ORNL/TM-2001/262

MANAGED BY UT-BATTELLE
FOR THE DEPARTMENT OF ENERGY

Investigations and
Recommendations on the
Use of Existing Experiments
in Criticality Safety Analysis
of Nuclear Fuel Cycle Facilities
for Weapons-Grade Plutonium

B. T. Rearden
K. R. Elam

UT-BATTELLE

ORNL-27 (4-00)




DOCUMENT AVAILABILITY

Reports produced after January 1, 1996, are generally available
free via the U.S. Department of Energy (DOE) Information Bridge.

Web site|http://www.osti.gov/bridge

Reports produced before January 1, 1996, may be purchased
by members of the public from the following source.

National Technical Information Service

5285 Port Royal Road

Springfield, VA 22161

Telephone 703-605-6000 (1-800-553-6847)

TDD 703-487-4639

Fax 703-605-6900

E-mail linfo@ntis.fedworld.gov

Web site | http://www.ntis.gov/support/ordernowabout.htm

Reports are available to DOE employees, DOE contractors,
Energy Technology Data Exchange (ETDE) representatives, and
International Nuclear Information System (INIS)

representatives from the following source.

Office of Scientific and Technical Information
P.O. Box 62

Oak Ridge, TN 37831

Telephone 865-576-8401

Fax 865-576-5728

E-mail | reports@adonis.osti.gov

Web site| http://www.osti.gov/contact.htmi

This report was prepared as an account of work sponsored by

an agency of the United States government. Neither the

United States government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes
any legal liability or responsibility for the accuracy, completeness,
or usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial
product, process, or service by trade name, trademark,
manufacturer, or otherwise, does not necessarily constitute or
imply its endorsement, recommendation, or favoring by the
United States government or any agency thereof. The views and
opinions of authors expressed herein do not necessarily state or
reflect those of the United States government or any agency
thereof.



http://www.osti.gov/bridge
mailto:info@ntis.fedworld.gov
http://www.ntis.gov/support/ordernowabout.htm
mailto:reports@adonis.osti.gov
http://www.osti.gov/contact.html

ORNL/TM-2001/262

Nuclear Science and Technology Division (94)

Investigations and Recommendations on the Use of Existing
Experiments in Criticality Safety Analysis of Nuclear Fuel Cycle
Facilities for Weapons-Grade Plutonium

B. T. Rearden and K. R. Elam

Oak Ridge National Laboratory,
PO Box 2008,
Oak Ridge, TN 37831-6370

Date Published: June 2002

Prepared by the
OAK RIDGE NATIONAL LABORATORY
Oak Ridge, Tennessee 37831
managed and operated by
UT-Battelle, LLC
for the
U.S. DEPARTMENT OF ENERGY
under contract DE-AC05-000R22725


http://www.ornl.gov




CONTENTS

Page
LIST OF FIGURES.......oooieeeieeeeeeeeeeeeeeeeeeeeeee e e eeeeeeeeeeeeeeeeeeeeeaeaneeeeeneeeeeneeesennee Vi
LIST OF TABLES .....ooieieeeeeeeeeeeeeeeeeeee e e e e eeeeeeeeeeeeeeeeeeeeeeeeeanneeeeneeeeeneeeesns vii
ACKINOWLEDGMENTS ...ttt eeeeeeeeeeeeeeeeeeeeeeeeeeeeseeeeeeseeeeesneeesneeeesns ix
EXECUTIVE SUMMARY ....oviiiiieeeeeeeeeeeeeeeeeeeeeee e e eeeeeeeeeeeeeeeneeeeneeeeeseeeesneeeesas xi
1. INTRODUGCTION ....oooiieuiieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeneeeeeeeeeeseneeessneeeseneeesennee 1l
2. SENSITIVITY AND UNCERTAINTY BASED CRITICALITY VALIDATION
TECHNIQUES ... oottt ittt e et ettt et eetanseeansessnsessnsssnnsssanssssnsscssnseesnscssnsessnns 3
2.1.  SENSITIVITY THEORY ..ottt ettt eeteeetieeetisetanssesnnserenssesnnaesannss 3
2.2. SENSITIVITY-BASED INTEGRAL PARAMETERS ..ottt 5
2.3. UNCERTAINTY-BASED INTEGRAL PARAMETERS.......cccooviiiiiiiiiiiieeiiieeeinnnns 7
2.4. AREA OF APPLICABILITY USING INTEGRAL PARAMETER TECHNIQUES...9
2.5. SUMMARY OF S/U ANALYSIS TECHNIQUES.......cooovuiiiiiiiiiieiiieiiiieeiieeinnnnnes 10
3. PROTOTYPICAL SENSITIVITY AND UNCERTAINTY ANALYSIS CODES FOR
CRITICALITY SAFETY WITH THE SCALE CODE SYSTEM......coooovuviiiiiiiiieiiiieennnnns 13
B3.1. SENI1 SEQUENCE .......coouiiiiuiiiieiiiee ittt e ettt eetaeetsnssesanssssnssesnnsessnseessnseees 13
B3.2. SEN3 SEQUENCE .......coouiiiiuiiiiieiiiee ittt et etee et eetaeeeunseesanssssnssesnnsessnssessnneees 13
3.3. SENSITIVITY TO RESONANCE-SHIELDED MULTIGROUP
CROSS SECTIONS ...ttt ittt ettt ettt eetaaeesnsesanssesnssesnssesanssesnssessnssesnnans 14
B3.4. SENSITIVITY DATA ...ttt e etee et e e et e et eesnseetanssesnssesnnseesnsscees 14
3.5, CANDE ettt ettt e ettt aaeetanttannetannttannetannetannesnnnanan 14
4. SAMPLE DESIGN APPLICATIONS FOR THE MIXED-OXIDE FUEL FABRICATION
FACILITY ottt ettt ettt e et eeaasetanseesnsesansssansssnnsssnnssnnsscsnnsessnsssnnneeen 15
5. DEVELOPMENT OF CRITICAL EXPERIMENT DATABASE......cccocooeeveeveeeeeeen..... 19
5.1. PLUTONIUM SYSTEMS ...ttt eeeeeeeeeeeeeeeeeeeeeeeeneee 19
5.1.1. Plutonium Metal SYSLEIMS .....cvuuniiieniiiiiiiiiiiieiiieeianeeienneeinneeienseesnneeennseennnnes 19
5.1.2. Plutonium OXIAE SYSTEIMS. ....ciuuniiiuniieniiinnteieneiunnternneeenneernneersnseesnnsessnseesnnsns 21
5.2. MIXED PLUTONIUM AND URANIUM SYSTEMS ....coouvieitieeeeeeeeeeeeeeeen. 21
5.2.1. Mixed Plutonium and Uranium Solution SYStEMS .......ccuuviueniiiuniiunniiinneennnnes 21
5.2.2. Mixed Plutonium and Uranium Fuel Pin LattiCes........ccoovviuuviiiuiiinneiiinneinnnnes 22
5.2.3. Mixed Plutonium and Uranium Solid SYStEMS......ccuuviiuniiiuniiiiiiiiiiinneinnnnes 23
5.2.4. Mixed Plutonium and Uranium Metal SYStEM .....ccouuniiiuniiiinniiiiiiiiniiinneinnnnes 24
5.3. LOW-ENRICHED URANIUM OXIDE SYSTEMS ......ooovouiieieieeeeeeeeeeeeeeeeann 24
. RESULTS ...ttt eeeeeeeeeeeeeeeeeeeeeeeeeeeneneeeeeeeeneneesnnneeseneeeeeneeeeens 25
6.1. AOA 3 —PUO> POWDERS .......oootiiiiieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeaenees 25




CONTENTS (continued)

Page

PN Y N Y (0)€ 2107 0) 2 S T — 32
6.2.1. Nuclide-Reaction-Specific Analysis Of AOA 4-2.....ccovveeeveeeieeieeeeeeeeaaaaann... 45

6.2.2. Analysis of Mass Variations for AOA 4-4 .......coooiveuieeeeeeeeeeeeeeeeeeeeeeeaaaannnes 48

6.2.3. Identification of Additional Benchmarks for 25U .......oooeeeoeeoeeoerenna 53
AN (C B SR (0 T T T — 55
8. REFERENCES ......ooooioiiiieeeeeeeeeeeeeee e e e e e e e eeeeeeeeeeeeeeeeeeeenneeeeeeenneeeeeennseeeesennees 57
APPENDIX A — COMPLETENESS PARAMETER ........oooooiieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeaeenn 61
IAPPENDIX B — INTEGRAL VALUES ......ooooiiiieieeeeeeeeeeeeeeee e eeeeeaeeeeeeeeeeeeeeeeeeeeenens 65

v



LIST OF FIGURES

Figure Page
1. Energy-dependent-sensitivity profiles for %Py fission for AOA 4-2, Experiment 4 from

Table 5 of NSES55, and Experiment 1 from Table 4 of NSES55.....uiiiiiiiiiiiiiiieeciieeeeeiien

Energy-dependent-sensitivity profiles for 2Py fission for AOA 4-2 and AOA 44.............

3. Energy-dependent-sensitivity profiles for 3Py fission for varying mass cases of

AOA 4-4 and benchmark experiment PU-20-1..........coiiiiiiiiiiiiiiiiie e eeveiieeeeeennneaas 51
4. Energy-dependent-sensitivity profiles for U capture for varying mass cases of

AOA 4-4 and benchmark experiment PU-20-1..........coiiiiiiiieiiiiiie e eeveieeseeennneaas 52
5. Energy-dependent-sensitivity profiles for U capture for AOA 4-4, AOA 4-4-P§,

PU-29-1 and LEU-COMP-THERM-049-01......cccccccuiiiiiiiiiiiiiiiiiiiiiiieieeeeeeeeeee 54




Vi



LIST OF TABLES

Table Page
1. SUMMATY Of S/U PATAINELETS .....veueeueeureeereeueereeenseeueseseeseesseeneenneensesseesseennessesneesseesseenneenees 11
2. Proposed design application specification for AOA 3 (PuO, powders) of MFFF................. 17
B. Proposed design application specification for AOA 4 (MOX powders) of MFFF................ 18
4.  Summary description of benchmark EXPEriMENTS ........e.eereererreerueeerereeseesseensesseesseesneeseeas 20
5. Calculated characteristics of design systems fTom AOA 3....cc.eeoueereeeeeeeeeeereeeeeereseeneeennes 25
b. Experimental configurations with ¢ coefficients > 0.8 for AOA 3-1........ccccoevviiiiiiiinnnnnn. 127
|7. Experimental configurations with ¢ coefficients > 0.8 for AOA 3-2........cccceevviiiiiiiinnnnnn. 28]
l8. Experimental configurations with ¢ coefficients > 0.8 for AOA 3-3........ccceiviiiiiiiinnnnn. 3d
9. Calculated characteristics of design systems fTom AOA 4....c.eecueeeueeeueeeeeeeeeeeeeeeeeeseeneeennes 32
|10. Experimental configurations with ¢ coefficients > 0.8 for AOA 4-1........cccceeviiiiiiiiinnnnn. 34l
|1 1. Experimental configurations with ¢ coefficients > 0.8 for AOA 4-2........cccceevviiiiiiinnnnnnn. 3d
|12. Experimental configurations with ¢ coefficients > 0.8 for AOA 4-3........cccceovviiiiiiinnnnnn. 38]
|13. Experimental configurations with ¢ coefficients > 0.7 for AOA 4-4.........ccccovviiiiiiinnnnnn. 4d
|14. Experimental configurations with ¢ coefficients > 0.7 for AOA 4-4-P163............c..coe... 41|
|15. Experimental configurations with ¢ coefficients > 0.8 for AOA 4-4-P40...............c..ooee.. 42]
|16. Experimental configurations with ¢ coefficients > 0.8 for AOA 4-4-P8 ............cccceeenins 43|
17. Properties of systems considered for nuclide-reaction-specific analysis of AOA 4-2........... 45
18. Nuclide-reaction-specific-sensitivity data for AOA 4-2 with T(c) values

for benchmarks NSES55T4-01 and NSES5TS5-04 .....ooovvmiiiiiiiiieiieieeeeeeeeeeeeeeeeeeeeeeaeaaaanne 46

19.

Nuclide-reaction-specific-sensitivity data for the various masses analyzed for
AOA 4-4 with T(cy) values for benchmark PU-29-1............uuuviiiiiiiiiiiiiiiiiiiiiiiiiiiieiiiiieeeeeeens 50

Vil



LIST OF TABLES (continued)

Table Page
A.1. Completeness parameter (R) for each design system using the 318-benchmark-
EXPEIIIMICIIE SEE .. uuuutiituieeeteteeetesuneesusunsssessnsseseessnssssesnnssessssnsssssassnsssssssnsssssssnnsssssnnnssseennn 64
B.1 Tabulated ¢, values and calculated parameters for design systems and benchmark
EXPETIITICTIES ... eevuuntteeetteeetesaeeeeessneeseannssesessnnseseesnnssssesnnssessssnsssssasnnsssssssnssssssnnnsssssnnnssseennn 67
B.2 Tabulated Ej,, values and calculated parameters for design systems and benchmark
EXPETIITICTIES ... eeuuunttietti e eetesieeeeessneeseannsssseasnssesessnnssssssnnssessnsnnssssansnsssssssnssssssnnnsssssnnnsssennnn 79

Viil



ACKNOWLEDGMENTS

The authors acknowledge B. L. Broadhead, C. M. Hopper and C. V. Parks of the
Oak Ridge National Laboratory for providing guidance in the preparation of this report and for
carefully reviewing the draft manuscript. The authors are grateful to W. C. Carter for her
preparation of the final report.






EXECUTIVE SUMMARY

Sensitivity and uncertainty (S/U) methodologies under development at Oak Ridge
National Laboratory (ORNL) were applied to evaluate critical experiment applicability to a range
of Mixed Oxide Fuel Fabrication Facility (MFFF) design systems. Duke, Cogema, Stone and
Webster (DCS) provided ORNL with compositions and dimensions for critical systems used to
establish preliminary mass limits for facility powder and fuel pellet handling areas. Data for
seven distinct critical configurations were provided. Three of the design applications evaluated in
this report are PuO, powder systems and four are mixed-oxide (MOX) powder systems.

Using traditional criticality analysis validation techniques, a number of benchmark quality
critical experiments were identified by DCS as applicable to the seven design systems evaluated
in this report. These experiments were identified by DCS in a preliminary criticality code
validation document supplied to ORNL at the inception of this work. ORNL analyzed each of
these experimental configurations, along with a wide range of additional plutonium, uranium, and
mixed plutonium and uranium experiments using the sensitivity analysis sequence SEN3, which
will be included in the next release of the code system. This sensitivity data and cross-
section uncertainty data were then processed with the S/U analysis code to determine
the correlation of each application to each experiment in the benchmarking set. The criterion for
the applicability of an experiment for use in the criticality code validation of design systems is
established by the value of the correlation coefficient, ¢, of 0.8 or higher. This criterion is based
on the results of a previous stud As stated in this previous study, the criterion of 0.8 is
somewhat arbitrary and may be re-evaluated in future studies. For the current report, only the
S/U-based correlation coefficient, ci, is considered. Previous studies have demonstrated that the
use of sensitivity-only based integral parameters, Eqwm, may be inappropriate for systems
containing plutonium due to the anti-correlation of certain components of the cross-section data®

Of 318 benchmark experiments evaluated in this study, 91 were determined to satisfy the
criteria used to define applicability to PuO, powder systems. For the MOX powder design
systems evaluated, 67 of the 318 experiments were identified as applicable.  Of the
46 experiments identified as applicable to PuO, powder systems by preliminary DCS work using
traditional validation selection techniques, 38 were confirmed as applicable by S/U analysis.
Similarly, all 14 experiments identified by DCS as applicable to MOX powder design systems
were confirmed by S/U techniques to be applicable. One MOX powder design system appeared to
be outside the area of applicability of the selected benchmark experiments based on traditional
validation techniques. However, the S/U methods demonstrated that 54 of the 318 benchmark
experiments exceeded the applicability criterion for this design system.

