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ABSTRACT

This report is designed as a guide for performing criticality benchmark calculations for light-water-reactor (LWR) fuel
applications. The guide provides documentation of 180 criticality experiments with geometries, materials, and
neutron interaction characteristics representative of transportation packages containing LWR fuel or uranium oxide
pellets or powder. These experiments should benefit the US Nuclear Regulatory Commission (NRC) staff and
licensees in validation of computational methods used in LWR fuel storage and transportation concer.:s. The
experiments are classified by key parameters such as enrichment, water/fuel volume, hydrogen-to-fissile ratio (WX),
and lattice pitch. Groups of experiments with common features such as scparator plates, shielding walls, and soluble
boron are also identified In addition, a sample validation using these experiments and a statistical analysis of the
results are provided. Recommendations for selecting suitable experiments and determination of calculational bias and
uncertainty are presented as part of this benchmark guide.
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1 Introduction

This report is designed as a guide for performing criticality benchmark calculations for light-water-reactor (LWR) fuel
applications. The guide provides documentation of 180 criticality experiments with geometrics, materials, and
neutron interaction characteristics representative of transportation packages containing LWR fuel or uranium oxide
pellets or powder. These experiments should benefit the U.S. Nuclear Regulatory Commission (NRC) stafY and
licensees in validation of computational methods used in LWR fuel storage and transportation concerns. The
experiments are classified by key parameters such as enrichment, water-to-fuel volume ratio, hydrogen-to-fissile ratio
(H/X), and lattice pitch. Groups of experiments with common features such as separator plates, reflecting walls, and
soluble boron are also identified In addition, a sample validation using these experiments and a statistical analysis of
the results are provided  Recommendations for selecting suitable experiments and determination of calculational bias
and uncertainty are presented as part of this benchmark guide

A literature survey was performed of low-enriched, LWR-type fuel critical experiment reports to select the
experiments documented here. Table 1.1 presents a brief summary of the reports surveyed and the types and number
of available experiments found. The table also indicates the number of experiments selected for inclusion in this
report. This information may be useful to an analyst who wishes to perform a more extensive validation for a
particular category of LWR fuel experiments

Descriptions of the selected critical experimeats are presented in Sect. 2 in sufficient detail for independent analysis
by any computational tool that is appropnate for performing critic2lity safety analyses

Section 3 documents benchmark calculations of these expeniments performed with the SCALE code system' using the
44-group ENDF/B-V cross-section library * Results include neutron multiplication factors (k,q), presented indi-
vidually and combined by experiment type. The SCALE input files used to generate the results of Sect. 3 are listed in
Appendix A Individual results based on the 238-group ENDF/B-V library® are also presented for comparison in
Appendix B

Determinations of calculational biases and subcnitical limits are discussed in Sect. 4. Statistical analyses of the
SCALE calculational results are performed to parameterize trends. The purpose of these analyses 1s to determine the
correlation of bias in calculated K,y values to key parameters. The statistical results are then applied in the
demonstration of two methods for establishing an upper subcnitical limit (USL) (1) a 95% confidence band for a
single future calculation with an administrative subcritical margin and (2) a lower tolerance band based on a 95%
confidence band on 99 5% of all future calculations using the us/stats program documented in Appendix C.

Section 5 discusses the issue of arcas of applicability in the validation of computational methods and presents
guidance on how to select cnticality experiments that are applicable to validate the computational method for the
system of concern  Parameters that should be studied to demonstrate arcas of applicability are discussed.

A summary of this benchmark guide 1s presented in Sect. 6
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Table 1.1 Summary of available LWR critical experiments

No. of No. of
ilab ) y
Report experiments | experiments Description of eriticality experiments
ANS Transactions, Vol. 25 9 4.74 wt % U UO, fuel rods in square lattices of 1.35-cm pitch; fuel
33,p.362 clusters separated by air, polystyrene, polyethylene, or water; fuel
(Ref 5) clusters submersed in aqueous NaNO, solution
BAW-1484 (Ref 6) 37 10 2.46 wt % U UO, fuel rods in square lattices of 1.636-cm pitch; the
spacing between 3 » 3 array of LWR-type fuel assemblics is filied with
water and B,C pins, stainless stee! sheets, or borated stainless steel
EPRI-NP-196 (Ref 7) 6 6 2.35 wt % ™U VO, fuel rods in square lattices of 1.562-, 1. 905-, and
2.210-cm pitch; lattices with borated moderator
NS&E, Vol. 71, 26 6 4.74 va % U U0, fuel rods in square lattices of 1.26-, 1.60-,2.10-,
p 154 (Ref B) and 2 52-cm pitch, tnangular and tnangular with pseudo-cylindncal
shape lattices of 1.35-, 1.72-, and 2.2%-cm pitch, iregular hexagonal
lattices of 1 35-cm pitch, lattices with water holes
PNL-2438 (Ref 9) 48 6 2.35 wt % U U0, fuel rods in square lattices of 2.032-cm pitch, Cd,
Al, Cu, stainless stoel, borated stainless steel, Boral, and Zircaloy
separator plates between assemblies
PNL-2827 (Ref 10) 23 9 2.35 and 4.31 wt % °U U0, fuel rods in square lattices of 2.032- and
2.540-cm pitch, reflecting walls of Pb or depleted uranium
PNL-3314 (Ref 11) 142 27 2.35 and 4.31 w1 % **U UO, fuel rods in square lattices of 1 684- and
1.892-cm pitch, etainless steel, borated stainless steel, Cd, Al, Cu,
Boral, Boroflex, and Zircaloy separator plates between assemblics,
lattices with water holes and voids
PNL-3926 (Ref 12) 22 14 235 and 4.31 w1 % U UO, fuel rods in square lattices of 1.684- and
1 892-cm pitch, reflecting walls of Pb or depleted uranium
PNL-4267 (Ref 13) 9 7 4.3 w1 % ™U U0, fuel rods in square lattices of 1.890- and 1.715-cm
pitch, lattices with borated moderator
PNL-4976 (Ref. 14) 17 1 431 W% (2.35 wt %) U UO, fuel rods in hexagonal lattices of
2.398-, 1 801-, and 1 598-cm pitch, moderator contains Gadolinium
WCAP-3269 (Ref. 15) 157 9 27,37, and 5.7 wt % *U VO, fuel rods in square lattices of 1.029-,
1.105-, and 1 422-cm pitch, Iattices with Ag-In-Cd absorber rods, water
holes, void tubes
WCAP-3385 (Ref 16) 3 2 5.74 wi % MU UO, fuel rods in square lattices of 1.321-, 1 422-, and
2.012-cm pitch
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Table 1.1 (continued)

