment correlation of
lattice criticals lead us to conclude that two principal areas of the
unit cell calculations are in error. These are: (1) the calculation of
238U, and (2) the cal-
culation of thermalization events in systems containing plutonium. The

resonance absorption events in systems containing

use of a more recent cross-section evaluation, ENDF/B-1I, yields calculated
values of keff which deviate more significantly from measured values than
when the BNWML values were used. The major effect comes from the different
238U data. The use of ENDF/B-II data results in
significant discrepancies between calculated and measured values of k
for UO

sign of the discrepancies, we conclude that the calculation of

values for nonthermal

eff
and UQ,-Pu0, fueled Tattices. On the basis of the magnitude and
2 2 2 238
U

resonance absorption is in error. The error could be due to the basic

cross sections for238

U, the processing to multigroup values, or the theo-
retical description of resonance absorption, or perhaps all of these.

The utilization of better cross-section data or more sophisticated theories
does not necessarily result in better agreement between calculation and

measurement.

The error in the calculation of thermalization events could be in
(1) the cross sections for 239Pu, (2) the scattering kernel for H20,

(3) the theory in THERMOS, or (4) perhaps all of these. Regarding the

239 239

Pu cross sections, either the 2200 m/sec value of n for Pu is too

large (currently, 2.1085),(6]) or the shape of the 239Pu cross sections
in the thermal energy region is wrong, or both. The scattering kernel

for HZO does not appear to be a sensitive parameter in calculating k

(80) eff’

The calculated values of keff are not much different when using the
Nelkin mode?{76) (as embodied in the GAKER code!®)) or the Haywood kernel

(as embodied in the ENDF/B system and the FLANGE code(94)). The use of
integral transport theory to calculate thermalization has, in our estimation,

(93)
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never been conclusively proven as being correct, and therefore could be
the cause of the error. A rigorous comparison between multigroup integral
and differential transport theory codes on a well defined thermalization
problem backed up by a continuous (space, energy, angular) Monte Carlo
solution would be very helpful to evaluating whether or not a problem
exists in THERMOS.

Relating the results of correlations of other parameters, given in
SectionVI, to the lattice critical correlations, supports the general
conclusions drawn from the latter. The correlation of measured and
calculated values of k_ for a UOZ'PUOZ'HZO unit cell shows discrepancies
which are due primarily to the thermal utilization calculation. The
correlations of experiments which test the accuracy of calculating
238U (p28

the conclusion of errors in the calculation of

, and burnup of Yankee-Rowe fuel) support
238

resonance absorption in
U resonance absorption
events. The correlations of power distributions and temperature coeffi-
cients indicate that the problem of accurately calculating these parameters
resides in the leakage calculation and the thermalization calculation.

The results of our analysis are disturbing when considering the needs
of the reactor designer. Exact theoretical methods and analysis procedures
demand substantial amounts of computer storage capacity and are usually
very costly. Therefore, the designer must rely on the development of
practical methods and utilize these methods knowledegably to make accurate
economic predictions while simultaneously making conservative safety pre-
dictions. Critical experiments, such as we have analyzed, have histori-
cally been used as a basis for normalizing design methods to bring cal-
culated and measured parameters into agreement. In most cases, either the
theoretical methods and/or the basic cross sections are changed to bring
about the agreement. Our analysis shows that a major problem is encoun-
tered in adequately calculating the leakage in critical experiments and
therein 1ies a potential pitfall.

The relationship between the correlation of critical experiments and
the design problem rests in the bundle design calculation. Being able to
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calculate criticals after adjustment of cross sections and/or unit cell
theory gives the designer confidence in his ability to accurately predict
bundle parameters such as k_, local power distribution, control worth, etc.
Since the bundle problem does not contain leakage, the solution eigenvalue
of this problem is the infinite multiplication value, k_, for the bundle.
The lattice critical problem contains leakage and its solution eigenvalue
is in the effective multiplication keff; where keff = k_/leakage. As a
result of the lattice critical correlations the design engineer might
adjust the calculation of k_ (through theory or cross sections in the unit
cell calculation) to compensate for errors in the calculation of Teakage
to normalize keff' Therefore he has compromised on his ability to calcu-
late the correct value of k_ for the bundle and is falsely confi ent of his
ability to predict bundle parameters accurately.