Other msights provided by the S/U studies performed in this work include the inability to
cover the entire area of applicability of MOX design systems with the 318 experiments evaluated.
When evaluated separately using S/U techniques, none of the 318 experiments satisfied the
applicability criteria for a high-density (i.e., > 10 gm/cc) subset of MOX design applications.
However, as many as 20 experiments could be shown to satisfy a slightly relaxed acceptance
criteria and it was shown that the applicability measures were substantially improved as the MOX
powder mass was reduced from the critical condition for this design system subset. For example,

X1



46 benchmark experiments met the applicability criteria for the smallest reduced mass subcritical
system.

Upon further investigation of the critical configuration of the high-density MOX powder
application, it was determined that this system exhibits unique energy-dependent sensitivities in
the fast energy range for several important reactions including %Py fission and **U capture. It is
these particular reactions that are likely responsible for the lower correlation between the critical
experiments and the design application. For the reduced mass configurations, the energy-
dependent sensitivities in these reactions are similar to those of the benchmark experiments,
resulting in improved correlation.
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1. INTRODUCTION

Sensitivity and Uncertainty (S/U) methods, recently developed at Oak Ridge National
Laboratory (ORNL) have been demonstrated to determine the applicability of critical benchmark
experiments to the criticality code validation of design systems. Theethods, although still
under development, have been recently published in several sources22- Development of the
techniques used in this report was conducted through joint support from the United States
Department of Energy (U.S. DOE) and the Nuclear Regulatory Commission (NRC) to provide a
physics-based approach for the establishment of the area of applicability of critical experiments
per the requirements of ANSI/ANS-8.1."0  Use of these methods may allow users to interpolate
and extrapolate the traditional area of applicability (AOA) of a given set of critical experiments to
include new application areas that may not have been anticipated during the experiment design.

The new S/U analytical tools include the SEN1 and SEN3 sensitivity analysis sequences,
which will be available with the next relee of the Standardized Computer Analyses for
Licensing Evaluation (SCALE) code systern These analysis sequences compute the relative
change in the system neutron multiplication factor, k.; which would be observed for
perturbations in the group-wise neutron cross-section data for each reaction of each nuclide in the
system. The CANDE code uses sensitivity data determined separately for the design system
applications and the individual experiments, along with the cross-section-covariance data, to
calculate integral parameters which give a measure of the similarity between a particular design
system and an experimental benchmark. A high-valued integral parameter for an experiment-
application pair indicates that the experiment demonstrates similar properties to the application.
Thus, the experiment is applicable for the criticality code validation of the design system. A
theoretical basis for the S/U techniques applied in this report is given in

This report pertains to two of the five AOAs identified by the licensee [Duke, Cogema,
Stone and Webster (DCS)] for the validation of criticality codes in the design of the Mixed-Oxide
Fuel Fabrication Facility (MFFF). The five AOAs are as follows:

Pu-nitrate aqueous solutions (homogeneous systems),

Mixed-oxide (MOX) pellets, fuel rods and fuel assemblies (heterogeneous systems),
PuO; powders,

MOX powders, and

Aqueous solutions of Pu compounds (Pu-oxalate solutions).

NA Wb

This report addresses a S/U analysis pertaining to AOA 3, PuO, powders, and AOA 4,
MOX powders. AOA 3 and AOA 4 are the subject of this report since the other AOAs (solutions
and heterogeneous systems) appear to be well represented in the documented benchmark
experiments used in the criticality safety community. Prior to this work, DCS used traditional
criticality validation techniques to identify numerous experimental benchmarks that are applicable
to AOAs3 and 4. Traditional techniques for selection of applicable benchmark experiments
essentially consist of evaluating the area of applicability for important design parameters (e.g., Pu
content or average neutron energy) and ensuring experiments have similar characteristics that
bound or nearly bound the range of conditions requiring design analysis. DCS provided ORNL



with compositions and dimensions for critical systems used to establish preliminary mass limits
for facility powder and fuel pellet handling areas corresponding to AOAs 3 and 4.

ORNL has reviewed existing critical experiments to identify those, which, in addition to
those provided by DCS, may be applicable to the criticality code validation for AOAs 3 and 4. A
S/U analysis was then performed to calculate the integral parameters used to determine the
similarity of each critical experiment to each design system provided by DCS.

This report contains a review of the S/U theory, a description of the design systems, a
brief description of the critical experiments evaluated for applicability, and the results of the
S/U analysis determining the applicability of each experiment to each application.



2. SENSITIVITY AND UNCERTAINTY BASED CRITICALITY
VALIDATION TECHNIQUES

This section describes the development of S/U methods to gauge the similarity of systems.
A theoretical development of the calculation of the sensitivity coefficients and development of
sensitivity-only and S/U based integral parameters to quantitatively assess the similarity of
systems are given below. The development of the current limiting values to determine system
similarity is reviewed, and a summary of the S/U analysis parameters is presented.

2.1. SENSITIVITY THEORY

Sensitivity coefficients are defined physically such that they represent the percentage
effect on some response due to a percentage change in an input parameter. For fissionable
material systems, one of the appropriate responses is the system k. value, relative to input
parameters of interest (i.e., the nuclear reaction probabilities or cross sections). These sensitivity
coefficients are typically presented as “profiles,” where the change in k. due to cross sections is
given as a function of the energy of the cross section. These sensitivity profiles can be generated
for each material in the system and may include various nuclear reactions (e.g., scatter,
absorption, fission) as well as the neutron energy distribution from fission, ), and average number
of neutrons emitted per fission, V.

The techniques used in this work to generate sensitivity information are based on the
widely used adjoint-based perturbation theory approach. The full derivation of the general
procedure will not be given here; however, the specific theory for the generation of k.
sensitivities is given below. For the full derivation of the general sensitivity equations the reader

is referred to

Considering the Boltzmann transport equation written in the form:
[A-AB]¢=0, (1)

where A and B are loss and production operators, ¢ is the neutron flux, and A is 1/k.; and a
perturbed system

[A-AB]¢ =0, (2)
the equation adjoint to Eq. (1) is
[A=2B']¢ =0, (3)

where ¢ is the adjoint flux or importance function and A~ and B" are the adjoint operators
corresponding to A and B.



Mulitplying Eq. (2) by ¢, and integrating over all phase space yields

(¢ (A—AB)¢)=0. (4)
Defining:
A= A+ dA
" = B+ dB 5)
AN = A+dA

and using the property of adjointness for the operators A, A* and B, B*, it can be shown that
(¢ (dA— AdB—Bd A—d AdB)¢y = 0. (6)

Ignoring second-order terms (dAdB), substituting ¢~ with ¢, and solving for the inverse k.
perturbation yields

d A/ A =(¢'(dA—AdB)@)/($ (AB)@). (7)
Hence, the sensitivity of A, with respect to the reaction x cross section, 2, becomes

dA/A X (¢ (dA/dZ_-AdB/AZ )@
dx. /%, 2 (9" (B)9) '

®)

Note that since A = l/k.p, then dA/A = —dk.y /ke such that the above equation is essentially the

defining equation for the k.4 sensitivity, S., where

dky /ky  —dA /A
dx. /%, dT /%’

€))

x =

In practice, the dA and dB terms in Eq. (8) are simple functions of the scattering, capture,
and fission cross-section data. The evaluation of Eq. (8) then becomes an integration of the
forward and adjoint fluxes and the cross sections over the entire phase space.

Typically, the energy dependence of the cross-section data is represented by averaging the
S, quantities over an energy group i, represented as X . Insertion of these group quantities into

Eq. (9) yields the definition of a sensitivity “profile,” §, = (dkgﬁ /kgﬁ)/ (d X /X ), where i is

varied to obtain the sensitivity for all groups, which span the energy range of interest.



2.2. SENSITIVITY-BASED INTEGRAL PARAMETERS

The sensitivity profiles provide a great deal of information about the particular system,
because they predict the effect on k. for differential changes in each of the cross-section data
components. However, the amount of information is too large to be of general use. Some type of
automated method for representing these sensitivities is necessary to reduce the amount of
information to a few easily interpreted parameters. The development of a number of different
sensitivity-based integral parameters has been studied and reported in Refs.3, 5 and 6/ The
objective was to produce a single parameter that would quantify the similarities between two
systems, such that this single parameter could be used for determination of system similarity and
as a trending parameter to support interpolation and extrapolation.

An integral parameter to measure the similarity of systems based on the magnitude and
shape of the sensitivity profiles for two systems has been demonstrated to quantitatively measure
the applicability of one system for the validation of the otheX  These sensitivity-based
parameters, denoted as E, correspond to the summation of the product of the sensitivity
coefficients for two systems over energy groups and nuclides, normalized such that when
summed over nuclides and reactions, an E value of 0 indicates the systems are totally dissimilar,
and an E value of 1 indicates the two systems are precisely the same. The E values are defined as:

N g
E,= M ZSfaiijeij ’

j=1 =1
N 8
-1
Ec =M Z Zscaijsceij ’
j=1 =1
N 8

Es = M_IZ ZSsaiszgij ”

j=1 =1
where
N & 2N 8 2 }/2
M=E336.)E56.)]
x Uj=li=1 j=1 i=1

and S is the sensitivity of k.y for the design system application, a, or experimental configuration,
e, to the fission, capture and scattering cross sections (f, ¢ and s respectively) for energy group i
and nuclide j;

E,=E,+E.+E. (10)

Mathematically, an Ey,, value as low as —1 could be generated, but this would be the result of a
rare combination of system sensitivities. As with the case of an E value of 0, this would indicate



that the systems are dissimilar. Thus, two systems exhibiting comparable integral responses in k.
due to differential changes in the cross-section data, are considered to be similar.

The E,., parameter is considered “global” in nature, in that a single quantity identifies
similarity between two systems based only on the magnitude and shape of the sensitivity profiles
for fission, capture and scatter. It is also possible and sometimes desirable to produce analogous
values for each isotope-reaction pair, such that similarity information can be computed on a
differential level. For this purpose, an additional parameter dE is defined from the equations
above by omitting the nuclide and reaction summations in the numerator and the reaction
summation in the denominator. Thus, the dE value for reaction x of nuclide j between the
application a and the experiment e is defined as:

Z Sxaij Sxeij

dE , = =l . (11)

xeaj = [ i i ., )2izg: (S )zj)é

j=1i=1 j=1i=1

The dE values relate, on a system-to-system basis, the similarity of various nuclide-
reaction pairs. These values are normalized such that, when an application is compared to itself,
the sum over isotopes for a given reaction-type (i.e., capture, fission, scatter) is unity. This allows
for similarity determinations for that reaction among various isotopes.

With the dE parameter, a detailed analysis of the physics of the systems can be conducted.
The magnitudes of the dE values show the relative contribution to E for each nuclide with respect
to its capture, fission, or scattering reactions. In addition, since the normalization requires that the
sum over a given reaction will only be unity if the two systems are exactly the same, the sum over
the dE values for each reaction gives an additional indicator of the systems’ similarity. A method
of utilizing this information in a simple manner is to define a 7(E) value, which is the ratio of the
dE value relating the two systems to the dE value of the application system to itself. Thus, the
T(E) value relating application a to experiment e for reaction x of nuclide j is

dExea'
T(E)uy=— - (12)

xaaj

This T(E) quantity has a value less than unity if the nuclide/reaction pair is less important
in the benchmark experiment than the application. 7(E) is greater than or equal to unity if the
importance of the nuclide-reaction pair in the benchmark experiment is equal to or greater than
the importance in the application. Thus, the number of benchmark systems with 7" values near or
greater than unity is a good indicator of benchmark coverage for a given nuclide-reaction pair.
Interestingly, this test is appropriate even if the material is not an important material in the
application.



2.3. UNCERTAINTY-BASED INTEGRAL PARAMETERS

An alternative and complementary approach to exploring the similarity of systems based
solely on the use of sensitivity data is the use of uncertainty analyses. The procedure presented
here is the same as that developed in and is included here for the convenience of the reader.
This procedure involves the propagation of estimated cross-section uncertainty information to the
calculated k. value of a given system via the sensitivity coefficients. Mathematically, this is
accomplished by a quadratic product of the group-wise sensitivity profile vectors by isotope and
reaction type with the cross-section uncertainty matrices by nuclide and reaction type. The result
of this procedure is not only an estimate of the uncertainty in the system k.; due to cross sections,
but also an estimate of the correlated uncertainty between systems. These correlated uncertainties
can be represented by correlation coefficients, which represent the degree of correlation in the
uncertainties between the two systems. This parameter, denoted as cx, not only has the
desirability of a single quantity relating the two systems, but also measures the similarity of the
systems in terms of uncertainty, not just sensitivity. These correlation coefficients are particularly
useful when used in traditional trending analyses for criticality safety validation. When used as a
trending parameter in these analyses, the correlation coefficient should relate to the degree in
which the uncertainties in the critical benchmarks are coupled with the uncertainties in the
application of interest. This coupling with the common uncertainties in the various systems is
expected to closely mimic the coupling in predicted biases between the various systems, since
they should both be related to the cross-section uncertainties. The underlying assumption in this
approach is that the cross-section uncertainty data for all nuclides and reactions of interest are
tabulated and processed for use by these procedures. However, tabulated cross-section-
covariance data are not available for all nuclide-reaction pairs. Nuclide-reaction pairs without
tabulated data are omitted from this analysis, but it is assumed that the cross-section data values
from these pairs are well known, and thus, they present a negligible contribution to the
uncertainty-based analysis.

Two steps are required in the determination of the uncertainties in the calculated values of
the system multiplication factor: (1) the estimation/processing of uncertainties in the cross-
section data and (2) the propagation of those uncertainties to the system k. value. The techniques
for processing cross-section uncertainty data are well known'®and will not be discussed here.
It should be noted that covariance data in ENDF/B-V is limited to select isotopes. However,
those data that are available have been processed for use with these techniques.

Once uncertainty information for the cross sections for all nuclides and reaction processes
that are important to the systems become available for analysis, it is possible to estimate the
uncertainty in the calculated system multiplication factor due to these data uncertainties. Previous
investigations of the propagation of cross-section uncertainties to computed values for uranium
systems have demonstrated that the uncertainty in k. ranges from < 1% for well moderated

systems to nearly 2% for dry system



When the matrix of uncertainty information for all of the cross sections is denoted as Cyy,
and the sensitivity matrix relating changes in each constituent material and process to the system
ke 1s labeled as Sy, the uncertainty matrix for the system k.z values, Cy, is given as

Cy= SkcaaSZ’ (13)

where 7 indicates a transpose.

The Sk is I X N matrix, where [ is the number of critical systems being considered, N is the
number of nuclear data parameters in the problem. Typically, N is the number of nuclide-reaction
processes times the number of energy groups. The Cgy matrix is an N X N matrix, with the
resulting I X I Cy matrix. The Ci matrix consists of variance values 0[2 for each of the critical
systems under consideration (the diagonal elements), as well as the so-called “covariance”
between systems 6,.12. (the off-diagonal elements). These off-diagonal elements represent the

shared or common variance, hence the term covariance, between any two systems. For
presentation, these off-diagonal elements are typically divided by the square root of the
corresponding (same row) diagonal elements (i.e., the respective standard deviations) to generate
a correlation coefficient matrix. Thus, the ¢ coefficients are defined as

c.=0[(00,) (14)

such that each ¢, value represents the correlation coefficient between uncertainties in system i and
system j.