No. of No. of
availeble selected
Report experiments | experiments Description of criticality experiments
BAW-1645 (Ref. 17) 21 ¥ 246 wt % U UO, fuel rods in close-packed triangular lattices of
1.209-em pitch, close-packed square lattices of 1.209-cm pitch, and
square lattices of 1.410-cm pitch
DSN 399/80 (Ref. 18) 4 4 4.74 wt % U U0, fuel rods in square lattices of 1 6-cm pitch; hafnium
scparator plates between assembiies
PNL-2615 [Ref. 19) 32 7 431 wt % U U0, fuel rods in square lattices of 2. 540-cm pitch;
stainless steel, borated stainless steel, Cd, Al, Cu, Boral, and Zircaloy
scparator plates between assemblies
PNL-6205 (Ref 20) 19 1 431 wt % U U0, fuel rods in square lattices of 1. 891-cm pitch,
Boral flux treps
PNL-7167 (Ref. 21) 9 4 4.31 wt % U UO, fuel rods in square lattices of 1 891-cm pitch; Boral
flux traps containing voids filled with Al plates, Al rods, or UO, fuel
rods
PNL-3602 (Ref. 22) 49 26 2.35 and 4.31 wt % U UO, fuel rods in square lattices of 2. 032- and
2.540-cm pitch, reflecting walls of stainless steel, separator plates of
stainless steel, borated stainless steel, Boral, Cu, Cd, and Boroflex
between assemblics
Haon et al,, PATRAM 80 12 4 4.74 wt % U0, fuel rods in square lattices of 1 6-cm pitch, Boral
(Ref. 23) separator plates, lead, steel, or water reflecting walls
BAW-1810 (Ref. 24) 23 10 2.46,4.02, and 2.46 and 4.02 wt % U U0, fuel rods in square lattices
of 1 636-cm pitch;, lattices with 1.94 wt % **U U0,-Gd,0, fuel rods,
Ag-In-Cd and B,C absorber rods, void rods
BAW-1231 (Ref. 25) 10 3 4.02 wt % ™U UO, fuel rods in square lattices of 1.511<cm pitch,
lattice with borated moderator
BAW-1273 (Ref. 26) 10 1 2.46 and 4.02 wt % MU UO, fuel rods in square lattices of 1.702,
1.511, and 1.450-cm pitch; lattice with borated moderator
Y-DR-14 (Ref. 27) 32 4 Paraffin reflected or unreflected rectangular paralielepipeds of paraffin
and homogeneous U(2)F, or U(3)F,
NUREG/CR-0674 (Ref 28) 20 3 Plastic reflected or concrete reflected fuel cans with 4 46 % enniched
NUREG/CR-1071 (Ref. 29) U,0,
NUREG/CR-1653 (Ref. 30)
NUREG/CR-2500 (Ref 31)
Total 756 180
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2 Physical Description of Selected Low-Enriched Critical Experiments

This section provides descriptions of the materials and physical layouts of 180 low-enriched critical experiments®®
suitable for benchmarking LWR fuel analyses. The experiments were selected based on structural, material, poison,
geometry, and spectral similarities to NRC-certified radioactive materials packages * The 180 experiments can be
categuiized as 173 LWR-type fuel pin lattice experiments and 7 homogencous uranium experiments. Bricf descnip-
tions of the 180 experiments are presented in Table 2.1. More detailed descriptions and modeling assumptions are
found in Sects. 2.1 and 2.2. All experimental data reported are nominal values. The reader may refer to the references
for these experiments to obtain data regarding experimental uncertainties. Items that are noted as “not modeled” or
“ignored” were generally located near the top or bottom of the experiment where neutron leakage was high. The
volume occupied by these items in the experiment were modeled as the surrounding medium, either water or void.
General modeling and calculational techniques used in the SCALE-4 3 calculations are discussed in Sect. 3.

2.1 LWR-Type Fuel Pin Lattice Experiments

The following sections present descriptions of experiments utilizing UO, LWR-type fuel in square and hexagonal
lattices moderated by light water. The experiments are categorized as simple lattices (2.1.1), separator plates (2.1.2),
reflecting walls (2.1.3), reflecting walls and separator plates (2.1.4), burnable absorber fuel rods (2.1 .5), water holes
(2.1.6), poison rods (2.1.7), and borated moderator (2.1 8).

2.1.1 Simple Lattice Experiments

This set of experiments consists of large single lattices (cores) and arrays of assemblies void of poisons, significant
reflecting materials, water holes, etc. The experiments represent simple transportation packages with primary criticality
control by means of controlling assembly interaction. Modeling of the experiments demonstrates the ability of the
calculational techniques to predict the neutron multiplication factor of essentially infinite arrays of rods (cores) or
neutronically interacting separated assemblies. The experiments provide baselines for comparisons to more complex
problems.

2.1.1.1 Simple Lattice Experiments from ANS Transactions, Vol. 33 (Ref. §)

ANSIISLG consiets of 8 2 = 2 array of fuel assemblics separated by 5.0 cm of water. The 4.742 wt % UO, fuel rod
specifications are given in Table 2.2 and Fig 2 1. The planar and end views of the experiment are shown in Fig. 2.2;
the 0.3-cm-thick aluminum wall box was replaced by water in this experiment. Critical data for the experiment are
located in Table 2 3

Assumptions: The holes in the lower lattice gnid plate for accommodating the fuel rods were taken to be 1.0 cm in
diameter from Ref. 23 The aluminum box density, 2.651 g/cm’, was assumed from Ref 23.

ison; The spring of the fuel rods was modeled as void. The end plugs were modeled as 0.94-
em-diam aluminum cylinders. The fuel rods above the moderator were modeled by the method explained in Sect. 3.2.1.

2.1.1.2 Simple Lattice Experiments from BAW-1484 (Ref. 6)
BWI1484SL consists of a 3 » 3 array of fuel assemblics separated by 6.544 cm of water. Details of the 2.459 wt %
U0, fuel rod design are outlined in Table 2.4 and Fig. 2 3. The vertical dimensions for the experiment are found in

Fig 2.4 Absent from Fig. 2.4: the 1 in. (2.54 cm) between the base plate and core tank is mostly water and the core
tank 15 0.5 in. (1.27 cm) thick. Difficult to distinguish in Fig. 2 4 1s that the fuel rod end plugs are located in 0.125 in.
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(0.3175 cm) of water between the bottom grid plate and the bese plate. The critical data for this experiment are located
in Table 2.5.

Assumptions; The aluminum comer rods are believed to be of fuel rod length. The separation distance between
assemblies is believed to have been measured from the cell boundaries of the assemblies. To accommodate fuel rods,
square holes with 0.615-cm sides were assumed in the bottom grid plate.

Model-experiment comparison. The 22.9-cm * 22.9-cm x 2 54-cm aluminum top grid plate was not modeled. The
fuel rods and separator plate above the moderator region were not modeled.