One of the many lessons we have learned in the course of these studies
is that calculating a large number of experiments is not a necessary and
sufficient condition to judging where errors lie in calculations. Rather,
a few well-determined cases are much more valuable. Ideally, a critical
experiment which includes measurement of: keff’ axial and radial flux and
power distributions, and fine structure parameters such thermal utiliza-
tion, resonance absorption rate, etc., provides the data needed to evaluate
all components of the calculation important in design analysis. We do how-
ever, realize the difficulties inherent in obtaining the ideal set of data.
Nevertheless, the test of adequacy of design methods must include experi-
ments which test the various parts of the calculation of keff'

We offer the following as fruitful areas for further investigation.
First, there are those questions on the cross sections and methods used
in cell spectra calculations which must be resolved prior to performing
an extensive number of calculations of keff for the critical assemblies.
Secondly, the calculation of keff means coming to grips with the problem
of calculating the neutron Teakage accurately. We briefly outline below
the subsets of each of these areas which we feel would warrant further
study.
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A. CROSS SECTIONS

The expected uncertainty in keff due to experimental uncertainties in
the cross sections is significant. For UO2 lattices this uncertainty in
keff ranges from about +1.5% for tight Tattices to about +0.5% for loose
lattices. For Al1-Pu lattices the uncertainty in keff is about +1%. For
the U02-Pu02 lattices the uncertainty in keff ranges from about +2% for
tight lattices to about *1% for loose lattices. Thus, if the theoretical
methods and analytical procedures used in a calculation were "exact,"
these uncertainties are estimates of how accurately one can Tegitimately

expect to be able to calculate keff‘

The cross sections making the largest contribution to the uncertainty
in keff 238U, and 239 238U is present
in such high concentrations, it would be desirable to know the background
(floor) cross section data, as well as the resonance parameters, more

are the nonthermal data for Pu. Since

precisely than they are known at present. Attention should be given to the
processing of the ENDF/B file to produce the multigroup values required by
slowing down codes to insure that this is being done correctly. The ther-

239Pu should be reevaluated (and perhaps remeasured)

mal cross sections for
to determine if the small experimental errors quoted for the integral mea-

surements are not biasing the evaluation.

B. CELL METHODS

Exact theoretical methods and analysis procedures generally are not
used in reactor design because they would demand an excessive amount of
computer storage capacity and running time. In practice, various assump-
tions and approximations are made to simplify the calculation of cell-
average parameters, and this should be expected to result in a bias in
the calculated results. When designing reactor cores, it is important to
estimate the net bias that one would expect from the particular assumptions
and approximations that he has made in his cell methods. However, the
scope of this paper has not included an evaluation of the effect of every
assumption and approximation on the calculated result for every lattice.
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Rather, the purpose of the studies presented in Section V has been to
illustrate the importance of various assumptions and approximations for
a few selected lattices.

Some of the important assumptions which result in a bias in our
results are neglecting resonance overlap effects, fast fission effects,
streaming, the grain size of PuO2 particles, assuming a reflecting bound-
ary condition in BRT-I, and a thermal energy group upper boundary of

0.683 eV instead of an energy above the 1.056 eV resonance of 240Pu.

It
may not be necessary for the reactor designer to include all of these

items in his calculation; however, they all need to be evaluated so that
the designer can apply a correction to his calculated results to account

for the neglected items.

C. LEAKAGE CALCULATION

In our base analysis we used a one-dimensional, four energy group,
diffusion theory calculation to predict the leakage. Increasing the
number of energy groups to 18 has a small effect (~0.5% Ak/k). A two-
region reactor model yields values of keff which are somewhat lower than
a three-region model. The use of transport theory in lieu of diffusion
theory changes (increases) the calculated values of keff significantly.