These correlations arise due to the fact that the uncertainties in the k.y values for two
different systems are related, since they contain the same materials. Cross-section uncertainties
will propagate to all systems containing these materials. Systems with the same materials and
similar spectra would be correlated, while systems with different materials or differing spectra
would not be correlated. The interpretation of the correlation matrix is the following: a
value of O represents no correlation between the systems, a value of 1 represents full correlation
between the systems, and a value of —1 represents a full anti-correlation.

Similar to the dE values defined in dcy values, the individual components of ¢,
are defined for comparison of specific nuclide-reaction pairs between a given application and
experiment. However, it should be noted that the dc; parameter does not utilize the cross-section-
covariance data to the fullest extent. The covariance between reactions of the same nuclide is
utilized, but any covariance relating one nuclide to another is ignored in the dc calculation.
These covariances are accounted for in the system-wide c; parameter. A 7(cy) parameter, shown
in Eq. (15) is defined as the ratio of the dc; value for an experiment compared to an application to
the dcy value of the application compared to itself. Thus, a T(cy) value of 1.0 or higher indicates



that for a given nuclide reaction, the variance of the experiment is as great or greater than that of
the application.

(15)

24. AREA OF APPLICABILITY USING INTEGRAL
PARAMETER TECHNIQUES

In a previous reporthe criterion for the acceptance of a benchmark for the validation of
a design system was established such that experiments exhibiting a ¢, value of 0.8 or higher could
be used for the validation of the design system. This criterion was chosen based on two methods
of evaluation. The first was objectively viewing the sensitivity profiles to determine which
systems appear to exhibit similar properties. The systems that exhibited the most similarities
were those with a ¢, value of 0.8 or higher. The second method for establishing the criterion was
the divergence of the computational bias predicted by the Generalized Linear Least Squares
Methodology (GLLSM) procedure. Through this procedure, the GLLSM code was used to
predict the computational bias of a system based on differing sets of experimental benchmarks.
First, a large number of critical systems, with a wide range of ¢ values, were included in the
evaluation, and a bias was computed. Next, systems with ¢, values of 0.9 or greater were
removed from the experimental set, thus the experiment set included only those experiments with
cr values of 0.89 or lower. No change in the computational bias calculated by GLLSM was
observed. A third GLLSM evaluation was performed using only experiments exhibiting a
cr value of 0.79 or lower. In this case, the computational bias computed by GLLSM varied from
the previous two calculations by approximately 0.5%. A similarly skewed bias was found when
only including systems with a ¢, of 0.69 or lower. Thus, it is concluded in there is a clear
break in the behavior of systems at a ¢, value of 0.8, and this should be used as the criterion for
applicability.

The procedures for determining the applicability of a benchmark dataset for a particular
design application using c¢; and an outmoded parameter, Dy,,,, which was an early sensitivity-only
based integral parameter, are clearly outlined in Currently, the E parameter is
recommended for the supersession of the D parameter. The trending values of E have proven
very similar to those of ¢, and thus the recommended limits for validation are the same as those
developed for ¢;. Two systems are considered to be similar if the ¢ or Ej,, value relating the two
systems is 0.8 or higher.



Thus, the recommended procedure for ensuring the applicability of the benchmark dataset
in criticality safety validation problems is as follows:

1. Produce sensitivity coefficients for all benchmark experiments and design systems,

2. Quantify values of ¢, dci, T(ck), E, dE, and T(E) relating each application to the entire
benchmark set,

3. Count the number of systems with ¢, and/or E values > 0.8 (~15-20 systems are
needed for validation), and

4. For important nuclide-reaction pairs, count the number of systems with 7(c;) and/or
T(E) values > 0.95 (~5-10 systems are needed).

The number of systems and the acceptance criterion for 7T(cx) and T(E) values are not
rigorously defined. These values are based on experience with other parameters and may change
over time with additional experience with these parameters.

A previous application of the S/U methods for systems containing plutonium revealed that
the ¢, correlation coefficient provides a more accurate measure of system similarity than does the
E paramete The difference in the performance of ¢ and Ej,, is attributed to anti-correlation in
the cross-section data for some plutonium isotopes. As a result of these anti-correlations,
differences observed in the sensitivity data that would result in lower Ej,, values will not reduce
the value ¢, by the same magnitude. Thus, in this study, only the ¢, values will be reported.

2.5. SUMMARY OF S/U ANALYSIS TECHNIQUES

Several methods of using S/U analysis to establish system similarity are presented in this
section. The integral parameter techniques are used to generate relational parameters based only
on the sensitivity data. The Ej,, parameter is used to assess system similarity on a system-wide
basis. Related to E,.,, the dE and T(E) parameters are used to assess nuclide-reaction-specific
coverage of an application by an experiment. In addition to the sensitivity data, use of cross-
section uncertainty data is also employed in the generation of the ¢, parameter. As with Ej,,, the
cr parameter is used to assess similarity on a system-wide basis. However, the similarity
assessment is based on the sensitivity-weighted cross-section uncertainties common to the two
systems. Also, the dcy and T(ci) parameters can be used to determine nuclide-reaction-specific
coverage. Each of these parameters is summarized in
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Table 1. Summary of S/U parameters

Parameter

Description

Recommended
value for
coverage

Sensitivity
based

Uncertainty ~ Reaction

based

specific

Esum

Normalized sum of the product of the
group-wise sensitivity coefficients for a
given application and experiment
summed for fission, capture and
scattering.

>0.8
for 15-20 \
systems

dE

Nuclide-reaction-specific normalized
sum of the product of group-wise
sensitivity coefficients for a given
application and experiment. Allows for
similarity determinations for specific
nuclide-reaction pairs. Available for
scatter, capture and fission reactions.

T(E)

Ratio of a particular dE value for a given
application-experiment pair to the dE
value of the application as compared to
itself. Indicates the validation coverage
for the particular nuclide-reaction pair
for the application by the experiment.

=0.95
for 5-10 \
systems

Ck

Correlation coefficient relating the
uncertainty in k. due to uncertainties in
the cross-section data common to the
application and the experiment.

>0.8
for 15-20 \
systems

de

Nuclide-reaction-specific correlation

coefficient relating the uncertainty in k4

due to uncertainties in the nuclide-
reaction-specific-cross-section data
common to the application and
experiment. Allows for similarity
determinations for specific nuclide-
reaction pairs. Available for scatter,
capture and fission reactions.

T(ci)

Ratio of a particular dc; value for a
given application-experiment pair to the
dcy. value of the application as compared
to itself. Indicates the validation
coverage for the particular nuclide-
reaction pair for the application by the
experiment.

=0.95
for 5-10 \
systems
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3. PROTOTYPICAL SENSITIVITY AND UNCERTAINTY
ANALYSIS CODES FOR CRITICALITY SAFETY WITH
THE SCALE CODE SYSTEM

Two prototypical sensitivity analysis sequences for criticality safety have recently been
developed for the SCALE code system at ORNL. The need for modern tools to produce the
sensitivity data necessary for the S/U analysis techniques described in of this report
motivated the development of these sequences. Both of these sequences are applications of the
first-order linear perturbation theory as was used in the one-dimensional (1-D) FORSS code
system.[13 The ence involves 1-D deterministic neutron transport calculations using
XSDRNPM. The sequence involves three-dimensional (3-D) Monte Carlo neutron
transport calculations using KENO V.a. Each of these sequences and the types of results they
produce are described below. As these analysis sequences have been documented in the
references noted above, this section will only provide a brief overview of their capabilities, with

special emphasis on previously unpublished capabilities. The SENI and SEN3 analysis
sequences are expected to be publicly available with the release of SCALE-5.

3.1. SEN1 SEQUENCE

Using the SCALE philosophy and/or protocol as a guide, a 1-D sensitivity sequence,
SENI1, was produced. It generates sensitivity coefficients which represent the percentage change
in the system k.4 for a percentage change in the cross-section value in a given energy group for
each nuclide-reaction pair. The SENI sequence performs standard resonance processing tasks,
and then determines, using 1-D transport theory, the forward and adjoint angular fluxes and flux
moments needed for sensitivity coefficient generation. The XSDRNPM code, which is used
extensively within the SCALE system, is used for the forward and adjoint neutron transport
calculations. The sequence then calls the Sensitivity Analysis Module of SCALE (SAMS), which
computes the sensitivity coefficients.

The user input to SEN1 is very similar to the user input of the SCALE shielding analysis
sequence, SAS1, except that, since k.4 sensitivities do not require a fixed source, a source input is
not required. The SENI input contains the standard composition description that is common to
all SCALE modules, followed by a simple geometry model for the problem. SENI uses any of
the types of resonance shielding calculations available in SCALE including INFHOMMEDIUM,
LATTICECELL and MULTIREGION. For the first option, no resonance shielding is performed;
the second technique treats resonance-shielding effects in pin-lattice geometry cases; the third
technique gives the user more flexibility in defining the geometry in which the resonance
calculations are performed. The SEN1X sequence calculates cell-weighted cross sections with
XSDRNPM prior to performing the 1-D criticality calculations.

3.2. SEN3 SEQUENCE

The SEN3 sequence calculates sensitivity coefficients using 3-D Monte Carlo neutral
particle transport with KENO V.a. The input for SEN3 is very similar to the CSAS25 sequence
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of SCALE commonly used for criticality safety analysis. SEN3 performs resonance-shielding
calculations using the same options as SEN1. Forward and adjoint angular neutron fluxes are
obtained from an enhanced version of KENO V.a that employs a novel approach to produce the
angular fluxes necessary for sensitivity analysis. Once the fluxes are obtained, the SAMS module
calculates the sensitivity coefficients from this data and the problem dependent cross-section data.
The SAMS module also propagates the uncertainty in the sensitivity coefficients due to the
Monte Carlo uncertainties.

A significant advantage in using SEN3 is that the input is very similar to that of CSAS25.
Thus, with only minor modifications, existing criticality models used for CSAS25 analyses can be
used for sensitivity analysis using SEN3.

3.3. SENSITIVITY TO RESONANCE-SHIELDED
MULTIGROUP CROSS SECTIONS

Previous verification results of SEN1 and SEN3 demonstrated that the sensitivity
coefficients could be over predicted, especially for scattering-type reactions for well-moderated
systems. This effect is due to changes in the self-shielded multigroup neutron cross-section
data caused by changes in the fine-structured neutron energy spectrum resulting from
perturbations in nuclide concentrations. 2 Updated versions of BONAMI and NITAWL-II have
recently been developed for use with SENI1 and SEN3 to account for these effects. The
documentation of this work is beyond the scope of this report but will be the subject of future
publications. All sensitivity data used in this report was calculated with the use of these new
techniques through the enhanced resonance processing code BONAMIST and NITAWLST.

3.4. SENSITIVITY DATA

The standard output files from both SEN1 and SEN3 contain sensitivity coefficients
presented as a total sensitivity, which is integrated over all cross-section energies for a particular
reaction type of an isotope. These are presented on a region-dependent basis as well as region-
integrated, which provides a single sensitivity coefficient for each reaction of a particular isotope
integrated over the entire system. Each code also generates a text file containing the sensitivity
profiles in which the relative change in k.4 1s displayed for each reaction type of each isotope for
each energy group. Sensitivities are generated for a wide variety of nuclear reactions including
scattering, fission, capture, absorption, v, % and the total of all reactions.

3.5. CANDE

The CANDE (c and E) code was created to perform the integral parameter analyses using
the sensitivity data generated from the SEN1 and/or SEN3 sequences. CANDE produces the c,
E, dE, dci, T(E) and T(ci) parameters described in for one or more applications in
reference to an experimental database chosen by the code user. CANDE also computes the
completeness parameter R, which assesses the coverage of each application by the entire
benchmark suite. The development and use of the completeness parameter is given in
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4. SAMPLE DESIGN APPLICATIONS FOR THE MIXED-OXIDE
FUEL FABRICATION FACILITY

As indicated in the MFFF licensee, DCS, has identified five AOAs for the
validation of criticality codes in the design of the facility. This report addresses a S/U analysis
pertaining to AOA 3, PuO, powders, and AOA 4, MOX powders. DCS provided the following
data corresponding to AOA 3 and AOA 4. The data is representative of the expected bounding
compositions encountered in MFFF design applications.

Many MFFF design applications involve process units and areas where mass and
moderation limits are imposed. Mass limits are established based on simple homogeneous
powder-form systems with simple geometry (i.e., single reflected and unreflected slabs, cylinders
and spheres). Three oxide media in homogeneous form are considered for evaluation as follows:

e PuO; (100%), included in AOA 3,
e MOX with 22 wt % PuO,, included in AOA 4,
e MOX with 6.3 wt % PuO,, included in AOA 4.

The Pu isotopic composition assumed in all design applications under AOAs 3 and 4 is
96 wt % *’Pu and 4 wt % “**Pu. This isotopic distribution is considered to bound the actual
expected range of Pu isotopic distributions summarized as follows:

#%py < 1 ppb,

28py < 0.05 wt %,

90 wt % < **Pu < 95 wt %,
5 wt % < **°Pu < 9 wt %,
21py < 1 wt %,

22py < 0.1 wt %.

In addition to Pu isotopes, PuO, (100%) received and handled at the MFFF will also
contain up to 2 wt % U enriched up to 93.2 wt % U and 0.7 wt % **' Am in addition to chemical
impurities not explicitly modeled in fissile systems.

Powder density assumptions vary from process to process. Design assumptions for
maximum powder density generally range from 3.5 g/cm3 to 7.0 g/cm3 (possibly 8.3 g/cm3).

Moderator content in powder handling areas is typically limited to <5 wt % H,O.
Although other moderator content conditions are evaluated (0, 1 and 3 wt %), the 5 wt % value is
generally evaluated as a worst-case moderator content assumption.

The fuel compositions and reflector specifications of seven design applications are given
below. The applicability of critical experiments to each design system is evaluated in subsequent
sections of this report. Three applications shown in are critical configurations
representative of AOA 3, PuO, powders. Four material specifications, shown in are
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representative of AOA 4, MOX powders. Each of the four material compositions given in
has a critical radius listed. The fourth material, high-density MOX powder, also has three
subcritical configurations listed. Although modeled as a homogeneous sphere, the actual design
system with the material specified as AOA 4-4 will involve loose pellets, which will be under
strict mass controls. Mass limits, based on the total Pu content, have been used to develop
subcritical models consisting of this high-density MOX material. Thus the three subcritical
configurations are given identifiers denoting the mass of Pu in the system in kilograms (e.g.,
AOA 4-4-P163 contains 163 kg of Pu).
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5. DEVELOPMENT OF CRITICAL EXPERIMENT DATABASE

The key to any criticality safety validation procedure is the generation of a database of
critical benchmark experiments that covers a broad range of systems that are in some way similar
to the particular application(s) of interest. At the onset of this work, DCS introduced a database
of critical experiments for each AOA evaluated in this study. Based on the expert judgment of
criticality safety practitioners and traditional trending methods, DCS recommended 46 critical
benchmarks for AOA 3 and 14 for AOA 4. With the anticipation that the S/U analysis would
extend the area of applicability of existing experiments, ORNL used more relaxed criteria in the
selection of critical benchmarks. Thus, 318 experiments, including the 60 initially identified by
DCS, have been complied into an experimental database for use with this study. A summary
description of each set of experiments is given in and experiment-specific data are
tabulated in The number of benchmark experiments from each experimental series
identified by DCS, as applicable to either AOA 3 or AOA 4, is also give in In the
S/U analyses presented in subsequent sections of this report, integral parameters for each
application of interest are generated to determine the similarity of each application to each of
these 318 benchmark experiments. The experiments were chosen because of similarity to the
design applications described in the previous section, either in material type or in fission energy
spectrum. Other experiments were also analyzed; however, they were not included in this
database because they were not applicable to either AOA3 or AOA4. The benchmark
experiments in this database include both plutonium systems, mixed plutonium and uranium
systems, and one set of low-enriched uranium systems with low moderation. The benchmark
descriptions for the majority of these experiments are provided in the International Handbook of
Evaluated Criticality Safety Benchmark Experiments (IHECSBE) which is a product of the
International Criticality Safety Benchmark Evaluation Program.*  Experiments from the
IHECSBE are noted with the parenthetical comment of their handbook designation. Experiments
compiled from other sources are specifically noted.