2.1.1.3 Simple Lattice Experiments from EPRI NP-196 (Ref. 7)

These experiments consist of large singular arrays of fuel rods. Specifications for the 2. 35 wt % UO, fuel rods are
presented in Fig. 2.5. Figure 2.6 is the axial arrangement of experiments EPRU6S and EPRUS7. Figure 2.7 is the
axial arrangement of experiment EPRU7S. The grid plate holes for EPRU7S are 0 586 in. (1.488 cm) in diameter.
The specifications for the aluminum "eggcerate” gnids seen in Fig. 2.6 are given in Fig. 2.8 The core layouts are shown
in Figs. 2.9-2.11. The critical data are located in Table 2.6,

Model-gxperiment comparison: The soluble boron in the moderator was not modeled because of the fow concentration.
A 182 88-cm-diam, 274 32-cm-tall tank constitutes full-water reflection of the cores. The experiments were modeled
with 6 in. (15.24 cm) of water above the lead shield and 30 cm of water below the aluminum solid plate.

2.1.1.4 Simple Lattice Experiments from NS&E, Vol. 71 (Ref. 8)

These expeniments consist of large singular arrays of fuel rods in square or hexagonal laitices. Specifications for the
4742 wt % UOQ, fuel rods are given in Table 2.2 and Fig. 2.1. The principal dimensions of the experiments are also
given in Fig. 2.1, The layouts of the three hexagonal lattice cores are presented in Fig. 2.12. The criticai data for the
experiments are located in Table 2.7.

Assumptions: The holes in the lower gnid plate to accommodate the fuel rods were taken to be 1.0 cm in diameter from
Ref 23.

Model-experiment comparison. The reported upper grid, missing from Fig 2.1, was ignored in the model due to
insufficient data. The two grid plates were reportedly attached to the support plate by four fuel rods distanced mare
than 20 cm from the fuel These rods were not modeled. The fuel rods above the moderator were modeled by the
method explained in Sect. 3.2.1. The stainless steel support plate was modeled as 71.40 wt % Fe, 19.16 wt % Cr, and
944wt %Ni. For NSE71H1, NSE71H2, and NSE71H3, 0 25 cm of the bottom end plug was homogenized with the
swrounding lower grid plate and water. The remaining 1.55 em of the bottom end plug was homogenized with the
surrounding water

2.1.1.5 Simple Lattice Experiments from PNL-2438 (Ref. 9)
P2438SLG consists of a 3 = | array of fuel assemblies separated by 8.39 cm of water. Details of the 2.35 wt % UO,
fuel rods are outlined in Fig. 2.5 Planar and axial views of the experiment can be found in Fig. 2.13; the experiment

was minus the poison plates and biological shielding walls shown in Fig 2.13. Cnitical data for the experiments are
located in Table 2 8.
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Mﬂdﬂ:nmmgmﬂm The 1.27-cm-thick acrylic grid plates were modeled as water because acrylic plastic

huaboundnemduuitymdmtronmodeming characteristics as water The
. carbon steel core tank was not
modclodbecauscuncnmounlofwaterondtcboundaryomxcmaycnsureumaximumhmmemk,,.

2.1.1.6 Simple Lattice Experiments from PNL-2827 (Ref. 10)"

7SLG connm of a 3 * 1 array of fuel assemblies separated by 8.31 cm of water. Details of the 2.35 wt % U0,
rqu are oulhped inFig 25 P_lanar_ and axial views of the experiment can be found in Fig. 2.13; the experiment
was lmqusT% l:gu;n plates and biological shielding walls shown in Fig. 2.13. Critical data for the experiments are
located in 9.

Mﬂdmmm The 1.27-cm-thick acrylic grid plates were modeled as water because acrylic plastic

has about the same density and neutron moderating characteristics as water. The carbon steel core tank was not
modeled because the amount of water on the boundary of the array ensures a maximum increase in kg,

2.1.1.7 Simple Lattice Experiments from PNL-3314 (Ref. 11)

P3314SLG consists of a 2 » 2 array of fuel assemblies separated by 2.83 cm and 10 86 cm of water. Descriptions of
tl'p 43lwm '/. UG, fue! rods are provided in Fig. 2.14. Planar and axial views of the experimeni are shown in

Fig. 2.15. Figure 2.16a (c) illustrates the 2 » 2 assembly configuration. Critical data on the experiment are given in
Table 2.10.

1son: The minimum fuel rod peliet column length, 91.44 em, was modeled. The two
pelypropylene (neutronic properties similar to water) grid plates were modeled as water. The carbon steel tank was not
modeled because the amount of water on the boundary of the array ensures a maximum increase inkg

2.1.1.8 Simple Lattice Experiments frem PNL-3926 (Ref. 12)

The experiments consist of 3 x | arrays of fuel assemblies separated by 6.59 and 1279 em of water. Details of the
2.35 and 4.31 wt % U0, fuel rods are outlined in Figs. 2.5 and 2.14. Planar and axial views of the experiment can be
found in Fig. 2.15. Absent in the experiments are the poison plates and biological shielding w alls of Fig. 2.15. Critical
data for the experiments are located in Table 211

1son; The minimum fuei rod pellet column length, 91.44 cm, was modeled for the 4.31 wit %

U0, fuel rods. The 1 27-cm-thick polypropyiene (0.904 g/cm’) grid plates were modeled as water because
polypropylene has about the same density and neutron moderating characteristics as water. The carbon steel core tank
was not modeled because the amount of water on the boundary of the array ensures a maximum increase in Ka-

2.1.1.9 PNL~4267 Simple Lattice Experiments from PNL-4267 (Ref. 13)

The experiments consist of single arrays of fuel rods. Specifications for the 4.31 wt % fuel rod are located in Fig. 2.14

The planar and elevation views of the experiments are illustrated in F ig 2.17. The Plexiglas box is fully reflected on
all four sides by unborated water Critical data for the experiments are given in Table 2.12.

Model-experiment comparison. The minimum fuel rod pellet column length, 91 44 cm, was modeled

The PNL-4267 experiments are subcritical configurations. The number of rods required to achieve critical are
predicied by the approach-to-critical method. For P4267SL1 and P4267SL2. the nearest whole number of rods
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modeled if using CSAS2X. P4267SL1 was modeled with

£ 40 fuel rods, and 1 far icft column of 37 fuel rods arbitrarily placed against the lower Plgxiglas box'ndc
:fc:::';‘: ‘;)(plnmr view) The array was positioned along its length against lhc‘righg sidg of the leglu box with the
array boundary next to the Plexiglas box surface. The array was centered along its width in the Plc:gglgs box.
P4267SL2 was modeled with 11 columns of 44 fuel rods, and 1 far left column of 25 fuel rods arbitranly plaged
against the lower Plexiglas box side of Fig. 2.17 (planar view). The array was positioned along its length against the

right side of the Plexiglas box with the array boundary next to the Plexiglas box surface. The array was centered along
its width in the Plexiglas box.