Historically, critical experiment correlations have been used to
evaluate either cross sections or cell methods or both. The problem of
calculating the leakage, although it has been pointed out as a problem
area, has usually been ignored. That is, it has been assumed generally
that the leakage can be predicted adequately by a zero or one dimensional
diffusion theory calculation. It is our opinion that a detailed analysis
must be made of the leakage from these small assemblies if one is to
have confidence in the use of these lattices as benchmarks for testing
design methods. On the basis of our analysis it appear that diffusion
theory is definitely questionable as is the use of a two-region assembly
model (a homogeneous core and a reflector). In the absence of proof, we
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conclude that a higher order calculation (perhaps even Monte Carlo) is
necessary to assure a proper calculation of the leakage. We recommend
that a study be conducted to prove conclusively, what theory(ies) and

reactor model(s) are adequate to accurately calculate the leakage from
critical assemblies (+.2% Ak/k).
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APPENDIX A

DESCRIPTION OF THE CROSS SECTIONS,
THEORETICAL METHODS AND ANALYSIS PROCEDURES

The theoretical methods that we have used for this analysis are based
upon a combination of transport and diffusion theory methods. Transport
theory methods are used for performing unit cell spectrum calculations.
Diffusion theory is used for performing reactor neutron balance calculations
to obtain multiplication values. In some instances, transport theory is
also used for the latter type calculation to evaluate the differences
between diffusion theory and transport theory solutions. The source of the
basic cross sections is the Battelle-Northwest Master Library, BNWML.(3)
These cross sections are, with some exceptions, nearly identical to those
contained in version I of ENDF/B.(4)

more important cross-section values and a brief description of each of the

The following is a summary of the

codes used.

A. CROSS SECTIONS

The BNWML (its genesis is the R. B. U. Basic Library)(]’z) is a com-

pilation of isotopic partial cross sections represented as-poin% values
63)
W

developed to read and interpret this basic file and provide cross-section

covering the energy range from zero to 10 MeV. A computer code as
values at specific energy points or group averages using the appropriate
flux weighting. The cell codes described below derive their multigroup
libraries from the BNWML by this means. The most important cross sections
in these calculations are summarized in Tables A-1 and A-2.

1. Resonance Cross Sections

Age measurements have been used extensively to assist in determining
the adequacy of the cross sections for the common moderating materials.
Using the cross sections on the BNWML for hydrogen and oxygen we calculated
the age from a fission source to indium resonance of neutrons in HZO' The
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calculated value is compared to what we consider the best measured value in
Table A-1. As shown, the agreement is excellent between the calculated
value and the experimental value.

TABLE A-1. Summary of Resonance Cross Sections

Measured Value and

Reference Calculated
Quantity Value Reference  from BNWML
1. Age to Indium Resonance 26.5 + 0.3 65 26.5
in H20 (cm2)
2. Resonance Integrals, Il
(107 to 0.5 eV) (barns)
a. U-235 Iooc 150 = 6 95 140
I°°f 292+ 11, 276+ 11 95,96 280
a 0.514 + 0.016 95 0.500
b. U-238 Iooc 286 + 8 96 269
c. Pu-239 Iooc -- 177
Ioof 326 +22, 301+£10 96,97 312
o -- 0.567
d. Pu-240 Iooa 8370 + 380 98 8467
e. Pu-241 Iwc -- 164
Ioof 581 £33, 524+ 16 96,99 517
a -- 0.317
f. Pu-242 Iooa 1280 + 60 100 1112
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TABLE A-2. Summary of Thermal Cross Sections
2200 m/s Value
Isotope from BNWML, b
1.
a. Hydrogen 0.332
b. Boron 759.0
c¢. Nitrogen 1.88
d. Aluminum 0.235
e. Nickel 4.6
f. Zirconium 0.188
g. Stainless Steel 2.87
h. U-235 o, 679.9
O¢ 579.5
2.071
i. U-238 o 2.72
Jj. Pu-239 g, 1008.1
o 742 .4
2.114
k. Pu-240 o 281.1
1. Pu-241 9, 1391
O¢ 1009
2.154
m. Pu-242 0. 20.01
2. g Values
for 20.44°C
a. U-235 9, 0.97696
9¢ 0.97595
b. Pu-239 95 1.0787
9¢ 1.0550
c. Pu-241 9, 1.0463
¢ 1.0456
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Measured values of the infinite dilution resonance integral have also
played a useful role in evaluating cross sections. In Part 2 of Table A-1
we show how the values calculated from the BNWML compare with some of the
measured values. For some of the isotopes wide variations exist in mea-
sured values; hence, it is difficult to quote a best value. With the
238U and 242Pu all of the calculated values are within the