5.1. PLUTONIUM SYSTEMS

Sixty-one plutonium benchmarks are included in the experiment database used for this
study. These include metal systems and oxide systems.

5.1.1.  Plutonium Metal Systems

Twenty-six plutonium metal experiments are included in this set of benchmarks. Two
bare metal spheres are included: one with a low **°Pu content (4.5 at. %), designated %y
Jezebel (PU-MET-FAST-001), and another with a higher 240py content (20.1 at. %) designated as
*%pu Jezebel (PU-MET-FAST-002). A set of five experiments using arrays of unmoderated

* The International Criticality Safety Benchmark Evaluation Program (ICSBEP) is an ongoing effort to identify and
evaluate a comprehensive set of critical benchmark data for use by the worldwide criticality safety community. The
project involves criticality safety experts and experimental data from several national laboratories in the
United States, as well as the United Kingdom, France, Japan, the Russian Federation, Hungary, Korea, Slovenia,
Yugoslavia, Spain, and Israel. The work of the ICSBEP is documented as an International Handbook of Evaluated
Criticality Safety Benchmark Experiments, which is updated annually.
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plutonium metal buttons, either bare or with one side reflected by polyethylene, were included
(PU-MET-FAST-003). A group of 13 experiments using plutonium metal in cans, and placed in
3x3x%x3 or 2x2xN arrays with water moderation and reflection are taken from PU-MET-
FAST-016 and PU-MET-FAST-037. Five experiments using moderated arrays of plutonium
metal cylinders are included from PU-MET-FAST-017. The final plutonium metal experiment is
from PU-MET-FAST-033, and is part of the ZPPR-21 series of experiments, which also include
MIX-MET-FAST-011 and HEU-MET-FAST-061. The ZPPR-21 series began with a fissile core
containing only plutonium, and gradually substituted highly-enriched uranium metal for some of
the plutonium metal until the final configuration contained only uranium.

5.1.2. Plutonium Oxide Systems

A set of 34 experiments involves plutonium oxide that has been mixed with various
quantities of polystyrene, and then compacted into cubes. These cubes are stacked in arrays to
form critical configurations with or without Plexiglas reflection. Five unreflected experiments are
taken from PU-COMP-MIXED-001, and 29 experiments from PU-COMP-MIXED-002. The
H/Pu ratios in these compacts range from 0.04 to 49.6, giving a range of fission neutron spectra
from fast to thermal.

One benchmark using plutonium oxide, graphite, and boron was included from
PU-COMP-INTER-001. This benchmark describes a system with a k;,; of 1, and is interpolated
from measured reactivity worths for a number of fuel samples with varied boron content. With
energy of average lethargy causing fission (EALF) of ~300 eV, this benchmark was chosen to
represent the dry plutonium oxide powders in applications 1 through 3.

5.2. MIXED PLUTONIUM AND URANIUM SYSTEMS

Two hundred and thirty-nine mixed plutonium and uranium systems are included in this
set of benchmarks. These experiments involve solution systems, fuel pin lattices, solid mixed-
oxide systems moderated by polystyrene, and mixed metal systems.

5.2.1. Mixed Plutonium and Uranium Solution Systems

Thirteen experiments with mixed plutonium and uranium solution in annular cylinder
geometry are taken from MIX-SOL-THERM-001. The ratio of Pu/(Pu + U) is 0.22 or 0.97, and
the concentration of the solution in the annular region is varied from 61 to 489 g (Pu + U)/liter.
All experiments use a water reflector.

Three experiments with similar solution in large cylindrical geometry are from MIX-SOL-
THERM-002. The objective of these experiments was to obtain data on the minimum fissile
concentration for criticality in an effectively infinite cylindrical geometry. The reaction vessel
has an inside diameter of 68.68 cm. The concentrations of the solution are 23 and 53 g
(Pu + U)/liter with a ratio of Pu/(Pu + U) of 0.52 and 0.23, respectively. All three experiments
are water reflected.

Nine experiments from this same series that use small cylindrical geometry are also
included from MIX-SOL-THERM-004. The reaction tank has an inside diameter of 35.39 cm
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and inside height of 106.60 cm. The concentrations of the solution are 105, 293, and 435 g
(Pu + U)/liter with a ratio of Pu/(Pu + U) of 0.4 for all nine experiments. Three measurements
have a water reflector, three have a concrete reflector, and three have no reflector.

Seven experiments with mixed plutonium and uranium solution in slab geometry are taken
from MIX-SOL-THERM-005.  The solution concentration ranged from 105 to 435¢g
(Pu + U)/liter with a ratio of Pu/(Pu + U) of 0.4. Four experiments were water reflected, and four
were bare.

5.2.2. Mixed Plutonium and Uranium Fuel Pin Lattices

Four experiments using natural UO»-20 wt % PuO, (11.5 wt % **°Pu) fuel pins in a square

lattice were analyzed (MIX-COMP-THERM-001). These experiments used water reflection, and
incorporated polypropylene grid plates to minimize the effect of the grids on the reactivity of the
core. The pitch was varied from 0.95 to 1.9 cm.

Six experiments with natural UO,-2 wt % PuO, (8% **’Pu) fuel include square-pitched
lattices, with 0.70-in., 0.87-in., or 0.99-in. pitch, in borated or pure water moderator (MIX-
COMP-THERM-002). These experiments are also referred to as PNL 30-35 in NUREG/CR-0210
in the CSEWG Thermal Reactor Benchmarks (BNL-19302).

Six more experiments with natural UO,-6.6 wt % PuO, fuel include square-pitched,
partial-moderator-height lattices with five lattice pitches of 0.52 in., 0.56 in., 0.735 in., 0.792 in.,
and 1.04 in. (MIX-COMP-THERM-003). The purpose of these experiments was to verify the
nuclear design of the Saxton partial plutonium core, which consisted of MOX assemblies in the
central region with peripheral enriched UO, assemblies. The experiments with 0.56-in.-pitched
lattices were performed with borated or pure water moderator, but the other pitched-lattice
experiments were performed only with pure water moderator.

Eleven experiments conducted at the Tokai Research Establishment of JAERI in Japan
used natural UO, — 3.01 wt % PuO; rods in square arrays of varying pitch (MIX-COMP-
THERM-004). The plutonium in the fuel pins contained 24 wt % **’Pu.

Forty-one experiments from the Plutonium Utilization Program at Pacific Northwest
Laboratories are included (MIX-COMP-THERM-005, MIX-COMP-THERM-008, and MIX-
COMP-THERM-009).  These experiments were performed using MOX fuel with PuO,
enrichments varying from 1.5- to 4-wt % PuQO,, and the **’Pu isotopic composition of the
plutonium was varied from 8% to 24%. The fuel pins are arranged in hexagonal lattices with
varying pitches with the rods uniformly arrayed in such a manner that the core is a right circular
cylinder.

Six benchmark experiments using MOX fuel designed for the RAPSODIE fast breeder
reactor in Cadarache, France are included from MIX-COMP-THERM-011. The uranium was
enriched to 60 wt % 235U, and the plutonium content of the MOX fuel was 25.8 wt %, with
9.72 wt % of the plutonium being **°Pu. The pitch was triangular, and measured either 1.9 cm or

2.5 cm.
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5.2.3. Mixed Plutonium and Uranium Solid Systems

Several experiments using various combinations of plutonium oxide, depleted uranium
oxide and polystyrene, which had been pressed into compacts and stacked into arrays, are
included in the database used in this study. They are included in MIX-COMP-THERM-012 and
three other published references that have not yet been included in the IHECSBE. The
configurations are similar to those in PU-COMP-THERM-001 and —-002, but with MOX instead
of plutonium oxide. There are both reflected and unreflected arrays, and some of the stacked
arrays contain neutron poison plates.

There are 33 experiments included from MIX-COMP-THERM-012. These configurations
contain mixtures of plutonium and depleted uranium oxides containing between 7.6 and 30-wt %
plutonium, with H/X ratios from 19.5 to 51.8. Six experiments with 7.6-wt % plutonium used
plutonium that contains 23 wt % >**Pu. The other experiments use plutonium with 8 wt % >*’Pu.
Twenty-seven experiments are Plexiglas reflected, while six are bare.

Fourteen other experiments were performed with a similar range of plutonium oxide
concentrations, but with much lower moderation levels (NSE—61).22 These experiments also
utilize compacts with between 7.6 and 30 wt % plutonium, and H/X ratios ranging from 3 to 7.
The plutonium contained 11.5 wt % **°Pu. Only the plexiglas-reflected configurations from this
reference are included. (These experiments have been tentatively assigned to evaluation number
MIX-COMP-INTER-001 in the IHECSBE, but have not been published in the Handbook.) In the
attached tables, these experiments are labeled PU-8-1 through —4, PU-15-1, and PU-29-1
through -9.

Thirty-two experiments were performed with MOX-polystyrene compacts in arrays that
contained either one or two copper, copper/cadmium, or aluminum plates of varying thickness
within the stack.2 All of these experiments were fully reflected with Plexiglas. Two types of
fuel were used in these experiments. The first contained MOX with a plutonium content of
14.6 wt %, of which 7.97 wt % was **°Pu, and with an H/X of 30.6. The second type of fuel
contained MOX with a plutonium content of 30.3 wt %, of which 11.5 wt % was 240Pu, and with
an H/X of 2.8. Twenty-two experiments contained the fuel with an H/X of 30.6, and ten
experiments used the fuel with an H/X of 2.8. These experiments are labeled NSES5Tx-xx in
subsequent sections of this report.

Fifty experiments were performed using these same two fuel compositions, but with other
types of neutron poison plates contained with the array stacks. All of these experiments were also
fully reflected with Plexiglas.@ The poison plate materials included Type 304 stainless steel,
steel with 1.1 wt % boron, steel with 1.6 wt % boron, boral, lead, depleted uranium, cadmium,
and aluminum. Thirty-one independent experiments were performed with the fuel with an H/X of
30.6. In the case of the fuel with an H/X of 2.8, the 19 configurations used some of the fuel with
an H/X of 30.6 as a driver. An 8 X 8 X 2 array of the lower-moderated fuel was used above and
below the neutron poison plate, and on top of this was placed at least two layers of the higher-
moderated fuel. The thickness of driver fuel was varied to achieve criticality with the various
neutron poison plate materials and thicknesses. The reference states that the neutron flux in the
region containing the poison plate was characteristic of the lower-moderated fuel, and that < 30%
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of the fissions occurred in the higher-moderated fuel. However, when using these experiments as
critical benchmarks, the importance of the more moderated fuel is significant, and the overall flux
is more thermal than the experiments using only the lower-moderated fuel. These experiments
are labeled BNWL2129Tx-xx in subsequent sections of this report.

5.2.4. Mixed Plutonium and Uranium Metal System

A set of four mixed plutonium and uranium metal systems was analyzed as a means of
including homogeneous uranium/plutonium systems with a fast energy spectrum. These
experiments are documented in MIX-MET-FAST-011, and are part of the ZPPR-21 series of
experiments that also include PU-MET-FAST-033 and HEU-MET-FAST-061. As described
previously, the ZPPR-21 series began with a fissile core containing only plutonium, and gradually
substituted highly enriched uranium metal for some of the plutonium metal until the final
configuration contained only uranium. (The last configuration is described in HEU-MET-FAST-
061, and was not included in this database since it did not pertain to any of the applications of
interest.) The four experiments in MIX-MET-FAST-011 contain between 41.4 and 7.7 wt %
plutonium metal, which included between 6.16 and 11.6 wt % **°Pu. The bulk of the neutron
spectrum is in the 100-keV to 4-MeV energy range and the peak is at about 600 keV. Thus, the
spectrum is in the fast range, although not as hard as the spectrum in many other fast metal
assemblies.

5.3. LOW-ENRICHED URANIUM OXIDE SYSTEMS

In order to include experiments with low-enriched uranium oxide at low moderation
levels, 18 experiments from LEU-COMP-THERM-049 were placed in the database. These
models primarily assist in validating U capture and fission cross sections in the higher-neutron
energy region. The experiments were performed under the MARACAS program at the Valduc
facility in France. The uranium dioxide was enriched to 5 wt % U, and was moderated to an
H/X of between 2 and 3. Uranium dioxide powder was moistened and contained in metal boxes,
which were placed in various sized arrays on a split table, and the overall configuration was
reflected with polyethylene. The overall neutron spectrum is thermal but has a significant
intermediate energy component.
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6. RESULTS

The objective of this study is to determine which of the 318 critical benchmarks identified
in the previous section are applicable for the criticality code validation for AOAs 3 and 4 of the
MFFF. To assess the applicability of benchmark experiments to each AOA, several design
systems were analyzed that are representative of the compositions and masses expected in the
design of the MFFF in each AOA. The applicability of each experiment was determined
independently for each design system. Each design system represents a subset of each AOA. The
measure of applicability was established in of this report. This criterion is that the c
correlation coefficient, relating the particular design systems to an experiment, meets or exceeds a
value of 0.8. Tabulated results of Ej,, and ci values for all applications in relation to all

benchmarks identified in are given in

To compute correlation coefficients, group-wise, nuclide-reaction-specific sensitivity data
were required for each of the 318 critical benchmarks and each of the design applications. Each
of the critical experiments was modeled explicitly in 3-D using the SEN3 sensitivity analysis
sequence of SCALE. Each of the spherical applications was modeled in 1-D using the SEN1
sensitivity analysis sequence of SCALE. Both SEN1 and SEN3 were executed within a pre-
release version of SCALE-5 using the 238-group ENDF/B-V data library. The cross-section data
were resonance shielded using the BONAMIST and NITAWLST modules.

Subsequent to the generation of the sensitivity data, the CANDE code was used to
generate the correlation coefficients relating each application to each of the benchmark
experiments. These correlation coefficients are shown in subsequent tables in order of
descending values such that the experiments with the highest correlation to the design system are
shown first in the tables.

6.1. AOA 3 -PUO, POWDERS

The S/U analysis of the three applications submitted by DCS as representative of AOA 3
has determined that numerous benchmarks exceeded the 0.8 criterion for ¢, for each application.
Some important calculated parameters for each application are shown in Table 5. A more
detailed description of each application was previously presented in of this document.