required for criticality was modeled The partial rod can be

A discrepancy in Fig. 2.17 was noticed. As displayed in the figure, the cell boundaries along the array wndlh are 75 88
cm apart. Forty and 44 fuel rods placed in lattices of 1.890- and 1 715-cm pitch give rise to cell boundaries 75 6 and

75.46 cm apart, not 75 88 cm.
2.1.1.10 Simple Lattice Experiments from PNL-4976 (Ref. 14)

The experiment P49-194 used a large singular array of fuel rods in a hexagonal lattice. Specifications for thed3 l. wi
% U0, fuel rods are located in Fig. 2.14 The core assembly and experimental assembly elevations are illustrated in
Figs 2. 18 and 2 19. Missing from Fig. 2.19: The acrylic (1 185 g/em’) is composed of 60 wt % C.32w%0,and 8
wt % H; the polypropylene (0.905 g/em’) lattice plates are 91.44 cm in diameter - The critial data for P49-194 are

given in Table 2 13

ions: With a core tank diameter of 152 cm, the core can be considered fully reflected by water laterally. The
acrylic base plate is believed to have the same diameter as the polypropylene lattice plates.

Model-experiment comparison. The minimum fuel pellet column length, 91 44 cm, was used The aluminum spacers,
fiberglass tank bottom, carbon steel tank, and concreie floor were excluded from the model. The polypropylene lattice
plates were modeled as polycthylenc using hydrogen in a water thermal kernel

2.1.1.11 Simple Lattice Experiments from WCAP-3269 (Ref. 15)

W3269SL1 and W3269SL2 use large singular arrays of fuel rods. Descriptions of the 2.72 and 5.7 wt % UO, fuel
rods are located in Table 2 14_ The vertical dimensions of experiments W3269SL1 and W3269SL2 are shown in Figs
2.20 and 2.21; the guide plates are aluminum. The absorber section of Fig 2.20 was not part of experiment
W3269SL1. Critica! data for the experiments are located in Table 2.15.

Assumptions: The moderator height was believed to have been measured from the bottom of the fuel The guide plate
holes to accommodate fuel rods were assumed to be of fuel rod diameter. In Fig 221, all plates were taken 1o be of
assembly width and depth, full-water reflection was assumed on the sides of the experimental assembly ., the 2 54-cm-
thick plate below the bottom guide plate was assumed to be of aluminum. In Fig. 2.20, full-water reflector was
assumed at the boundary of the assembly defined by the 60 96-cm-square guide plates

Model-experiment comparison. The fuel rods above the moderator were modeled by the method explained in Sect.
32.1 InFig 221 (W3269SL2) the 6.35 cm above the aluminum base plate was modeled as water only InFig. 2.20
(W3269SL1) the top and center guide plates, in air for this experiment, were not modeled; the bottom end plugs in the
bottom guide plate were modeled as aluminum; the bottom end plugs in the 0.188-in. (0.428-cm)-thick water slot and
the top end plugs were not modeled
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Physical Description
2.1.1.12 Simple Lattice Experiments from WCAP-3385 (Ref. 16)

W338SSL1 and W3385SL2 consist of large singular arrays of fuel rods The 5.74 wt % UO, rods are described in
Table 2.16. Vertical dimensions of the experiments are given in Fig. 2.22, Missing from, or hard to distinguish in,
Fig 2.22 is that: (1) all structures are made of aluminum, (2) the bottom grid plate rests on a 1-in. (2.54-cm)-thick
aluminum slab above 2.5 in. (6.35 cm) of water and a 2-in. (5.08-cm)-thick aluminum slab, (3) the fuel pellet column
ends are 0.5 in. (1.27 cm) above the bottom grid plate and 0.4 in. (1.016 ¢m) below the top gnid plate, and (4) the
stainless steel support rods are 0.4375 in. (11113 em) in diameter with 0.625-in. (0.476-cm)-thick aluminum
cladding. Figure 2.23 shows the location and size of the fuel rod holes and circulation holes of the grid plates of

Fig. 2.22. Critical data for the experiments are located in Table 2.17.

Assumptions: The core tank is 121.92 cm in diameter constituting full-water reflection. The end plugs are believed to
be ol cladding material (i.¢., 304 stainless steel).

Modcl-experiment comparison. The support rods were ignored. Homogenized water and aluminum were used to
represent the center grid plate and circulaticn holes. The fuel rods above the moderator were modeled by the method
explained in Sect, 3 2 1.

2.1.2 Separator Plate Experiments

These experiments have been selected to demonstrate the ability of the calculational techniques to predict the neutron
multiplication factor of experiments with neutron absorbing or scattering materials (i ¢, separator plates) between fuel
assemblies. Scparator plates are commonly used in transportation packages to limit neutron interaction and increased
reactivity associated with the bringing into close proximity of fuel assemblies.

2.1.2.1 Separator Plate Experiments from ANS Transactions, Vol. 33 (Ref. §)

The experiments consist of 2 » 2 arrays of fuel assemblies separated by aluminum boxes (four sides and a bottom)
filled with water, polyethylene powder and balls, and expanded polystyrene. These experiments further test the ability
of the calculation method to predict k4 for assemblies with various hydrogenous compound moderators. Specifications
of the 4.742 wt % fuel rods are given in Table 2 2 and Fig. 2.1. The planar and end views of the experiment are shown
in Fig. 2.2, Critical data for the experiments are located in Table 2 18.

Assumptions: Holes to accommodaie the fuel rods in the lower grid plate were taken to be 1 0 cm in diameter from
Ref. 23. The aluminum box density, 2 651 g/em’, was assumed from Ref 23

Model-experiment comparison; The spring of the fuel rods was modeled as void. The end plugs were modeled as 0.94-
em-diam aluminum cylinders. The fuel rods above the moderator were modeled by the method explained in Sect. 3.2.1.

2.1.2.2 Separator Plate Experiments from BAW-1484 (Ref. 6)

The experiments consist of 3 = 3 arrays of fuel assemblies separated by borated aluminum plates and water or 304-L
stainless steel plates and water. Details of the 2.459 wt % UO, fuel rods are outlined in Table 2.4 and Fig. 2.3. The
elevations of the experiments can be found in Fig 2.24 The top grid was not used in the experiments Missing from,
or difficult to distinguish in, Fig. 2 24 is that (1) the fuel pellet column and fuel rod bottom end plugs extend 0.635 and
0.9525 em into the aluminum bottom grid, respectively, (2) the aluminum bottom grid and aluminum bottom gnd plate
are 2.54 cm thick, (3) and 0.3175 cm of water exists between the aluminum bottom grid plate and the 5.08-cm-thick
aluminum base plate. Critical data for the expeniments are located in Table 2.19.
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Assumptions: The aluminum corner rods are assumed to be of fuel rod length. The separation distance between
assemblies is believed to have been measured from the cell boundanes of the assemblies. Holes, 0.615 cm on a side,
were assumed in the bottom grid plate to accommodate the fuel rods.