standard deviation shown for at least one of the measured values. The
242

exception of
departure in values for Pu is not significant for the critical assembly
238U the difference
between the measured and calculated infinitely dilute resonance integrals

is significant in terms of the impact on the critical assembly correlations.
The calculated value of 269 barns using the cross sections from the BNWML

is very nearly the value of 279.7 barns quoted for the ENDF/B-I cross
sections.(40)

calculations presented in this paper. However, for

2. Thermal Cross Sections

The thermal cross sections for the fissile nuclides from the BNWML
were normalized at 2200 m/s to the parameters recommended in the 1965 IAEA
(33) The 2200 m/s absorption cross sections for the other mate-
rials of importance in our calculations were our best estimate values.
These values are all shown in Table A-2.

evaluation.

The variation of the fissile nuclide cross sections with energy in the
thermal region is also of importance.(57) The shapes of these BNWML cross
sections give the g values at 20.44°C shown in Section 2 of Table A-2
for 235U, 239Pu and 24]Pu.

B. CELL METHODS

The neutron distributions in space and energy within a unit lattice
cell are computed using the multigroup transport theory codes HRG3,(8)
Battelle-Revised THERMOS (BRT-1),7) EGeNIT(10") and erantT.(102) 1he
spectrum-averaged multigroup cross sections are then collapsed to broad
group values for subsequent use in the reactor calculations. The bulk of

A.4
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the calculations were made using HRG3 and BRT-I. The EGGNIT and GRANIT
codes were used only for evaluating the effect of neutron self shielding
due to particulate mixed oxide fuels.

1. The Thermalizatijon Calculation

The computer code BRT-I is based on the original THERMOS(S) code, but
contains certain revisions made at the Pacific Northwest Laboratory over
the years.

The BRT-I code solves the integral transport equation in one dimension
using a multigroup cross section library which was derived from the BNWML.
The code was used in this analysis to compute the thermal neutron distri-
bution in space and energy in a cylindrical geometry unit cell composed of
three regions: fuel, clad and associated moderator.

Twenty space points describe this unit cell with seven being allocated
to the fuel, three to the clad, and ten to the moderator. The thermaliza-
tion region is assumed to be from 0.0 to 0.683 eV. Thirty energy groups
were used to describe the jsotopic cross sections for this energy region.
Reflecting boundary conditions were used in the calculations reported here.

In BRT-I the calculation of the thermal diffusion coefficient is based
on the neutron current. An approximate method for correcting the scat-
tering kernel to account for anisotropic scattering is available for all
materials used in the cell calculation. This method involves altering the
diagonal elements of the scattering kernel so that the sum of the matrix at
each initial energy added to the absorption cross section yields the trans-
port cross section at each energy. The scattering kernel that was used for

J(76)

H20 is based upon the Nelkin mode and was calculated using the GAKER

(5) The Brown-St. John(75) model is used for calculating scatter

code.
transfer from all other materials. The computed space- and energy-dependent
flux and current solutions are used to average the multigroup cross sections
to derive one thermal group flux/current weighted and volume weighted con-

stants for the homogenized ceill.
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2. The Slowing-Down Calculation

The computer code HRG3 is used for calculating the fast and epithermal
neutron spectrum in a homogenized system by solving the time independent
Boltzmann equation with isotropic sources using either the P] or B] approxi-
mation. The energy range from 0.414 eV to 10 MeV is covered in 68 groups,
each group one-fourth of a lethargy unit wide. With this calculated spec-
trum, the code forms broad group averages of parameters for use in spatial
multigroup calculations. HRG3 is the latest of a series of versions which
have evolved at Battelle-Northwest from GAM-].(G) It still retains the
basic characteristics of its predecessor.