Table 5. Calculated characteristics of design systems from AOA 3

Application H/Pu EALF (eV) ket
AOA 3-1 1.58 1019 0.9984
AOA 3-2 5.99 94.37 1.001
AOA 3-3 3.04 884.3 1.006
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Of the 318 benchmark experiments, 91 were determined to satisfy the criteria of ¢x = 0.8
for at least one of the analyzed design application systems from AOA 3. For the first application
in AOA 3, 30 systems exhibit a ¢, value of 0.8 or greater. All of the experiments with a ¢ value
in excess of 0.8 contain plutonium fuel. The majority of the systems are of metal composition
with a fast energy spectrum. The experiment designator and c; values are shown in along
with other important parameters for each of the systems. For the second application in AOA 3,
61 systems exhibit a ¢, value of 0.8 or greater. Of these 61 systems, 23 are plutonium-only
systems and 38 are MOX systems. Data regarding these systems are shown in For the
third application in AOA 3, 61 systems exhibit a ¢, value of 0.8 or greater. Of these 61 systems,
41 are plutonium fueled and 20 contain MOX fuel. Data regarding these systems is shown in
Note that numerous MOX benchmarks exceed the applicability criterion for these
plutonium applications.

The S/U methods identified the majority of the benchmarks chosen by DCS as meeting the
0.8 criterion for ¢, Of the 46 experimental configurations identified by DCS, 38 were confirmed
by the S/U methods as applicable to at least one of the design systems representing a subset of
AOA 3. Of the 46 experiments, S/U methods identified 18 as meeting the applicability criterion
for AOA 3-1, 21 for AOA 3-2, and 36 for AOA 3-3. These experiments are noted in
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Table 6. Experimental configurations with ¢, coefficients > 0.8 for AOA 3-1

H/(Pu + U) Wt % **°Pu EALF (eV)

Experiment Cik ke o
PMFO016-05*  0.8715 0 5.97 7.93E+03  0.9965 0.0006
PMFO16-01*  0.8668 0 5.97 1.17E+04  1.0118 0.0006

PMF037-16  0.8625 0 5.97 2.84E+04  0.9996 0.0006

PMF037-15  0.8623 0 5.97 1.82E+04  0.9985 0.0005

PMFO003-02  0.8621 0 5.97 6.90E+05  0.9935 0.0007

PMF003-01  0.8617 0 5.97 1.24E+06  0.9937 0.0006
PMF037-07*  0.8614 0 5.97 3.30E+04  0.9984 0.0006

PMFO003-03  0.8612 0 5.97 1.24E+06  0.9879 0.0006

PMF001-01  0.8602 0 4.7 1.24E+06  0.9949 0.0007
PMFO016-03*  0.8597 0 5.97 8.34E+03  0.9995 0.0007
PMF037-12*  0.8597 0 5.97 2.35E+04  1.0009 0.0006

PMFO003-04  0.8596 0 5.97 6.24E+05  0.9926 0.0006
PMFO16-04*  0.8589 0 5.97 8.01E+03  0.9982 0.0007

PMFO17-01  0.8588 0 5.97 7.82E+05  0.9901 0.0007
PMF037-01*  0.8584 0 5.97 1.48E+05  0.9973 0.0006

PMFO003-05  0.8578 0 5.97 1.24E+06  0.9908 0.0007
PMF037-10*  0.8577 0 5.97 2.61E+04  0.9993 0.0006
PMF016-02*  0.8553 0 5.97 8.61E+03  1.0003 0.0006
PMFO17-02*  0.855 0 5.97 4.05E+05  0.9932 0.0007
PMFO17-03*  0.8541 0 5.97 2.30E+05  0.994 0.0008

PMFO17-04  0.8507 0 5.97 4.58E+05  0.991 0.0006
PMF037-05*  0.8497 0 5.97 5.12E+04  0.9977 0.0006

PMF002-01  0.8488 0 20.1 1.26E+06  0.9964 0.0005
PMFO016-06*  0.8425 0 5.97 7.78E+03  1.0003 0.0007
PMFO17-05*  0.8405 0 5.97 9.39E+04  1.002 0.0006
PCMO002-02*%  0.8343 0.04 18.35 4.21E+03  1.0308 0.0006

PMFO033-01  0.8288 0 5.83 4.02E+05  1.0066 0.0005
PCMO002-01*  0.8177 0.04 18.35 492E+03  1.0322 0.0007
PCMO002-03*  0.8083 0.04 18.35 3.51E+03  1.0262 0.0006
PCMO002-04*  0.8077 0.04 18.35 2.57E+03  1.0197 0.0006

*Benchmark experiment identified by DCS as applicable to AOA 3.
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Table 7. Experimental configurations with ¢, coefficients > 0.8 for AOA 3-2

H/(Pu + U) Wt % **°Pu EALF (eV)

Experiment Ck kef o
PCMO002-06* 0.9893 5 11.46 9.25E+01  1.0234 0.0006
PCMO002-07* 0.9880 5 11.46 8.49E+01  1.022 0.0006
PCMO002-08* 0.9875 5 11.46 6.80E+01  1.0212 0.0006
PCMO002-09* 0.9779 5 11.46 5.68E+01  1.0218 0.0005
PCMO001-02* 0.9773 5 11.46 1.73E+03  1.0198 0.0007
PCMO001-04 09707 15 8.06 3.95E+01  0.9878 0.0007
PCMO001-03* 09670 15 2.2 3.26E+01  1.0168 0.0008
PCMO002-21%* 0.9541 15 2.2 6.64E+00  1.0101 0.0006
PCMO002-22* 0.9511 15 2.2 6.45E+00  1.0143 0.0007
PCMO002-20* 0.9505 15 2.2 6.65E+00  1.0087 0.0005
PCMO002-19* 0.9497 15 2.2 6.47E+00  1.0088 0.0006
PCMO002-18* 0.9491 15 2.2 6.19E+00  1.0102 0.0006
NSES55T5-07 0.9457 2.8 11.5 4.39E+01  1.0042 0.0005
PCMO002-14* 0.9457 15 2.2 5.60E+00  1.0295 0.0006

PU-29-1 0.9456 277 11.5 4.14E+01  0.9941 0.0003
NSES55T5-01 0.9453 2.8 11.5 3.97E+01  1.0058 0.0005
PU-29-4 0.9453 2.77 11.5 3.78E+01  0.9932 0.0004
NSES55T5-10 0.9451 2.8 11.5 3.85E+01  1.0036 0.0004
PU-29-3 0.9451 277 11.5 4.07E+01  1.0022 0.0005
PU-29-2 0.9450 277 11.5 4.03E+01  0.9931 0.0005
PU-29-7 0.9448 277 11.5 3.48E+01  0.9944 0.0005
PCMO002-15%* 0.9446 15 2.2 5.56E+00  1.0283 0.0006
NSE55T5-08 0.9445 2.8 11.5 3.93E+01  1.0026 0.0006
PCMO002-16* 0.9444 15 2.2 5.15E+00  1.0235 0.0007
PU-29-5 0.9443 277 11.5 3.77TE+01  0.9937 0.0003
NSES55T5-05 0.9438 2.8 11.5 4.03E+01  1.002 0.0005
NSES55T5-02 0.9437 2.8 11.5 3.97E+01  1.0028 0.0005
PU-29-8 0.9437 2.77 11.5 3.44E+01  0.9951 0.0005
PU-29-6 0.9432 277 11.5 3.67E+01  0.9931 0.0003
PU-29-9 0.9431 277 11.5 3.46E+01  0.9987 0.0005
PCMO002-17* 0.9426 15 2.2 4.93E+00  1.0073 0.0007
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Table 7 (continued)

Experiment Ck H/(Pu+U) Wt % 20py EALF (eV) kef o
NSES55T5-03 0.9424 2.8 11.5 4.00E+01 1.0049 0.0005
NSES55T5-04 0.9422 2.8 11.5 4.10E+01 1.0048 0.0005
NSES55T5-06 0.9422 2.8 11.5 4.14E+01 1.0045 0.0005
PCMO002-12%* 0.9419 15 2.2 5.13E+00  1.0273 0.0006
PCMO002-11%* 0.9390 15 2.2 4.55E+00  1.028 0.0006
PCMO002-10%* 0.9384 15 2.2 4.14E+00  1.0306 0.0006
NSES55T5-09 0.937 2.8 11.5 3.88E+01 1.0023 0.0005

BNWL2129T4-01 0.9005 7.13 10.95 6.13E+00 1.0184 0.0006
BNWL2129T4-02 0.8909 7.64 10.89 451E+00 1.0178 0.0006
BNWL2129T4-04 0.8888 7.51 10.9 5.08E+00  1.0182 0.0005
BNWL2129T4-16 0.8885 7.37 10.92 5.24E+00  1.0178 0.0006
BNWL2129T4-15 0.8867 7.51 10.9 5.08E+00 1.0161 0.0005
BNWL2129T4-07 0.8856 7.57 10.89 491E+00 1.0165 0.0005
BNWL2129T4-09 0.8855 7.39 10.92 5.78E+00  1.0187 0.0006
BNWL2129T4-17 0.8844 7.68 10.88 4.28E+00 1.0172 0.0005
PU-15-1 0.8787 2.86 11.5 1.51E+01  0.9811 0.0003
PCMO002-13* 0.8774 15 2.2 5.46E+00  1.0256 0.0006
BNWL2129T4-19 0.8724 7.79 10.87 4.05E+00 1.0181 0.0006
BNWL2129T4-12 0.8699 8.09 10.83 3.84E+00 1.02 0.0005
BNWL2129T4-10 0.8617 7.72 10.88 5.24E+00  1.0159 0.0006
BNWL2129T4-03 0.8602 8.08 10.83 3.44E+00 1.018 0.0007
BNWL2129T4-18 0.8581 7.91 10.85 3.58E+00 1.0171 0.0005
BNWL2129T4-05 0.8476 8.29 10.8 3.22E+00 1.0183 0.0006
BNWL2129T4-08 0.8292 8.71 10.75 2.40E+00 1.0186 0.0005
BNWL2129T4-11 0.8204 8.52 10.77 3.48E+00 1.0166 0.0005
BNWL2129T4-13 0.8192 8.79 10.74 247E+00  1.0214 0.0007
PCMO001-05* 0.8181 49.6 18.35 1.54E+00  1.0087 0.0007
PCMO002-05* 0.8178 0.04 18.35 1.87E+03  1.0171 0.0006
PCI001-01 0.8158 0.37 5.3 3.08E+02  0.9988 0.0001
BNWL2129T4-06 0.8074 8.81 10.74 2.24E+00  1.018 0.0005

*Benchmark experiment identified by DCS as applicable to AOA 3.
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Table 8. Experimental configurations with ¢, coefficients > 0.8 for AOA 3-3

H/(Pu + U) Wt % **Pu  EALF (eV)

Experiment Cik kef o
PCMO01-02%* 0.9647 5 11.46 1.73E+03 1.0198 0.0007
PCMO002-06* 0.9537 5 11.46 9.25E+01 1.0234  0.0006
PCMO002-09* 0.9486 5 11.46 5.68E+01 1.0218 0.0005
PCMO002-08* 0.9483 5 11.46 6.80E+01 1.0212  0.0006
PCMO002-07* 0.9339 5 11.46 8.49E+01 1.022  0.0006
PCMO002-05* 0.9263 0.04 18.35 1.87E+03 1.0171 0.0006
PCMO002-03* 0.9152  0.04 18.35 3.51E+03 1.0262 0.0006
PCMO002-04* 0.9123 0.04 18.35 2.57E+03 1.0197 0.0006
PCMO002-01* 0.908 0.04 18.35 4.92E+03 1.0322  0.0007
PCMO002-02%* 0.8954  0.04 18.35 4.21E+03 1.0308 0.0006
PMFO016-06* 0.885 0 5.97 7. 78E+03 1.0003 0.0007
PCMO001-04 0.881 15 8.06 3.95E+01 0.9878 0.0007
PMF016-01* 0.8772 0 5.97 1.17E+04 1.0118 0.0006
PMF016-02* 0.8764 0 5.97 8.61E+03 1.0003 0.0006
PMF016-04* 0.8761 0 5.97 8.01E+03 0.9982 0.0007

PU-29-1 0.8755 2.77 11.5 4.14E+01 0.9941 0.0003
PU-29-2 0.8752  2.77 11.5 4.03E+01 0.9931 0.0005
PU-29-3 0.8748 2.77 11.5 4.07E+01 1.0022  0.0005
NSES55T5-01 0.8744 2.8 11.5 3.97E+01 1.0058 0.0005
PU-29-4 0.8744  2.77 11.5 3.78E+01 0.9932  0.0004
PU-29-5 0.874 2.77 11.5 3.77E+01 0.9937 0.0003
NSES5T5-05 0.8737 2.8 11.5 4.03E+01 1.002  0.0005
NSES55T5-07 0.8737 2.8 11.5 4.39E+01 1.0042 0.0005
NSES55T5-08 0.8736 2.8 11.5 3.93E+01 1.0026  0.0006

PCMO001-03 0.8736 15 2.2 3.26E+01 1.0168 0.0008

PMF037-15 0.8729 0 5.97 1.82E+04 0.9985 0.0005
NSES55T5-02 0.8728 2.8 11.5 3.97E+01 1.0028 0.0005
NSES55T5-10 0.8728 2.8 11.5 3.85E+01 1.0036 0.0004

PU-29-8 0.8728 2.77 11.5 3.44E+01 0.9951 0.0005
PU-29-7 0.8727 2.77 11.5 3.48E+01 0.9944  0.0005
NSES55T5-06 0.8726 2.8 11.5 4.14E+01 1.0045 0.0005
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Table 8 (continued)

Experiment Ck H/(Pu+U) Wt% 20py EALF (eV) ke o
PU-29-6 0.8723 2.77 11.5 3.67E+01 0.9931 0.0003
NSES55T5-04 0.872 2.8 11.5 4.10E+01  1.0048 0.0005
NSES55T5-03 0.8717 2.8 11.5 4.00E+01  1.0049 0.0005
PU-29-9 0.8716 2.77 11.5 3.46E+01 0.9987 0.0005
PMF016-05* 0.871 0 5.97 7.93E+03 0.9965 0.0006
NSES55T5-09 0.8696 2.8 11.5 3.88E+01 1.0023 0.0005
PMFO037-07%* 0.8685 0 5.97 3.30E+04 0.9984 0.0006
PMF037-12* 0.8685 0 5.97 2.35E+04 1.0009 0.0006
PMFO016-03* 0.8665 0 5.97 8.34E+03  0.9995 0.0007
PMFO037-05* 0.8664 0 5.97 5.12E+04  0.9977 0.0006
PMFO017-05* 0.8639 0 5.97 9.39E+04 1.002 0.0006
PMF037-16 0.8622 0 5.97 2.84E+04 0.9996 0.0006
PMF037-10* 0.8596 0 5.97 2.61E+04 0.9993 0.0006
PCMO002-21%* 0.8495 15 2.2 6.64E+00 1.0101 0.0006
PCMO002-20* 0.8489 15 2.2 6.65E+00 1.0087  0.0005
PCMO002-22%* 0.8483 15 2.2 6.45E+00 1.0143  0.0007
PCMO002-18* 0.8471 15 2.2 6.19E+00 1.0102 0.0006
PCMO002-19%* 0.8464 15 2.2 6.47E+00 1.0088 0.0006
PCMO002-17* 0.8393 15 2.2 4.93E+00 1.0073  0.0007
PMF037-01* 0.8379 0 5.97 1.48E+05 0.9973  0.0006
PCMO002-14* 0.8378 15 2.2 5.60E+00 1.0295 0.0006
PCMO002-15%* 0.8375 15 2.2 5.56E+00 1.0283 0.0006
PCMO002-16* 0.8358 15 2.2 5.15E+00 1.0235 0.0007
PCMO002-12%* 0.8331 15 2.2 5.13E+00 1.0273  0.0006
PMF017-03* 0.8328 0 5.97 2.30E+05 0.994 0.0008
PCMO002-11%* 0.8293 15 2.2 4.55E+00 1.028 0.0006
PCMO002-10%* 0.829 15 2.2 4.14E+00 1.0306 0.0006
PMFO017-04 0.8244 0 5.97 4.58E+05 0.991 0.0006
PMFO017-02* 0.821 0 5.97 4.05E+05 0.9932 0.0007
BNWL2129T4-01 0.8073 7.13 10.95 6.13E+00 1.0184 0.0006

*Benchmark experiment identified by DCS as applicable to AOA 3.
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6.2. AOA 4 - MOX POWDERS

The S/U analysis of the applications submitted by DCS as representative of AOA 4 has
revealed that numerous experimental benchmarks exceed the 0.8 criterion for ¢ for three of the
four critical design systems. For the fourth application, several benchmarks exhibit a ¢, value that
approaches this criterion for the critical configuration. For reduced mass cases using the same
materials as the fourth design system, numerous benchmarks exceed the ¢y criterion. Some
calculated characteristics of these design systems are presented in Table 9.