Model-experiment comparison: The 22 9-cm = 22 9-cm » 0.3 175-cm aluminum center grid plate was not modeled.
The fuel rods and separator plate above the moderator region were no modeled. In the model, the separator plates rest
in a channel cut 0.635-cm deep into the bottom grid with the channel thickness equaling the separation distance of
assemblics and channel length running the length of the assembly.

2.1.2.3 Separator Plate Experiments from BAW-1645 (Ref. 17)

The experiments consist of § x 5 arrays of fucl assemblics separated by (presumed) aluminum plates. Details of the
2.459 wt % U0, fuel rods are outlined in Table 2.4 and Fig. 2.3 Figure 2.25 is a planar view of the experiments
showing the assemblies with mounted aluminum side sheets, or separator plates. Vertical dimensions of the
experiments can be found in Fig. 2.26. Missing from, or difficult to distinguish in, Fig. 2.26 is that (1) the end plugs of
the fuel rods extend 0.3175 cm into the 3.2-cm-thick aluminum bottom grid plate, (2) the aluminum base plate has
dimensions of 122 cm x 122 ¢m x 8.9 em, (3) the aluminum base plate is separated from the core tank by 2.86 cm of
water, and (4) the separator plates extend vertically from the base of the bottom grid plate to the top of the top gnd
platc. Critical data for the experiments are located in Table 2.20

Assumptions: The aluminum corner rods are assumed to be of fuel rod length. The separation distance between
assemblies is believed to have been measured from the cell boundaries of the assemblies. The core tank 1s assumed to
be 1 0-cm thick and constructed from carbon steel. With a 274-cm inside core tank diameter, the core is assumed to be
fully reflected laterally by water.

Model-experiment comparison. The aluminum top and center grid plates were of unknown thickness and were not
modeled. The fuel rods and separator plates above the moderator region and the core tank sides were ignored in the
model. For experiments BW1645T1, BW1645T1, BW1645T3, BW1645T4, BW164551, and BW164552, the 3.2-
em-thick alumirum bottom grid plate ha: grooves for coolant flow. The top 0.3175 cm of the bottom grid plate
around the end plugs was modeled as water only, the middle 1.067 cm of the plate was modeled as a mixture of 25%
aluminum and 75% water by volume, and the bottom 1 815 cm was modeled as 100% aluminum by volume. For
B1645S01 and B1645502, the 3.2-cm-thick aluminum bottom grid plate was modeled as water around the 0.3175-
em-long bottom end plugs and 2 882 cm of aluminum below the bottom end plugs

2.1.2.4 Separator Plate Experiments from DSN No. 399/80 (Ref. 18)

The experiments consist of 2 x 2 arrays of fuel assemblies separated by water and hafnium plates, or single assemblies
surrounded by hafnium plates. Specifications for the 4.742 wt % UO, fuel rods are outlined in Table 2.2 and Fig 2.1.
The elevations of the experiments are also given in Fig. 2.1, For DSN399-1 and DSN399-2, a 0 4-cm-thick stainless
steel assembly support plate (not shown in Fig 2.1) 1s situated between the bottom plugs of the fuel rods and the 0 8-
cm-thick stainless steel support plate. Cross-sectional views of the experiments are provided in Fig. 2.28. Critical data
on the experiments are given in Table 2.21

Assumptions. The assembly separation distances and plate-to-assembly distances are believed to have been measured
from the cell boundaries of the assemblics. The holes in the lower lattice grid plate for accommodating the fuel rods
were taken to be 1.0 cm in diameter from Ref. 23,

Model-experiment comparison: The fuel rods above the moderator were modeled by the method explained in Sect.
3.2 1. The separator plates were modeled as resting on top of the assembly support plate (DSN399-1 and DSN399-2)
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or support plate (DSN399-3 and DSN399-4). The spring of the fuel rods was modeled as void. The upper grid plate of
stainless steel, left out of Fig. 2.1, was reported as having an insignificant influence on k, , therefore, it was not
modeled. The stainless steel support plates were modeled as 71.40 wt % Fe, 19 16 wt % Cr, and 9 44 wit % Ni. The
steel angle irons, shown in Fig. 229 (corner A 1s positioned at the center of the setup of Fig 2 28a), of DSN399-1 and
DSN399-2 were not modeled

2.1.2.5 Separator Plate Experiments from PNL-2438 (Ref. 9)

The experiments consist of 3 = | arrays of fuel assemblies separated by aluminum, Boral-A, copper, stainless stee!, or
Zircaloy-4 plates and water. Table 2.22 describes the separator plates. Details of the 2.35 wt % UO, fuel rods are
outhined in Fig. 2.5 Planar and axtal views of the experiment can be found in Fig. 2 13, the experiments were minus
the biological shiclding walls shown in Fig 2.13. Cnitical data for the experiments are located in Table 2.23

Model-expeniment comparison: The top and middle 1.27-em-thick acrylic grid plates were modeled as water because
acrylic plastic has about the same density and neutron moderating charactenstics as water. The carbon steel core tank
was not modeled. The scparator plates were modeled as resting on top of the bottom 2 54-cm-thick acrylic grid plate

2.1.2.6 Separator Plate Experiments from PNL-2615 (Ref. 19)

The expeniments consist of 3 * | arrays of fuel assemblies separated by aluminum, Boral-B, cadmium, copper
stainless steel, and Zircaloy-4 plates and water. Table 2 22 describes the separator plates. Details of the 4.31 wt %
UQ, fuel rods are outlined in Fig. 2.14. Planar and axial views of the experiment can be found in Fig. 2.13; the
experiments were minus the biological shieiding walls shown in Figs. 2.30 and 2.15. Critical data for the experiments

are located in Table 2.24

Model-experiment comparison: The minimum fuel rod pellet column length, 91 44 cm, was modeled. The top and
middle 1.27-cm-thick acrylic grid plates were modeled as water because acrylic plastic has about the same density and
neutron moderating characteristics as water. The carbon steel core tank was not modeled because the amount of water
on the boundary of the array ensures a maximum increase in k;  The separator plates were modeled as resting on top
of the bottom 2.54-cm-thick acrylic gnd plate

2.1.2.7 Separator Plate Experiments from PNL-3314 (Ref. 11)

The expeniments consist of 2 x 2 or 3 = | arrays of fuel assemblies separated by aluminum, Boral-A, Boral-(
Boroflex, cadmium, copper, copper -cadiniuini, bui aied stainless stecl, stainlegs steel and Zircalov-4 plates and water

Descriptions of the 2 35 and 4 31 wt % UQO, fuel rods are provided in Figs. 2.5 and 2.14_Planar and axial views of the