For the calculations reported here the B1 approximation was used with
the measured geometrical buck]ing,Bg, as the leakage factor. The fission

239

spectrum for Pu was used in all plutonium fueled Tattices. For those

lattices containing only uranium fuel, the 235

U fission spectrum was used.
The effect of heterogeneity in the resonance region, that is, the shadowing
caused by neighboring rods in the lattice, is accounted for using the
method described by Car]vik.(]03)

The resonance integral is calculated by a modification(]04) of the

method of Adler, Hinman and Nordheim.(]OS) This includes an intermediate
resonance approximation for both the resonance absorber and an admixed

(106) and the cross sections for resonances can be allocated to

moderator,
more than one fine group. An approximate correction to account for upscat-

tering by hydrogen in water 72 is included in the calculation.

The intermediate resonance approximation, resonance allocation and
correction for upscattering in water are improvements to the slowing-down
calculation that have been made since earlier reported corre]ations.(30-34)
The effects of these modifications in HRG3 on the calculation of keff is
illustrated in Appendix C. In HRG3 there are two ways in which the trans-
port cross section is calculated. These are referred to as the "standard"
and "consistent" definitions. The latter definition was used in our

analysis.
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3. Calculation of the Reactivity Effect of PuQ, Particles

The reactivity effect of the finite PuO2 particles in the mixed oxide
fuels was evaluated using the codes GRANIT and EGGNIT. These codes permit
one to calculate the self-shielding within finite absorber grains embedded
in a matrix of diluent material.

The GRANIT code is an extended version of THERMOS. It computes the
position-dependent thermal neutron spectrum in a heterogeneous unit cell in
which finite absorber grains (PuO2 in our case) are imbedded in the fuel
rod. The granular region is handled by extending the normal region-to-
region collision probabilities, using an extension of the approximate

method of Lane, Nordheim and Sampson,(]os)

to explicitly include particle
and diluent interactions.

The EGGNIT code is a major revision of the GAMTEC-II code.(]og)

the slowing down segment of the EGGNIT code was used in this study since

Only

the GRANIT code was used for the thermalization calculation. An iteration
technique is incorporated in the slowing down segment of EGGNIT which

extends Nordheim's numerical integration method(]]o)

to multiregion situ-
ations. A collision probability routine allows one to treat the problem of
finite absorber grains embedded in a matrix of diluent material. The
GRANIT and EGGNIT codes were run using the same cell conditions used in the

BRT-I and HRG3 calculations as explained in Parts 1 and 2 of this subsection.

C. REACTOR METHODS

In most cases the solution of the reactor neutron balance equation was
obtained using the HFN(g)
ate the effects of neglecting anisotropy, a few solutions were obtained
using the one-dimensional transport theory code DTF—IV.(86)

one-dimensional diffusion theory code. To evalu-

The reactor model assumed for all of the critical assembly calculations
is a simple two-region reactor consisting of a homogeneous core and a water
reflector. A one-dimensional description of this model in the radial direc-
tion is used in calculating the neutron leakage and associated value of keff
for the assembly. The radial neutron distribution in each broad group is
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determined exactly whereas the axial neutron distribution is approximated

by using a monoenergetic transverse buckling, Bg

, in both the core and
reflector regions. The transverse buckling is determined in each case from
the physical height of the fuel, H, and measured reflector savings, A, by
the relationship:

2

B,° - w2/ (H + 20)2

1. Diffusion Theory Calculations

The HFN code solves the homogeneous or non-homogeneous, multigroup
diffusion theory equation in one space dimension for its lowest eigenvalue
and the corresponding direct and/or adjoint vectors, in both multiplying
and the non-multiplying systems. The code allows a maximum of 20 energy
groups and 50 homogeneous regions. Provision to account for neutron leak-
age in directions transverse to the single coordinate being considered are
included in the code.