Table 9. Calculated characteristics of design systems from AOA 4

Application H/(U + Pu) EALF (eV) kef
AOA 4-1 1.58 127.0 1.002
AOA 4-2 1.58 3751 0.9989
AOA 4-3 1.58 27.75 1.000
AOA 4-4 0.3031 2355 0.9993

AOA 4-4-P163 0.3031 1214 0.935
AOA 4-4-P40 0.3031 367.8 0.812
AOA 4-4-P8 0.3031 86.36 0.643

Of the 318 benchmark experiments examined in this evaluation, 67 were found to exceed
the ¢ criterion for at least one of the design systems analyzed. For application AOA 4-1,
60 experimental benchmarks exceed the 0.8 criterion for ¢;. Of these, 48 exceed a ¢, value of 0.9,
with 17 even exceeding 0.98, exhibiting a very strong correlation to the design system. Of the
60 experiments with a ¢, of 0.8 or greater, 39 benchmarks were MOX and 21 were plutonium

fueled. These results are shown in [T'able 10

For application AOA 4-2, 54 benchmarks exceed the 0.8 criterion for ¢;. Of these,
20 values exceed 0.9. Of the 54 experiments with ¢, values exceeding 0.8, 34 are MOX and the
remaining 20 are plutonium fueled. These results are shown in Note that the matching
systems exhibited EALF values of approximately 40 eV, where the EALF of this application is
nearly 4000 eV. Thus, the S/U methods have identified applicable experiments where traditional
techniques might not. A nuclide-reaction-specific analysis is presented in to provide
further information as to why the S/U analysis identifies these experiments as applicable to

AOA 4-2.

For application AOA 4-3, 45 MOX benchmarks exhibit ¢, values in excess of 0.8. One of
these values exceeds 0.9, and no plutonium experiments have values exceeding 0.8. These results

are shown in [Table 12

For application AOA 4-4, no benchmarks exceed the ¢, criterion of 0.8. However, the
values for 20 systems exceed 0.73, with two of these values exceeding 0.74. These results are
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shown in Each of these 20 benchmarks is a MOX system. It is noteworthy that this
application system exhibits an EALF of 2355 eV, and no existing MOX benchmark presented
here exhibits an EALF of this magnitude. However, AOA 4-2 exhibited an EALF even greater
than that for AOA 4-4 and numerous experiments met the 0.8 criterion for AOA 4.2. This

seemingly contradictory issue is further explored in

For the reduced mass configurations of the material from AOA 4-4, the results are
improved with decreasing mass. For the 163 kg Pu case, AOA 4-4-P163, no benchmarks exceed
the 0.8 criterion for ¢;. However, 28 exhibit a ¢, of 0.7 or higher, with 20 of these exceeding 0.76.
Of these experiments, 22 are MOX and the remaining six are plutonium fueled. These results are
shown in For the 40 kg Pu case, AOA 4-4-P40, 20 benchmarks exceed the 0.8 criterion
for cx. All of these benchmarks consist of MOX fuel. These results are shown in For
the 8 kg Pu case, AOA 4-4-P8, 46 benchmarks exceed the 0.8 criterion for c¢;. Of these
experiments, 38 are MOX and the remaining eight are plutonium fueled. These results are shown

in [Table 16/ A nuclide-reaction-specific analysis is presented in to provide further

details on these systems.

Of the 14 benchmarks identified by DCS for the validation of AOA 4, the S/U methods
have identified 10 for AOA 4-1, 10 for AOA 4-2, 14 for AOA 4-3 and none for AOA 4-4.
However, of the 20 benchmarks exceeding 0.73 for the critical configuration of AOA 4-4,

10 were identified by DCS. These same 10 experiments exceeded the 0.8 criterion for two of the
reduced mass cases of AOA 4-4. The experiments identified by DCS are noted in [Fables 10-16
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Table 10. Experimental configurations with ¢, coefficients > 0.8 for AOA 4-1

Experiment Ck H/(Pu+U) Wt % 20py EALF eV) kef o
PU-29-2%* 0.9837 2.77 11.5 4.03E+01 0.9931 0.0005
PU-29-1* 0.9836 2.77 11.5 4.14E+01 0.9941 0.0003

NSES55T5-07 0.9833 2.8 11.5 4.39E+01 1.0042 0.0005
PU-29-3* 0.9829 2.77 11.5 4.07E+01  1.0022 0.0005
PU-29-4* 0.9824 2.77 11.5 3.78E+01  0.9932 0.0004

NSES55T5-10 0.9822 2.8 11.5 3.85E+01 1.0036 0.0004
PU-29-5%* 0.9822 2.77 11.5 3. 77TE+01  0.9937 0.0003

NSES55T5-06 0.9821 2.8 11.5 4.14E+01  1.0045 0.0005

NSES55T5-01 0.9819 2.8 11.5 3.97E+01 1.0058 0.0005

NSES55T5-05 0.9817 2.8 11.5 4.03E+01 1.002 0.0005

NSES55T5-02 0.9811 2.8 11.5 3.97E+01 1.0028 0.0005

NSES55T5-08 0.9809 2.8 11.5 3.93E+01 1.0026 0.0006
PU-29-7* 0.9808 2.77 11.5 3.48E+01 0.9944 0.0005

NSES5T5-04 0.9806 2.8 11.5 4.10E+01  1.0048 0.0005
PU-29-8* 0.9805 2.77 11.5 3.44E+01 0.9951 0.0005

NSES5T5-03 0.9803 2.8 11.5 4.00E+01  1.0049 0.0005
PU-29-6%* 0.9803 2.77 11.5 3.67E+01 0.9931 0.0003
PU-29-9%* 0.9796 2.77 11.5 3.46E+01 0.9987 0.0005

NSES5T5-09 0.9783 2.8 11.5 3.88E+01 1.0023 0.0005
PU-15-1* 0.9493 2.86 11.5 1.51E+01 0.9811 0.0003

PCMO002-06 0.9484 5 11.46 9.25E+01 1.0234 0.0006

PCMO002-07 0.9470 5 11.46 8.49E+01 1.022 0.0006

PCM002-09 0.9451 5 11.46 5.68E+01 1.0218 0.0005

PCMO002-08 0.9447 5 11.46 6.80E+01 1.0212 0.0006

BNWL2129T4-01 0.9367 7.13 10.95 6.13E+00 1.0184 0.0006
PCMO001-04 0.9359 15 8.06 3.95E+01 0.9878 0.0007
PCMO001-02 0.9329 5 11.46 1.73E+03  1.0198 0.0007

BNWL2129T4-02 0.9268 7.64 10.89 4.51E+00 1.0178 0.0006

BNWL2129T4-09 0.9261 7.39 10.92 5.78E+00 1.0187 0.0006

BNWL2129T4-04 0.9258 7.51 10.9 5.08E+00 1.0182 0.0005
PCMO001-03 0.9241 15 2.2 3.26E+01 1.0168 0.0008

BNWL2129T4-16 0.9237 7.37 10.92 5.24E+00 1.0178 0.0006
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Table 10 (continued)

Experiment Ck H/(Pu + U) Wt % 20py EALF eV) ke o
BNWL2129T4-07 0.9230 7.57 10.89 491E+00 1.0165 0.0005
BNWL2129T4-15 0.9224 7.51 10.9 5.08E+00 1.0161 0.0005

PCMO002-21 0.9198 15 2.2 6.64E+00 1.0101 0.0006
BNWL2129T4-17 0.9193 7.68 10.88 4.28E+00 1.0172 0.0005

PCMO002-22 0.9182 15 2.2 6.45E+00 1.0143 0.0007

PCMO002-20 0.9176 15 2.2 6.65E+00 1.0087 0.0005

PCMO002-18 0.9164 15 2.2 6.19E+00 1.0102 0.0006

PCMO002-19 0.9149 15 2.2 6.47E+00 1.0088 0.0006

PCMO002-17 0.9108 15 2.2 4.93E+00 1.0073 0.0007
BNWL2129T4-19 0.9068 7.79 10.87 4.05E+00 1.0181 0.0006
BNWL2129T4-12 0.9054 8.09 10.83 3.84E+00 1.02 0.0005

PCMO002-15 0.9053 15 2.2 5.56E+00 1.0283 0.0006

PCMO002-14 0.9045 15 2.2 5.60E+00 1.0295 0.0006
BNWL2129T4-10 0.9043 7.72 10.88 5.24E+00 1.0159 0.0006

PCMO002-16 0.9023 15 2.2 5.15E+00 1.0235 0.0007

PCMO002-12 0.9005 15 2.2 5.13E+00 1.0273 0.0006

PCMO002-10 0.8984 15 2.2 4.14E+00 1.0306 0.0006

PCMO002-11 0.8977 15 2.2 4.55E+00 1.028 0.0006
BNWL2129T4-03 0.8947 8.08 10.83 3.44E+00 1.018 0.0007
BNWL2129T4-18 0.8921 7.91 10.85 3.58E+00 1.0171 0.0005
BNWL2129T4-05 0.8824 8.29 10.8 3.22E+00 1.0183 0.0006
BNWL2129T4-11 0.8648 8.52 10.77 3.48E+00 1.0166 0.0005
BNWL2129T4-08 0.8640 8.71 10.75 2.40E+00 1.0186 0.0005
BNWL2129T4-13 0.8549 8.79 10.74 247E+00 1.0214 0.0007

PCI001-01 0.8493 0.37 5.3 3.08E+02 0.9988 0.0001

PCMO002-13 0.8454 15 2.2 5.46E+00 1.0256 0.0006
BNWL2129T4-06 0.8410 8.81 10.74 2.24E+00 1.018 0.0005

MCT001-01 0.8112 3.3346 11.5414 1.61E-03  1.0022 0.0005

*Benchmark experiment identified by DCS as applicable to AOA 4.
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Table 11. Experimental configurations with ¢, coefficients > 0.8 for AOA 4-2

240py  EALF (eV)

Experiment Ck H/(Pu+U) Wt % ke o
NSES5T5-07 0.9371 2.8 11.5 4.39E+01 1.0042 0.0005
NSES5T5-04 0.9356 2.8 11.5 4.10E+01  1.0048 0.0005
NSES5T5-06 0.9354 2.8 11.5 4.14E+01  1.0045 0.0005
NSES5T5-05 0.9350 2.8 11.5 4.03E+01  1.002 0.0005
NSES55T5-01 0.9345 2.8 11.5 3.97E+01 1.0058 0.0005

PU-29-3* 0.9342 2.77 11.5 4.07E+01  1.0022 0.0005
NSES55T5-03 0.9341 2.8 11.5 4.00E+01  1.0049 0.0005
PU-29-1* 0.9340 2.77 11.5 4.14E+01 0.9941 0.0003
PU-29-2* 0.9339 2.77 11.5 4.03E+01  0.9931 0.0005
NSES5T5-10 0.9336 2.8 11.5 3.85E+01 1.0036 0.0004
NSES5T5-02 0.9334 2.8 11.5 3.97E+01 1.0028 0.0005
NSES55T5-08 0.9334 2.8 11.5 3.93E+01 1.0026 0.0006
PU-29-4* 0.9324 2.77 11.5 3.78E+01  0.9932 0.0004
PU-29-5* 0.9322 2.77 11.5 3.77E+01  0.9937 0.0003
PU-29-8* 0.9311 2.77 11.5 3.44E+01 0.9951 0.0005
NSES5T5-09 0.9305 2.8 11.5 3.88E+01 1.0023 0.0005
PU-29-7* 0.9303 2.77 11.5 3.48E+01 0.9944 0.0005
PU-29-6* 0.9299 2.77 11.5 3.67E+01  0.9931 0.0003
PU-29-9* 0.9298 2.77 11.5 3.46E+01 0.9987 0.0005
PU-15-1* 0.9086 2.86 11.5 1.51E+01  0.9811 0.0003
PCMO001-02 0.8974 5 11.46 1.73E+03  1.0198 0.0007
PCMO002-07 0.8955 5 11.46 8.49E+01 1.022 0.0006
PCMO002-06 0.8898 5 11.46 9.25E+01 1.0234 0.0006
PCMO002-09 0.8841 5 11.46 5.68E+01 1.0218 0.0005
PCMO002-08 0.8828 5 11.46 6.80E+01  1.0212 0.0006
PCMO001-04 0.8784 15 8.06 3.95E+01 0.9878 0.0007
BNWL2129T4-01 0.8651 7.13 10.95 6.13E+00 1.0184 0.0006

PCMO001-03 0.8615 15 2.2 3.26E+01 1.0168 0.0008
BNWL2129T4-02 0.8557 7.64 10.89 4.51E+00 1.0178 0.0006
BNWL2129T4-09 0.8543 7.39 10.92 5.78E+00 1.0187 0.0006
BNWL2129T4-04 0.8532 7.51 10.9 5.08E+00 1.0182 0.0005
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Table 11 (continued)

Experiment Ck H/(Pu + U) Wt % **°Pu EALF (eV) ke (4]
BNWL2129T4-07 0.8509 7.57 10.89 491E+00 1.0165 0.0005
BNWL2129T4-16 0.8508 7.37 10.92 5.24E+00 1.0178 0.0006
BNWL2129T4-15 0.8505 7.51 10.9 5.08E+00 1.0161 0.0005
BNWL2129T4-17 0.8452 7.68 10.88 4.28E+00 1.0172 0.0005

PCM002-21 0.8452 15 2.2 6.64E+00 1.0101 0.0006

PCM002-22 0.8415 15 2.2 6.45E+00 1.0143 0.0007

PCM002-20 0.8403 15 2.2 6.65E+00  1.0087 0.0005

PCI001-01 0.8388 0.37 5.3 3.08E+02  0.9988 0.0001

PCMO002-18 0.8387 15 2.2 6.19E+00 1.0102 0.0006

PCMO002-19 0.8375 15 2.2 6.47E+00  1.0088 0.0006
BNWL2129T4-10 0.8353 7.72 10.88 5.24E+00 1.0159 0.0006

PCMO002-17 0.8315 15 2.2 4.93E+00 1.0073 0.0007
BNWL2129T4-19 0.8287 7.79 10.87 4.05E+00 1.0181 0.0006
BNWL2129T4-12 0.8282 8.09 10.83 3.84E+00 1.02 0.0005