3 » 1 and 2 * 2 assembly experiments are shown in Figs. 2.30 (G = 0) and 2 135, the experiments were minus the
biological shuelding walls shown in Figs 23C and 2 15 | es 2.16(a) and 2.16(b) illustrate the assembly and fuel

LgUres
rod array configurations of the experiments. Separator plate data are give ¢ 2.22 Cnitical data on the

experiments are given in Table 225

Model-experiment comparison: T'.. minimum fuel rod pellet column length, 91 44 cm, was modeled for the 4 31 wt %
UQO, fuel rods. The two polyprop; .cne (neutronic properties similar to water) gr ates were modeled as water. The

carbon steel tank was not modeled because the amount of water on the boundary of the arrav ensures a maximum

increase in k4 The separator plates were modeled as resting on top of the acrylic plate
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2.1.2.8 Separator Plate Experiments from PNL-6205 (Ref. 20) and PNL-7176 (Ref. 21)

The experiments consist of 2 » 2 arrays of fuel assemblies scparated by Boral plates and water. The Boral plates,
detailed in Table 2 26, create a flux trap where epithermal neutrons passing through the Boral become thermalized in
the water between the Boral plates. Aluminum plates, aluminum rods, and fucl rods were added to the water region of
the flux trap in order to investigate the reactivity effect of voiding. The modeling of these experiments tests the ability
of the calculation method to predict k4 for assemblics with separator plates acting as flux traps and voiding materials.
The 4.31 wt % UO, fuel rods are detailed in Fig. 2.14, the experimental elevations are provided in Fig. 2.31; and the
critical data are located in Table 2.27. The assemblies for experiments P62FT231, P71F14F3, P71F14V3,
P71F14V5, and P71F214R are displayed in Figs 2.32-2.36

Assumptions. The aluminum rods are assumed to be of fuel rod length. The aluminum voiding plates are assumed to
be of Boral plate width and height.

Model-experiment comparison: The minimum fuel rod pellet column length, 91 44 cm, was modeled. The
polypropylene lattice plates (0.90 g/cm’) were modeled as water because of their neutron moderating similarities to
water. The separator plates were modceled as resting on top of the base plate

The PNL-6205 and PNL-7167 experiments are subcritical configurations. The number of rods required to achieve
delaved critical is predicted by the approach- to-critical method Table 2. 28 shows the number of rods of the
experiment (column 2), shown in Figs. 2.32-2 36, the predicted number of rods needed for delayed critical (column 3),
and the number of rods modeled with CSAS25 (column 4) Note the partial rod of column 3 can be modeled if using
CSAS2X instead of CSAS2S. The extra rods modeled were arbitrary placed in one of the four assemblies. The
modeled assembly sizes are histed in Table 2.28

2.1.3 Reflecting Wall Experiments

Large transportation packages have reflectors in the form of biological shiclding materials that are part of the
packaging The materials facilitate the return of neutrons leaking from the outer fissile material boundary  Modeling of
these experiments demonstrates the ability of the calculational techniques to predict the neutron multiplication factor
of water and lead-, steel-, or uranium-reflected assemblics

2.1.3.1 Reflecting Wall Experiments from PNL-2827 (Ref. 10)

The experiments consist of 3 = 1 arrays of fuel assemblies separated by water and reflected by water and two lead or
depleted uranium reflecting walls. Details of the 2.35 and 431 wt % UO, fuel rods are outlined in Figs. 2.5 and 2.14.
Planar and axial views of the experiments can be found in Fig. 2.13. Absent in the experiments are the poison plates of
Fig. 2.13. Details of the lcad and uranium reflecting walls are provided in Figs. 2.37 and 2.38. Critical data for the
experiments are located in Table 2.29

Model-experiment comparison: The minimum fuel rod pellet column length, 91 44 cm, was modeled for the 431 wt %
U0, fuel rods. The 1.27-cm-thick acrylic gnd plates were modeled as water because acrylic plastic has about the same
density and ncutron moderating characteristics as water. The carbon steel core tank was not modeled because the
amount of water on the boundary of the array ensures a maximum increase in K q
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2.1.3.2 Reflecting Wall Experiments from PNL-2602 (Ref. 22)

The experiments consist of 3 * 1 arrays of fuel assemblics separated by water and reflected by water and two steel
reflecting walls. Details of the 2.35 and 4.31 wt % U0, fuel rods are outlined in Figs. 2.5 and 2.14. Planar and axial
views of the experiments can be found in Fig 2.30. Absent in the experiments are the poison plates of Fig. 2 30.
Details of the steel reflecting walls are provided in F ig. 2.39. Critical data for the experiments are located in Table
2.30.

Model-experiment comparison: The minimum fuel rod pellet column length, 91.44 cm, was modeled for the 4.31 wt %
U0, fuel rods. The 1.27-cm-thick acrylic and polypropylene grid plates were modeled as water because these materials
have similar densities and neutron moderating characteristics as water. The carbon steel core tank was not modeled
because the amount of water on the boundary of the array ensures a maximum increase in k .

2.1.3.3 Reflecting Wall Experiments from PNL-3926 (Ref. 12)

The experiments consist of 3 x 1 arrays of fuel assemblics separated by water and reflected by water and two lead or
depleted uranium reflecting walls. Details of the 2.35% and 4.31 wt % UO, fuel rods are outlined in Figs. 2.5 and
2.14. Planar and axial views of the experiments can be found in Fig. 2.15. However, these experiments do not contain
poison plates as shown in the figure. Details of the lead and uranium reflecting walls are provided in Figs. 2 37 and
2.38. Critical data for the experiments are located in Table 2.31

Model-gxpeniment comparison: The minimum fuel rod pellet column length, 91 44 cm, was modeled for the 4.31 wt %
UO; fuel rods. The 1.27-cm-thick polypropylene (0.904 g/em’) grid plates were modeled as water because
polypropylene has about the same density and neutron moderating characteristics as water. The carbon steel core tank
was not modeled because the amount of water on the boundary of the array 1s equivalent to an infinite water reflector.

2.1.4 Reflecting Wall-Separator Plate Experiments

These experiments have been selected to demonstrate the ability of the calculational techniques to predict the neutron
multiplication factor of experiments with neutron absorbing or scattering materials (1.¢ , separator plates) between fuel
assemblies reflected by water and steel. Separator plates are commonly used in transportation packages to limit
neutron interaction and increased reactivity associated with the bringing into close proximity of fuel assemblies. In
addition, large transportation packages may alsc have reflectors in the form of biological shielding materials that
facilitates the return of neutrons leaking from the outer fissile material boundary

2.1.4.1 Reflecting Wall-Separator Plate Experiments from PNL-3602 (Ref. 22)

The experiments consist of 3 » 1 arrays of fuel assemblics scparated by water and Boral, cadmium, copper, borated
and unborated stainless steel separator plates and reflected by water and two steel reflecting walls. Details of the 2.35
and 431 wt % UO, fuel rods are outlined in Figs. 2.5 and 2 14. Planar and axial views of the experiments can be
found in Fig 2 30 (G = 0). Descriptions of the separator plates are provided in Table 2 22. Details of the steel
reflecting walls are provided in Fig 2.39. Critical data for the experiments are located in Table 2,32

on. The minimum fuel rod pellet column length, 91 44 cm, was modeled for the 4 31 wit %
U0, fucl rods. The polypropylene grid plates were modeled as water because polypropylene has similar densitics and
neutron moderating characteristics as water The carbon steel core tank was nat modeled because the amount of water
on the boundary of the array ensures a maximum increase in k. The scparator plates were modeled resting on top of
the bottom 2 54-cm-thick acrylic plate.