The HFN code was run to obtain the direct flux solution and correspond-
ing eigenvalue for a multigroup system. The mesh utilized was 50 points in
the core and 50 points in the reflector. Thus, the mesh spacing in the
core and reflector regions were dependent on the radius of the core. The
convergence criteria used for the flux and eigenvalue solutions in HFN were

107% and 1077 respectively.

2. Transport Theory Calculations

The DTF-IV code computes the neutron flux distribution as a discrete
ordinates solution of the Boltzmann transport equation. The multigroup
form of the transport equation with anisotropic scattering is solved in one-
dimensional plane, cylindrical, or spherical geometry. The quadrature
order and the order of anisotropic scattering are input variables which are
left up to the user to select. The code allows a large number of energy
groups and space points. Neutron leakage in directions perpendicular to
the flux solution are accounted for by a 082 leakage term.
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The transport theory calculations made with DTF-IV are analogous to
the diffusion theory calculations made with HFN. The DTF-IV code was run
in cylindrical geometry with various numbers of energy groups and quadra-
ture orders. First order anisotropic scattering cross sections were used
in all cases. A total of 100 mesh points were used with 50 mesh points
used in the core and 50 mesh points in the reflector. A convergence cri-
teria of 10-4 was used for both the eigenvalue and flux solutions.

D. MOCKUP OF THE CRITICAL ASSEMBLY

As mentioned above, the two region cylindrical reactor consisting of
a homogeneous core and an HZO reflector is equivalent to the fully inun-
dated heterogeneous assembly. The analysis proceeds with the calculation
of lattice constants for the homogeneous core and the reflector. The deri-
vation of broad group parameters for the core was described above. Reflec-
tor cross sections were averaged over a neutron spectrum calculated for
fission neutrons slowing down and thermalizing in an infinite medium of
water. The non-thermal cross sections for water are obtained from the HRG3

code calculations assuming the P] approximation, no leakage, and a 239Pu

235

fission spectrum for plutonium fueled cores and a U fission spectrum for

uranium fueled cores.

Parameters for the refiector and homogenized core are obtained for
four broad energy groups for use in the reactor calculation to obtain
values of the multiplication factor keff' The energy boundaries for these
four broad groups are given in Table A-3. The core is assumed to be a
right circular cylinder whose radius RC is determined from the measured
critical number of rods,Nc, by conserving volume. The relationship is:

R 2

c ° NCA

where A is the area of a unit cell.
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Thus for a square pitch lattice the critical radius is:

and for a triangular pitch lattice it is:

NC/§
c 2 2n

where 2 is the lattice pitch.

TABLE A-3. Boundaries of Neutron Energy Groups

Group Energies
1 10 MeV - 11.7 keV
2 11.7 keV - 2.38 eV
3 2.38 eV - 0.683 eV
4 0.683 eV - 0.0 ev
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APPENDIX B

241 241

ACCOUNTING FOR THE EFFECT OF Pu DECAY TO Am

The 24]Pu isotope decays with a half-1ife of approximately 14.5 years,(6])

resulting in a gradual depletion of fissile plutonium and a corresponding
buildup of 24]Am. The calculations mentioned above have taken into account
this changing isotopic composition as a function of time (except for the
Saxton criticals for which the necessary information was not available).
241 241
The Pu and

experiment on the basis of some recent measurements(

Am concentrations have been calculated for each individual
49) of the 241

tent in some of these fuels, as well as on the basis of earlier isotopic
241

Am con-

Am
Pu originally in

measurements. For some of the fuel materials no measurements of the
content have been made. In these cases the amount of 241
the plutonium was relatively small.