PCMO002-14 0.8251 15 2.2 5.60E+00 1.0295 0.0006

PCMO002-15 0.8250 15 2.2 5.56E+00 1.0283 0.0006

PCMO002-16 0.8221 15 2.2 5.15E+00  1.0235 0.0007

PCMO002-12 0.8203 15 2.2 5.13E+00  1.0273 0.0006
BNWL2129T4-03 0.8173 8.08 10.83 3.44E+00 1.018 0.0007

PCMO002-10 0.8173 15 2.2 4.14E+00  1.0306 0.0006

PCMO002-11 0.8165 15 2.2 4.55E+00 1.028 0.0006
BNWL2129T4-18 0.8131 7.91 10.85 3.58E+00 1.0171 0.0005
BNWL2129T4-05 0.8016 8.29 10.8 3.22E+00 1.0183 0.0006

*Benchmark experiment identified by DCS as applicable to AOA 4.
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Table 12. Experimental configurations with ¢, coefficients > 0.8 for AOA 4-3

Experiment Ck H/(Pu+U) Wt% 240py EALF (eV) kef o

PU-15-1* 0.9036  2.86 11.5 1.51E+01  0.9811 0.0003
BNWL2129T4-10 0.8482  7.72 10.88 5.24E+00  1.0159 0.0006
BNWL2129T4-09 0.8468  7.39 10.92 5.78E+00  1.0187 0.0006
NSES5T5-07 0.8442 2.8 11.5 4.39E+01 1.0042 0.0005
BNWL2129T4-01 0.8441 7.13 10.95 6.13E+00 1.0184 0.0006
NSES55T5-10 0.8432 2.8 11.5 3.85E+01 1.0036 0.0004
PU-29-7* 0.8425  2.77 11.5 348E+01  0.9944 0.0005
NSES55T5-01 0.8423 2.8 11.5 3.97E+01 1.0058 0.0005
NSES55T5-02 0.8422 2.8 11.5 3.97E+01 1.0028 0.0005
NSES55T5-04 0.8419 2.8 11.5 4.10E+01 1.0048 0.0005
NSES55T5-05 0.8417 2.8 11.5 4.03E+01 1.002 0.0005
NSES55T5-03 0.8416 2.8 11.5 4.00E+01 1.0049 0.0005
PU-29-3* 0.8416  2.77 11.5 4.07E+01 1.0022 0.0005
PU-29-4* 0.8416  2.77 11.5 3.78E+01  0.9932 0.0004
BNWL2129T4-02 0.8414 7.64 10.89 4.51E+00 1.0178 0.0006
PU-29-8* 0.8414  2.77 11.5 3.44E+01  0.9951 0.0005
PU-29-9%* 0.8413  2.77 11.5 3.46E+01  0.9987 0.0005
PU-29-1* 0.8408  2.77 11.5 4.14E+01  0.9941 0.0003
BNWL2129T4-11 0.8407  8.52 10.77 3.48E+00  1.0166 0.0005
BNWL2129T4-16 0.8405  7.37 10.92 5.24E+00  1.0178 0.0006
NSES55T5-06 0.8405 2.8 11.5 4.14E+01 1.0045 0.0005
PU-29-5%* 0.8405  2.77 11.5 3.77TE+01  0.9937 0.0003
PU-29-6* 0.8405  2.77 11.5 3.67E+01  0.9931 0.0003
PU-29-2%* 0.8404  2.77 11.5 4.03E+01  0.9931 0.0005
BNWL2129T4-04 0.8402  7.51 10.9 5.08E+00  1.0182 0.0005
BNWL2129T4-15 0.8402  7.51 10.9 5.08E+00  1.0161 0.0005
NSES55T5-08 0.8399 2.8 11.5 3.93E+01 1.0026 0.0006
BNWL2129T4-07 0.8391  7.57 10.89 491E+00  1.0165 0.0005
BNWL2129T4-17 0.8377  7.68 10.88 4.28E+00 1.0172 0.0005
NSES5T5-09 0.8359 2.8 11.5 3.88E+01 1.0023 0.0005
BNWL2129T4-19 0.8347  7.79 10.87 4.05E+00  1.0181 0.0006
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Table 12 (continued)

Experiment Ck H/(Pu+U) Wt % 20py EALF (eV) ke o
BNWL2129T4-12 0.8340  8.09 10.83 3.84E+00 1.02 0.0005
BNWL2129T4-03 0.8313  8.08 10.83 3.44E+00 1.018 0.0007
BNWL2129T4-18 0.8283  7.91 10.85 3.58E+00 1.0171 0.0005
BNWL2129T4-05 0.8244  8.29 10.8 3.22E+00  1.0183 0.0006

MCT002-02 0.8233  1.1946 7.7593 7.73E-01 0.9958 0.0006

MCTO009-01 0.8189  1.4103 7.8651 5.52E-01 0.9945 0.0005
BNWL2129T4-08 0.8181  8.71 10.75 2.40E+00 1.0186 0.0005

PU-8-3* 0.8180  7.33 11.5 6.38E-01 1.0059 0.0006
PU-8-4* 0.8180  7.33 11.5 6.30E-01 1.0053 0.0006
PU-8-2% 0.8179  7.33 11.5 6.41E-01 1.0036 0.0005
PU-8-1* 0.8178  7.33 11.5 6.45E-01 1.005 0.0006
BNWL2129T4-13 0.8104  8.79 10.74 247E+00  1.0214 0.0007
BNWL2129T4-06 0.8055  8.81 10.74 2.24E+00 1.018 0.0005
MCT002-01 0.8032  1.1946 7.7593 5.79E-01 0.9934 0.0006

*Benchmark experiment identified by DCS as applicable to AOA 4
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Table 13. Experimental configurations with ¢, coefficients > 0.7 for AOA 4-4

Experiment Ck H/(Pu+U) Wt % *0py EALF (eV) ke o
NSES55T5-04 0.7420 2.8 11.5 4.10E+01 1.0048 0.0005
PU-15-1* 0.7420 2.86 11.5 1.51E+01 0.9811 0.0003
NSES5T5-03 0.7388 2.8 11.5 4.00E+01 1.0049 0.0005
NSES55T5-05 0.7372 2.8 11.5 4.03E+01 1.002 0.0005
NSES55T5-07 0.7363 2.8 11.5 4.39E+01 1.0042 0.0005
NSES55T5-01 0.7358 2.8 11.5 3.97E+01 1.0058 0.0005
NSES55T5-08 0.7357 2.8 11.5 3.93E+01 1.0026 0.0006
NSES55T5-06 0.7354 2.8 11.5 4.14E+01 1.0045 0.0005
NSES55T5-02 0.7349 2.8 11.5 3.97E+01 1.0028 0.0005
NSES5T5-09 0.7332 2.8 11.5 3.88E+01 1.0023 0.0005
PU-29-3* 0.7330 2.77 11.5 4.07E+01 1.0022 0.0005
PU-29-8* 0.7330 2.77 11.5 3.44E+01 0.9951 0.0005
PU-29-9%* 0.7325 2.77 11.5 3.46E+01 0.9987 0.0005
NSES55T5-10 0.7316 2.8 11.5 3.85E+01 1.0036 0.0004
PU-29-6%* 0.7311 2.77 11.5 3.67E+01 0.9931 0.0003
PU-29-4* 0.7306 2.77 11.5 3.78E+01 0.9932 0.0004
PU-29-5%* 0.7306 2.77 11.5 3. 77E+01 0.9937 0.0003
PU-29-7* 0.7305 2.77 11.5 3.48E+01 0.9944 0.0005
PU-29-1* 0.7303 2.77 11.5 4.14E+01 0.9941 0.0003
PU-29-2%* 0.7293 2.77 11.5 4.03E+01 0.9931 0.0005

*Benchmark experiment identified by DCS as applicable to AOA 4.
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Table 14. Experimental configurations with ¢, coefficients > 0.7 for AOA 4-4-P163

Experiment Ck H/(Pu+U) Wt % *0py EALF (eV) kef o

NSES55T5-04 0.7718 2.8 11.5 4.10E+01  1.0048 0.0005
PU-15-1* 0.7714 2.86 11.5 1.51E+01  0.9811 0.0003
NSES5T5-03 0.7689 2.8 11.5 4.00E+01  1.0049 0.0005
NSES55T5-05 0.7676 2.8 11.5 4.03E+01  1.002 0.0005
NSES55T5-07 0.7663 2.8 11.5 4.39E+01  1.0042 0.0005
NSES55T5-01 0.7662 2.8 11.5 3.97E+01  1.0058 0.0005
NSES55T5-08 0.7661 2.8 11.5 3.93E+01 1.0026 0.0006
NSES5T5-06 0.7659 2.8 11.5 4.14E+01  1.0045 0.0005
NSES55T5-02 0.7654 2.8 11.5 3.97E+01  1.0028 0.0005
NSES5T5-09 0.7643 2.8 11.5 3.88E+01  1.0023 0.0005
PU-29-3* 0.7639 2.77 11.5 4.07E+01  1.0022 0.0005
PU-29-8* 0.7638 2.77 11.5 3.44E+01  0.9951 0.0005
PU-29-9%* 0.7633 2.77 11.5 3.46E+01  0.9987 0.0005
NSES55T5-10 0.7622 2.8 11.5 3.85E+01  1.0036 0.0004
PU-29-6%* 0.7622 2.77 11.5 3.67E+01  0.9931 0.0003
PU-29-5%* 0.7617 2.77 11.5 3. 77TE+01  0.9937 0.0003
PU-29-4* 0.7616 2.77 11.5 3.78E+01  0.9932 0.0004
PU-29-1* 0.7615 2.77 11.5 4.14E+01  0.9941 0.0003
PU-29-7* 0.7615 2.77 11.5 348E+01 0.9944 0.0005
PU-29-2%* 0.7605 2.77 11.5 4.03E+01  0.9931 0.0005
PCMO002-09 0.7132 5 11.46 5.68E+01  1.0218 0.0005
PCMO001-02 0.7114 5 11.46 1.73E+03  1.0198 0.0007
PCMO002-06 0.7082 5 11.46 9.25E+01  1.0234 0.0006
BNWL2129T4-01 0.7017 7.13 10.95 6.13E+00 1.0184 0.0006
PCMO002-07 0.7016 5 11.46 8.49E+01  1.022 0.0006
PCMO002-08 0.7008 5 11.46 6.80E+01  1.0212 0.0006
BNWL2129T4-02 0.7006 7.64 10.89 4.51E+00 1.0178 0.0006
PCI001-01 0.7001 0.37 5.3 3.08E+02  0.9988 0.0001

*Benchmark experiment identified by DCS as applicable to AOA 4.
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Table 15. Experimental configurations with ¢, coefficients > 0.8 for AOA 4-4-P40

H/(Pu + U) Wt % ***Pu EALF (eV)

Experiment Ck ke c
PU-15-1* 0.8323 2.86 11.5 1.51E+01  0.9811 0.0003
NSES55T5-04 0.8320 2.8 11.5 4.10E+01  1.0048 0.0005
NSES55T5-03 0.8300 2.8 11.5 4.00E+01  1.0049 0.0005
NSES55T5-05 0.8291 2.8 11.5 4.03E+01  1.002 0.0005
NSES55T5-01 0.8278 2.8 11.5 3.97E+01  1.0058 0.0005
NSE55T5-08 0.8278 2.8 11.5 3.93E+01  1.0026 0.0006
NSES55T5-02 0.8276 2.8 11.5 3.97E+01  1.0028 0.0005
NSES55T5-09 0.8275 2.8 11.5 3.88E+01  1.0023 0.0005
NSES55T5-06 0.8274 2.8 11.5 4.14E+01  1.0045 0.0005
PU-29-8* 0.8270 277 11.5 3.44E+01  0.9951 0.0005
NSES55T5-07 0.8265 2.8 11.5 4.39E+01  1.0042 0.0005
PU-29-3* 0.8265 277 11.5 4.07E+01  1.0022 0.0005
PU-29-9* 0.8265 277 11.5 3.46E+01  0.9987 0.0005
PU-29-6* 0.8261 277 11.5 3.67E+01  0.9931 0.0003
PU-29-5* 0.8253 277 11.5 3.77E+01  0.9937 0.0003
PU-29-4* 0.8250 2.77 11.5 3.78E+01  0.9932 0.0004
PU-29-7* 0.8250 277 11.5 3.48E+01  0.9944 0.0005
PU-29-1* 0.8249 277 11.5 4.14E+01  0.9941 0.0003
NSES55T5-10 0.8244 2.8 11.5 3.85E+01  1.0036 0.0004
PU-29-2* 0.8242 277 11.5 4.03E+01  0.9931 0.0005

*Benchmark experiment identified by DCS as applicable to AOA 4.
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Table 16. Experimental configurations with ¢, coefficients > 0.8 for AOA 4-4-P8

H/(Pu + U) Wt % ***Pu EALF (eV)

Experiment Ck kef c
PU-15-1* 0.8915 2.86 11.5 1.51E+01 0.9811 0.0003
PU-29-6* 0.8883 2.717 11.5 3.67E+01 0.9931 0.0003
PU-29-8* 0.8878 277 11.5 3.44E+01 0.9951 0.0005
PU-29-9* 0.8877 2.77 11.5 3.46E+01 0.9987 0.0005

NSES55T5-09 0.8876 2.8 11.5 3.88E+01 1.0023 0.0005
PU-29-5* 0.8867 277 11.5 3.77E+01 0.9937 0.0003
PU-29-7* 0.8867 277 11.5 3.48E+01 0.9944 0.0005

NSES55T5-04 0.8863 2.8 11.5 4.10E+01 1.0048 0.0005

NSE55T5-03 0.8862 2.8 11.5 4.00E+01 1.0049 0.0005

NSES55T5-02 0.8861 2.8 11.5 3.97E+01 1.0028 0.0005

NSES55T5-05 0.8861 2.8 11.5 4.03E+01 1.002 0.0005
PU-29-4* 0.8860 277 11.5 3.78E+01 0.9932 0.0004
PU-29-3* 0.8858 277 11.5 4.07E+01 1.0022 0.0005
PU-29-1* 0.8856 277 11.5 4.14E+01 0.9941 0.0003

NSE55T5-08 0.8855 2.8 11.5 3.93E+01 1.0026 0.0006
PU-29-2%* 0.8852 277 11.5 4.03E+01 0.9931 0.0005

NSES55T5-01 0.8851 2.8 11.5 3.97E+01 1.0058 0.0005

NSES55T5-06 0.8841 2.8 11.5 4.14E+01 1.0045 0.0005

NSES55T5-10 0.8831 2.8 11.5 3.85E+01 1.0036 0.0004

NSES55T5-07 0.8810 2.8 11.5 4.39E+01 1.0042 0.0005

BNWL2129T4-10 0.8763 7.72 10.88 5.24E+00 1.0159 0.0006
BNWL2129T4-09 0.8760 7.39 10.92 5.78E+00 1.0187 0.0006
BNWL2129T4-01 0.8752 7.13 10.95 6.13E+00 1.0184 0.0006
BNWL2129T4-07 0.8748 7.57 10.89 4.91E+00 1.0165 0.0005
BNWL2129T4-15 0.8742 7.51 10.9 5.08E+00 1.0161 0.0005
BNWL2129T4-02 0.8740 7.64 10.89 4.51E+00 1.0178 0.0006
BNWL2129T4-04 0.8738 7.51 10.9 5.08E+00 1.0182 0.0005
BNWL2129T4-16 0.8724 7.37 10.92 5.24E+00 1.0178 0.0006
BNWL2129T4-17 0.8706 7.68 10.88 4.28E+00 1.0172 0.0005
BNWL2129T4-12 0.8639 8.09 10.83 3.84E+00 1.02 0.0005
BNWL2129T4-11 0.8612 8.52 10.77 3.48E+00 1.0166 0.0005
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Table 16 (continued)