13 NUREG/CR-6361



2.1.4.2 Reflecting Wall-Separator Plate Experiments from PATRAM'80 (Ref. 23)

The experiments consist of 2 x 2 arrays of fucl assemblics separated by water and Boral plates and reflected by water
and lead or steel reflecting walls. Details of the 4.742 wt % fuel rods are outlined in Figs. 2.1 and Table 2.2. The
principal dimensions for the expenments are found in Fig 2.1. A 0 4-cm-thick steel (composition specified on Fig
2.1) assembly support plate, not shown in Fig. 2.1, is situated between the bottom plugs of the fuel rods and the 0.8-
cm-thick support plate. The lower grid plate holes for accommodating the fuel rods are 1.0 cm in diameter. The

planarview of a quarter of an experimental assembly is displayed in Fig. 2.40. Critical data for the experiments are
located in Table 2.33.

Assumptions: The four stainless steel corner rods were assumed to be of fuel rod length.

Model-experiment comparnison. The upper gnid plate was ignored due 1o lack of information. The spring of the fuel
rods was modeled as void. The lower grid plate around the comer rods was ignored. The fuel rods above the moderator
were modeled by the method explained in Sect. 3.2.1.

2.1.5 Burnable Absorber Fuel Rod Experiments™

Modeling these experiments demonstrates the ability of the calculational techniques to predict the neutron
multiplication factors of experiments that have UO, fuel rods fabricated with gadohnia for extended burnup purposes
A set of five experiments were performed with various 2.459 or 2.459 and 4.020 wt % UO, and 1.944 wt % UO,-
Gd,0, fuel rod configurations. The 2.459 wt % UO, rods are detailed in Table 2.4 and Fig. 2.3, the 4.020 wt % UO,
rods are detailed in Table 2.34, and the 1.944 wt % UO,-Gd,0, rods are detailed in Table 2.35. The vertical
dimensions are belicved 1o be those presented in Fig. 2.4. In Fig. 2 4 the aluminum core tank is 1.27 em thick and
152.4 cm in diameter. The core configurations for the experiments are located in Figs. 2.41-2.45. Critical data are
located in Table 2.36. Note, these experiments contained borated water and water holes.

Assumptions. The vertical dimensions are believed to be those of Fig. 2.4. The 152 4-cm-diam core tank filled with
water constitutes full-water reflection of the cores.

Model-gxperiment comparison: Tie fuel rods above the moderator were not modeled. The top and bottom grid plates
wore ignored.

2.1.6 Water Hole Experiments

LWR fuel clements have lattice positions. usually in a § x 5 matrix, filled by control rod and instrumentation clusters.
The clusters are sometimes removed when the LWR fuel assemblies are shipped, leaving behind water holes that are
richer in thermaiized neutrons than the surrounding cells. The modeling of the experiments in this section iesis the
ability of the calculation techniques to handie cells with different degrees of moderation

2.1.6.1 Water Holc Experiments from BAW-1810 (Ref. 24)

The experiments consist of 2.459 or 2.459 and 4.020 wt % UO, fuel rod configurations with water holes. The 2 459
wt % UO, rods are detailed in Table 2 4 and Fig. 2.3 and the 4 020 wt % UO, rods are detailed in Table 2.34. The
vertical dimensions are believed to be those presented in Fig 24, In Fig 2.4 the aluminum core tank is 1.27 em thick

and 152 4 ¢m in diameter. The core configurations for the experiments are located n Figs. 2. 46-2 48, Critical data are
located in Table 2.37. Note, these experiments contained borated water
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water constitutes full-water reflection of the cores. . 4-om-diam core tank filled -

Wm The fuel rods above the moderator were not modeled The top and bottom gnid plates

2.1.6.2 Water Hole Experiments from NS&E, Vol. 71 (Ref, 8)

The experiments consist qflargc n’ggular arrays of 4.742 wt % UQ, fuel rods with § x 5 and 8 * 8 matrices of water
holol.' Fuql rod lpaclﬁcauong are given in Table 2.2 and Fig. 2 1. The principal dimensions of the expeniments are
also given in Fig 2.1. The critical data for the experiments are Jocated in Table 2 38,

Mﬁ 'n'2m3 tions. The holes in the lower grid plate to accommodate the fuel rods were taken to be 1.0 cm in diameter from

! : ison: The re orted upper grid, missing from Fig 2.1, was 1ignored in the model due to
insufficient data. The two grid plates v “re reportedly attached 1o the support plate by four fuel rods distanced more
than 20 cm from the fuel. These rods v e not modeled. The stainless steel support plate was modeled as 71 40 wi %
Fe, 19.16 wt % Cr, and 9 44 wt % Ni. Figure 2 49 represents the cross-sectional view of the modeled assemblies.

2.1.6.3 Water Hole Experiments from PNL-3314 (Ref. 11)

The experiments consist of single lattices with § * § matrices of water holes. Descriptions of the 2.35 wt % and 431
wt % U0, fuel rods are provided in Figs. 2.5 and 2.14. Planar and axial views of the experiment setup are shown in
Fig 2.15. The cross-sectional view of the experimental setup showing water hole positions is presented in Fig. 2.50.
Critical data on the experiment are given in Table 2.39

M&Iﬂmmm P3314W1 and P3314W?2 are subcritical configurations. The number of predicted

rods to achieve criticality were obtained by the approach-to-critical method. The number of fuel rods modeled was
rounded from the predicted number to the nearest whole number. Note: The partial , - .dicted rod can be modeled if
using CSAS2X. The geometric models for P3314W1 and P3314W2 are seen in Fig 2.51. The partial row of fuel
rods was arbitrarily located against the assembly left cell boundary. The two polypropylene (::. utronic properties
similar to water) grid plates were modeled as water. The carbon steel tank was not modeled because the amount of
water on the boundary of the array ensures a maximum increas in kg

2.1.6.4 Water Hole Experiments from WCAP-3269 (Ref. 15)

The experiments consist of large single arrays of fuel rods and water holes Descriptions of the 2.72 and 5.7 w. %
U0, fuel rods can be found in Table 2.14. The vertical dimensions of experiments W3269W1 and W3269W2 are
shown in Figs. 2.20 and 2 21 the guide plates are aluminum_ The absorber section of Fig. 2 20 was not part of the
experniments. Core layouts showing water hole locations are givenin Fig 2,52 Critical data for the experiments are

located in Table 2 40.