241

In some cases the amount of Pu originally contained in the pluto-

nium was quite small, and in these cases, of course, neglecting the build-

241

up of Am since the time of chemical separation of the plutonium will not

result in significant errors in reactivity calculations. However, for some

24]Pu in the plutonium is significant. For

of the fuels the amount of
experiments reported in this paper the reduction in the calculated reactiv-
ity as a result of the presence of 24]Am, ranges from about 0.1 to 0.7% Ak/k.
Therefore, if one wishes to perform accurate calculations of these critical
experiments to evaluate calculational methods, one needs to take into

account the exact amount of 24]Am for any given experiment.(]]])
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APPENDIX C

EFFECTS OF CERTAIN IMPROVEMENTS MADE IN
THE THEORY OF THE SLOWING DOWN CALCULATION

Many improvements recently made in theory of neutron slowing down have
been incorporated into the HRG3 code. Of these three of the more signifi-
cant in terms of their effect on the calculated values of keff for the
lattices as examined in this paper are discussed here.

Two improvements are in the resonance absorption calculation. The
first involves the allocation of the resonance absorption contribution of
an individual resonance to an energy group.(104) Before this, HRG3 fol-
lowed the GAM procedure of assigning the entire contribution of a resonance
to the fine group in which the peak of the resonance occurred. The revi-
sion incorporated a criterion which was developed for allocating the con-
tribution of a resonance among several fine groups, on the basis of the
parameters of the cell problem and of the individual resonance. The most
significant effect of this revision is on the high peak, broad capture
238 and at 1.056 eV in 2*Opu. The
result of the revision is to increase the capture probability in the reso-

resonances, such as those at 6.67 eV in

nance. In the previous method, the concentration of the contribution in a
single fine group led to an excessive flux depression in that group and an
excessive reduction in reaction rate. By spreading the contribution over
several groups, the flux depression is reduced and the reaction rate
increases. Said another way, if the contribution of a resonance is concen-
trated in a single group, that resonance appears narrow in the slowing down
calculation and thus there is a large probability that a neutron is scat-
tered past the resonance. If, on the other hand, the same contribution is
spread over several fine groups, the resonance appears broad in the slowing
down calculation and the probability that a neutron is scattered past the
resonance without capture is reduced.
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The second change in the resonance treatment involved the evaluation
of the contribution of the resonance to the capture rate. By the previous
procedure, each resonance was classified as either narrow or broad with
respect to the maximum energy loss of a neutron in a scattering collision
with an atom of the resonance absorber, and its contribution to the capture
rate was determined as arising from one or the other of these two limiting
cases. In either case, the resonance was assumed narrow relative to the
maximum energy loss of a neutron in a scattering collision with an atom of
an admixed moderator. The consequence of this latter assumption was that
the neutron flux used in determining the scattering into the resonance by
an admixed moderator did not reflect any depression due to the presence of
the absorber. In the revised procedure, an intermediate resonance approxi-
mation(]06) was used for both the resonance absorber and the admixed mod-
erator. The practical effect of the intermediate resonance approximation
on the absorber itself is small, because the assumption that the strongly
absorbing resonances are broad is very good. On the other hand, the inter-
mediate resonance approximation significantly influences the scattering by
an admixed moderator into these same strong, broad resonances. Much of
this admixed moderator scattering actually occurs at energies at which the
flux is depressed by the effect of the absorber. The revised calculation
of this scattering is therefore less than the preceding calculation, result-
ing in a Tower reaction rate than before. The two changes in the resonance
calculation thus produce reactivity effects in the opposite directions.