Experiment Ck H/(Pu+U) Wt % *0py EALF (eV) ke o
BNWL2129T4-19 0.8612 7.79 10.87 4.05E+00 1.0181 0.0006
BNWL2129T4-03 0.8582 8.08 10.83 3.44E+00 1.018 0.0007
BNWL2129T4-18 0.8578 7.91 10.85 3.58E+00 1.0171 0.0005
BNWL2129T4-05 0.8528 8.29 10.8 3.22E+00 1.0183 0.0006
BNWL2129T4-08 0.8450 8.71 10.75 2.40E+00 1.0186 0.0005
BNWL2129T4-13 0.8413 8.79 10.74 2.47E+00 1.0214 0.0007

PCMO002-09 0.8406 5 11.46 5.68E+01 1.0218 0.0005
BNWL2129T4-06 0.8281 8.81 10.74 2.24E+00 1.018 0.0005

PCMO002-06 0.8217 5 11.46 9.25E+01 1.0234 0.0006

PCMO002-08 0.8209 5 11.46 6.80E+01 1.0212 0.0006

PCMO002-13 0.8029 15 2.2 5.46E+00 1.0256 0.0006

PCMO002-20 0.8026 15 2.2 6.65E+00 1.0087 0.0005

PCMO002-18 0.8025 15 2.2 6.19E+00 1.0102 0.0006

PCMO002-17 0.8022 15 2.2 4.93E+00 1.0073 0.0007

PCMO002-22 0.8010 15 2.2 6.45E+00 1.0143 0.0007

*Benchmark experiment identified by DCS as applicable to AOA 4.
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6.2.1.  Nuclide-Reaction-Specific Analysis of AOA 4-2

To gain more understanding of the physics that lead to the high-valued correlation
coefficients for design system AOA 4-2 where traditional trending methods might indicate less
applicability, a nuclide-reaction-specific sensitivity analysis was performed for two selected
benchmark experiments. The two selected experiments are NSE55T4-01 and NSES5TS5-04,
which exhibit ¢, values with AOA 4-2 of 0.5273 and 0.9256, respectively. Pertinent data for each
of these systems is shown in Table 17. Note that the EALF values indicate that the average fission
distribution is quite different between the design application and the two benchmarks. However,
the H/(Pu + U) and Pu/(Pu + U) ratios are comparable, especially for NSES5T5-04.

Table 17. Properties of systems considered for nuclide-reaction-specific analysis of AOA 4-2

AOA 4-2 NSE55T4-01 NSES55T5-04
¢y value with AOA 4-2 1.0 0.5273 0.9356
H/(Pu + U) 1.58 30.6 2.8
Pu/(Pu + U) 0.219 0.146 0.303
Wt % **°Pu 4 7.97 11.5
EALF (eV) 3751 0.143 41.0

The T(cx) values were computed for important reactions for each of these experiments in
relation to AOA 4-2. Recall that a T(c;) value of 1.0 indicates that for the particular nuclide-
reaction pair considered, the benchmark exhibits the same amount of shared variance as the
application. Previous studies have used a criterion of 0.95 for T values to indicate coverage of an
application by a benchmarkJ The contribution of each reaction to the c value for the system is
related to the magnitude of the sensitivity coefficient for the application. Thus, a system with
several high-sensitivity reactions that also have high 7(cy) values would produce a high ¢, value.
The sensitivity coefficients and 7(c) values for AOA 4-2 are presented in Table 18.
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Table 18. Nuclide-reaction-specific sensitivity data for AOA 4-2 with T{(cy) values
for benchmarks NSE55T4-01 and NSES55T5-04

Sensitivity T(ck)

coefficient NSE55T4-01 NSE55T5-04
'H scatter 0.1463 3.1860 0.9246
3Py fission 0.4690 0.1640 0.9525
#3%9py capture —0.1722 0.3105 0.9671
238U fission 0.09601 0.0794 0.3550
238U capture —0.1834 0.3465 0.4850
28U scatter 0.09838 0.0678 0.1743

Examination of the data in Table 18 provides insight as to why NSE55T5-04 exhibits a
high correlation with AOA 4-2, even though the EALF values might indicate otherwise. For the
reaction for which AOA 4-2 exhibits the most sensitivity, %Py fission, NSE55T5-04 provides
adequate coverage, with a T(c;) value 0.9525. Two other important reactions, 'H scatter and %y
capture are also well covered. Although the *3¥U reactions are not covered as well, the overall
coverage for important nuclides and reactions is adequate to produce a high ¢, value. In contrast,
the T(cy) values for NSE55T4-01 show that it only provides adequate coverage for 'H scatter.
The coverage for 239y fission is quite poor, and thus, the ¢, value produced for this benchmark is
much lower.

The properties of NSES5T5-04 that are most likely responsible for the high correlation
coefficient with AOA 4-2, even though the EALF values of the systems differ by two orders of
magnitude, are the high Pu/(Pu + U) ratio and the low H/(Pu + U) ratio. Even though the EALF
values indicate that the average fission distributions of the two systems are quite different, the
benchmark is fueled with enough Py that the sensitivity of k. to %Py fission has a large
enough magnitude at fast energies to provide a high correlation with the design application. The
energy-dependent 3%y fission sensitivity profiles are presented in which illustrates that,
although the sensitivity of NSES55T5-04 is more pronounced in the thermal region, it is still
comparable to that of AOA 4-2 though intermediate and fast energies. The highly correlated
NSES55T5-04 is contrasted by the poorly correlated NSE55T4-01, whose %Py fission sensitivity
profile demonstrates the dominance of thermal fission in this system.
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6.2.2.  Analysis of Mass Variations for AOA 4-4

The variation in the correlation coefficient with system mass for the four cases of
AOA 4-4 was further investigated using the nuclide-reaction-specific S/U tools. As noted in
the S/U methods found that no benchmark experiments met the 0.8 criterion for ¢ for
the critical configuration, but the correlation coefficients are improved as the mass of the system
is reduced. Although the previous section explained how a system with an EALF of nearly
4000 eV could be highly correlated to systems with much lower average spectra, this argument
does not apply to the critical configuration of AOA 4-4. The EALF for this system is 2355 eV,
but the energy-dependent profiles exhibit a higher sensitivity in the fast range for AOA 4-4 than is
observed for AOA 4-2. This is shown in This difference in the profiles, when coupled
with the cross-section-covariance data, for all nuclides in the system results in a significantly
different correlation coefficient.

presents the sensitivity coefficients for important reactions for each system with
the corresponding 7{(c;) values generated with MOX polystyrene compact benchmark experiment
PU-29-1. To further illustrate the differences among these systems, the energy-dependent-
sensitivity profiles for each of these design systems and benchmark-experiment PU-29-1 are
presented below. This data is presented in for **Pu fission and in for 2%U capture.
Recall that PU-29-1 exhibited c; values of 0.7303, 0.7615, 0.8249 and 0.8856 for AOA 4-4,
AOA 4-4-P163, AOA 4-4-P40 and AOA 4-4-P8, respectively. An examination of the effects due
to the reduction of system mass for each nuclide-reaction pair will be presented here. For
'H scatter, which will mostly occur in the water reflector of this dry system, reducing the mass of
fuel in the system places a higher percentage of the fuel in proximity of the reflector, and thus
increases the sensitivity of the system to hydrogen in the reflector region. With its increased
importance, which is greater than that observed in the benchmark experiment, the coverage of this
nuclide is diminished. However, because the cross-section data for 'H scatter is well known, the
covariance data has a small magnitude, and its effect on the global c; correlation coefficient is
minimized. For **°Pu fission, although the magnitude of the sensitivity coefficient is decreased,
the 7T(ck) value is somewhat improved for AOA 4-4-P8 and minimally reduced for the other
reduced mass cases. illustrates that “**Pu fission will have a positive contribution to ¢, as
the sensitivity profiles for the reduced mass cases approach that of the benchmark experiment,
especially in the fast region. A similar effect is produced for 29py capture, although the
sensitivity profiles are not shown. For >80 fission, the T{(cy) values are reduced as the sensitivity
coefficient increases, similar to the effect seen for 'H scatter. For >**U capture, as the spectrum of
the system 1is shifted towards thermal with reduced mass, the sensitivity to U capture is
reduced. The T(cy) value is somewhat improved, but is still quite low. However, this slight
improvement in 7(cy), along with the reduction in the magnitude of the sensitivity coefficient, will
produce a noticeable increase in ¢;. The trend of the sensitivity profiles towards that of the
benchmark experiment, especially in the fast region, is shown in [Fig. 4/
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Thus, by reducing the mass of the system from a critical configuration to one that might be
encountered by mass-control limits, several marked changes have been realized in the S/U
analysis. Most notable is that the resultant changes in the system energy spectrum have reduced
the sensitivity of the smaller systems to cross-section data in the fast region. This has produced
more similarity between the design applications and the benchmark experiments.

This exercise has demonstrated that the selection of design systems used for validation
studies should be carefully considered. The selection of the proper materials for analysis is
crucial, but the geometrical limitations should also be given proper consideration.

6.2.3. Identification of Additional Benchmarks for 233U

Although the large-mass, high-density critical configuration of AOA 4-4 is not likely a
realistic system from a facility design perspective, it provides an instructive example for the
detailed use of the S/U tools. Further investigations of this system were conducted to identify
additional data that might be useful to provide full coverage for this system. It was noted in the
previous section that **U capture and fission reactions do not appear to be well covered for the
critical configuration of AOA 4-4. In a search for experiments with similar sensitivities to 2y,
the dry uranium benchmarks, LEU-COMP-THERM-049, were identified. Although the ¢ values
for AOA 4-4 with these experiments are only in the range of 0.25, the 7(cy) values for 28U fission
are ~0.8 for some experimental configurations and 7(cx) values for U capture are ~1.0 for all
experimental configurations. For the subcritical configuration, AOA 4-4-P8, LEU-COMP-
THERM-049 experiments again exhibit ¢ values of about 0.25. The T(ci) values for 28U fission
are somewhat lower at about 0.4, but the 7(c;) values for 38y capture are about 1.5. Fig. 5
depicts the energy-dependent-sensitivity profiles for U capture for AOA 4-4 and AOA 4-4-P8
along with those from experiments PU-29-1 and LEU-COMP-THERM-049-01. It can be
observed from this figure that the profile from the uranium benchmark more closely matches that
of the critical AOA 4-4 than does the MOX benchmark, PU-29-1, at fast energies. Also the
uranium benchmark profile exceeds the other systems in the thermal region. At fast energies, the
uranium benchmarks closely match the behavior of the subcritical design system AOA 4-4-P8.

If a technique, such as the generalized trending tool GLLSM, was applied to AOA 4-4
using a combination of MOX and LEU benchmarks, it is possible that full coverage of important
reactions could be achieved. A scoping study was performed to determine the completeness
parameter, and thus, the applicability of GLLSM using the selected benchmarks for this
application. These results are shown in Appendix A.
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7. CONCLUSIONS

This S/U study has identified a number critical benchmark experiments that
exceed the previously established criterion for applicability to the criticality code
validation for AOA 3, PuO, powders, and AOA 4, MOX powders, of the MFFF. This
criterion is that the correlation coefficient, ¢, meets or exceeds a value of 0.8.

In this study, SEN3 was used to generate sensitivity data for 318 benchmark
experiments.  Also, SEN1 was used to generate sensitivity data for seven design
application compositions provided by DCS as typical of those encountered in the MFFF.
Of the analyzed applications, three are from AOA 3 and four are from AOA 4. The
CANDE code generated correlation coefficients relating the similarity of each benchmark
to each application. This data was tabulated, and those experiments exceeding the
criterion for the correlation coefficient were reported.

For AOA 3, PuO, powders, the S/U methods demonstrate that the series of
plutonium benchmarks identified by DCS as applicable to the criticality code validation
exceed the S/U criteria for the three design systems evaluated. Of the 46 benchmarks
identified by DCS, 38 were confirmed by the S/U methods as applicable to the PuO,
powder systems. In addition to the experiments identified by DCS, additional plutonium
and MOX benchmarks are available that exceed the S/U criterion for this AOA.

For AOA 4, MOX powders, the S/U methods demonstrate that the series of MOX
benchmarks identified by DCS as applicable to the criticality code validation exceed the
S/U criteria for critical configurations of three of the four compositions studied. These
benchmarks meet the S/U criterion for subcritical configurations of the fourth
composition. Additional MOX benchmarks included in this study also demonstrate high
correlation coefficients with the design systems from this AOA. Additionally, several
plutonium-fueled benchmarks exhibit high correlation coefficients with a subset of the
MOX design systems studied.
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APPENDIX A
COMPLETENESS PARAMETER

Previously developed guidelines relate the number of systems and the magnitude of cx
parameters for which convergence of the GLLSM and hence convergences of trending studies
with ¢y are expected. However, the GLLSM procedure is useful for general purpose trending
when the values of ci are outside of the range of applicability. For these situations another
parameter was developed to ensure that the set of benchmarks is “complete” in the sense that it
completely tests all the important cross section elements in the particular application of interest.
The availability of sensitivity coefficients provides a key element in the definition of this
completeness parameter.

The completeness value, R, is defined as follows:

R=S./S, (A1)
where
St = zzz Sxaij 4
i j ox
Sa = 222|d5¢\a1] 4
i j ox
and

{1, if N/ >9
d=

0, if N/ <9
N l’x = number of systems for which Sejj > 10.9 X Sujjl
e = experiment
a = application
Sxij = the sensitivity of kes to the cross sections of the constituent material nuclide j
1,X = indices for reaction and energy group.

The completeness value is designed to give the effective fraction of the total sensitivity for
each application system that is “covered” by the benchmark set. This coverage is defined by
comparing the magnitude of each group-wise sensitivity coefficient for the application with
respect to each of the corresponding sensitivities of the benchmark systems. The minimum
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coverage of these sensitivities for the benchmark systems is defined as 90% of the application
sensitivity, hence the value of 0.9 in the definition of N l’x .

Work is planned but has not been completed to determine the magnitude of the
R parameter, such that completeness is assured. Until then, the R-value is useful only in relative
comparisons, i.e., the higher the number the better coverage for important reactions in the system.
Note, the completeness parameter is a sensitivity-only parameter; the cross-section-covariance
data is not included in its computation.

For this study, an evaluation of this completeness parameter was conducted to determine if
the GLLSM methods would be useful for the determination of a computational bias for the critical
configuration of AOA 4-4, where no benchmarks exceeded the 0.8 criterion for ck. The results of
this evaluation are given in Table A.1. These completeness parameters were computed in
reference to the entire 318-experiment benchmark suite, including the LEU experiments that
demonstrate a high T(ck) value for B8y capture for AOA 4-4. As can be seen from this table,
AOA 4-4 exhibits a very low completeness parameter relative to the other applications studied.
Thus, addition benchmarks would need to be identified before reliable GLLSM results could be
produced.

Table A.1. Completeness parameter (R) for each design system
using the 318-benchmark-experiment set

Application Completeness parameter
AOA 3-1 0.6724
AOA 3-2 0.7835
AOA 3-3 0.7943
AOA 4-1 0.8271
AOA 4-2 0.5784
AOA 4-3 0.6292
AOA 4-4 0.4433

AOA 4-4-P163 0.5055
AOA 4-4-P40 0.6137
AOA 4-4-P8 0.6816
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