The third change is a correction for upscattering by hydrogen in

(

equivalent to assuming that, once a neutron has been slowed down past an

water. 79) The neglect of upscattering in slowing down calculations is
energy, it no longer can participate in reactions at this energy or any
higher energies. If upscattering can occur, then the same neutron can trav-
erse the same energy range more than once, and an increased rate of absorp-
tion should result. At the lower energies of the slowing down range,
upscattering, particularly by lighter atoms, becomes important. This is
particularly true if there is a strong absorbing resonance present, as the

one at 1.056 eV in 240Pu. However, inclusion of upscattering seriously

c.2



BNWL-1656

complicates the calculation of a slowing down spectrum if appreciable
numbers of transfers to higher energy groups occur, for then an iterative
procedure rather than a single pass through the energy mesh is required.
Cady et a1.(107)
which conveniently bypasses the complication of an iterative procedure.

proposed a model for upscattering of hydrogen in water

They assumed that the magnitude of the upscattering of hydrogen in water at
these Tower epithermal energies can be calculated by considering hydrogen
is an ideal mass 1 gas, but at an elevated temperature. They neglect the
energy change of this upscattering, however. Corrections based on this
model have been included in HRG3 by revision of the cross sections for
water in the lower energy groups.

The reactivity effects of these three improvements to HRG3 for
selected critical experiment lattices are listed inTable C-1. The reactiv-
ity effect of the improved resonance allocation is seen to be important in

those cases where significant amounts of 238

U are present. For the Al-Pu
lattices that are illustrated, in which no uranium is present, the reac-
tivity effect of the improved resonance allocation is seen to be quite
small. Also, within any series of experiments with the same fuel rods, the

‘reactivity effect is largest for the tightest Tattice pitch and decreases

in absolute magnitude with increasing lattice pitch.

The reactivity effect of the intermediate resonance approximation rela-
tive to the narrow resonance approximation is seen to be largest for the
case of the oxide fuels. In these cases the intermediate resonance approxi-
mation significantly influences the scattering by oxygen into the strong,

238U. For the A1-Pu lattices in which the
238

broad resonances, mainly of
admixed moderator is aluminum, and where again there is no U present,
the reactivity effect of introducing the intermediate resonance approxima-

tion is rather small.

The reactivity effect of accounting for upscattering in hydrogen in
water is seen to be most important in those lattice which have plutonium in
240Pu there is in the fuel the
more important the effect is. In the case of the uranium oxide criticals

the fuel. Also, it is clear that the more
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the effect of accounting for scattering in water is seen to be very small.

240

It is mainly the presence of the Pu resonance at 1.056 eV which accounts

for the reactivity effect in this case for the plutonium-bearing lattices.

It is interesting to note, by including all of these a cancellation of
effects results. Neglecting any one of these improvements to the slowing
down theory can clearly lead to errors in calculated multiplication factors.
As was mentioned above, all of these effects are included in the calcula-
tions reported in this paper.
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Lattice
Spacing

COOOOO

—

in.

.405
.435
.470
.573
.615
.665

.85
.35

.85

.800
.143
.386

.800
.143
. 386

TABLE C-1.

NH
Nf1ss

113
151
200
363
439
537

384
722
1242

156

185
541
868

213
620
996

Reactivity Effects of Some HRG3 Improvements

Ak/k x 1073
Resonance Intermediate H20
Allocation Resonance Upscattering
v0,_(2.734% **0) 0.3 in. rods
-7.70 8.60 -0.41
-5.16 7.41 -0.38
-3.46 6.33 -0.33
-1.19 4.25 -0.31
-0.84 3.68 -0.24
-0.61 3.21 -0.09
A1-5 wts Pu (5% 2%%y) 0.5 in. rods
-0.53 0.43 -2.68
-0.12 0.25 -1.74
-0.02 0.17 -1.17
9 o 240 .

992-4 wt% Pu0, (18% Pu) 0.5 in. rods
-4.69 8.21 -5.98

U0.,-2 wts Pu0, (8% 2*%pu) 0.5 in. rods

_2 (] 2 (] . .
-5.79 7.87 -4.35
-1.09 3.61 -2.31
-0.59 2.46 -1.50

9 240 .

QQZ-Z wt% Pu0, (24% Pu) 0.5 in. rods
-7.17 9.79 -6.72
0.00 4.49 -3.57
0.42 3.056 -2.50
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