Assumptions: The moderator height was believed to have been measured from the bottom of the fuel. The guide plate
~ holes 1o accommodate fuel rods were assumed to be of fuel rod diameter. In Fig. 2.21, all plates were taken to be of
assembly width and depth; full-water reflection was assumed on the sides of the experimental assembly; the 2 54-cm-
thick plate below the bottom guide plate was assumed to be of aluminum. In Fig. 2.20, full-water reflector was
assumed at the boundary of the assembly defined by the 60.96-cm-square guide plates
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32.1. For W3269W2 the 6.35-cm gap above the aluminum base plate was modeled as water only. For W3269Wl‘,
the top and center guide plates, in air for this experiment, were not modeled; the bottom end plugs in the bottom guide
plae were modeled as aluminum, the bottom end plugs in the 0.188-n. (0.478-cm)-thick water slot and the top end
plugs were not modeled.

2.1.7 Absorber Rod Experiments

Modeling of these experiments tests the ability of the calculational techniques to predict neutron multiplication factors
of expeniments simulating shipping packages of LWR assembiics with control rod clusters intact.

2.1.7.1 Absorber Rod Experiments from BAW-1484 (Ref. 6)

The experiments consist of a 3 » 3 array of fuel assemblies separated by a water gap containing B,C absorber rods.
Details of the 2.459 wt % UO, fuel rod design are outlined in Table 2.4 and Fig 2.3. Details of the B,C rods are
outlined in Table 2.41. The vertical dimensions for the experiment are found in Fig. 2.4. Absent from Fig. 2 4: the

] in. (2.54 cm) between the base plate and core tank is mostly water and the core tank 1s 0.5in (1.27 cm) thick.
Difficult to distinguish in Fig. 2.4 is that the fuel rod end plugs are located in 0.125 in. (0.3175 cm) of water between
the bottom grid plate and the base plate. Cross-sectional views of experiments BW1484C1 and BW1484C2 are
located in Figs. 2.53 and 2.54. The critical data are located in Table 2 42

.ons' The aluminum comer rods are taken to be of fuel rod length. The separation distance between
assemblies is believed to nave been measured from the cell boundaries of the assemblies. To accommodate the fuel
rods, square holes with 0.615-cm sides were assumed in the bottom grid plate.

Model-experiment companison. The 22 9-cm-wide * 22.9-cm-long * 2 54-cm-thick aluminum top grid plate was not
modeled. The fuel rods and separator plate above the moderator region were not modeled.

2.1.7.2 Absorber Rod Experiments from BAW-1810 (Ref. 24)

The experiments consist of 2. 459 or 2.459 and 4.020 w1 % U0, fuel rod configurations with Ag-In-Cd and B.C
absorber rods. The 2.459 w1 % UO, rods are detailed in Table 2.4 and Fig. 2.3. The 4 020 wt % UO, rods are detailed
in Table 2.34. Properties of the Ag-In-Cd and B,C rods are given in Tables 2 43 and 2.4]. The vertical dimensions are
believed to be those presented in Fig. 2.4, In Fig 2 4 the aluminum core tank is 1.27 cm thick and 152.4 cm in
diameter. The core configurations for the experiments are located in Figs. 2.55 and 2.56. Cntical data are located in
Table 2.44. Note, these experiments have borated water and water holes

Assumptions: The vertical dimensions are those of Fig 24. Tle 152 4-cm-diam core tank filled with water constitutes
full-water reflection of the cores.

Model-experiment comparison. The fuel and absorber rods abo' ¢ the moderator were not modeled The top and
bottom grid plates were ignored.

2.1.7.3 Absorber Rod Experiments from WC;.P-3269 (Ref. 15)
Experiments W3269A and W3269C used large single arrays of 5.7 and 2 72 wt % U0, fuel rods and Ag-In-Cd

absorber rods. W3269B1, W3269B2, and W3269B3 uscd large single arrays of 3.7 wt % UO, fuel rods and Ag-In-Cd
absorber rods. Dascriptions of the 2.72, 3.7, and 5.7 wt % UO, fuel rods can be found in Table 2.14. The vertical
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dimensions of experiments W3269A and W3269C are shown in Figs. 2.21 and 2.20. Figure 2.57 displays the vertical
dimensions for W3269B1, W3269B2, and W3269B3 All experiments used aluminum guide plates The core layouts
of W3269A and W3269C, with water holes replaced by Ag-In-Cd rods, are given in Fig 2.52. The core layouts of
W3269B1, W3269B2, and W3269B3 are given in Figs. 2.58-2 60. The cruciform in Figs. 2.58-2.60 are control rod
fuel followers. Each cruciform has a center fuel rod and four vanes with nine fuel rods on a 0.418-in. (1.062-cm) pitch.
Critical data for the experiments are located in Table 2 45.

Assumptions' The Ag-In-Cd rods are assumed to be of fuel rod length. The moderator height was believed to have

been measured from the bottom of the fuel. The guide plate holes to accommodate fuel reds were assumed to be of fuel
rod diameter. For W3269A, W3269B1, W3269B2, and W3269B3 full water reflection was assumed laterally beyond
the assembly boundary. For W3269C, full water reflect. on was assumed outside the assembly boundary defined by the

60.96-cm-square guide plates. In Fig 221, the 2 54-cm-thick plate below the bottom guide plate was assumed to be
of aluminum.

1son: The fuel rods above the moderator were modeled by the method explained in Sect.
3.2.1. For W3269A, the 6 35 cm above the base plate was modeled as water only. For W3269B1, W3269B2. and
W3269B3, no data were available on the fuel rod end plugs so the plugs were modeled as water: the center guide plate,
70.17 em above the bottom of the fuel, was not modeled because it was above the moderator level; the eccentricity of
hie fuel follower was treated as described in Sect. 3.2 1. For W3269C, the top and center guide plates, in air for this
expenment, were not modeled; the bottom end plugs in the bottom guide plate were modeled as aluminum; the bottom
end plugs in the 0.188-in. (0.478-cm)-thick water slot and top end plugs were not modeled.

2.1.8 Soluble Boron Experiments

Boric acid 1s often used in shipping casks as an additional measure for preventing accidental criticality, boric acid is a
strong absorber that can significantly affect the neutronics of a system. The experiments described in this section are
used 1o test the ability of the calculational technigues to predict the neutron multiplication factors of systems with a
borated water moderator

2.1.8.1 Soluble Boron Experiments from BAW-1231 (Ref. 25)

The experiments consist of large arrays of fuel rods moderated by borated water. Properties of the 4 020 wt % fuel
rods are given in Table 2.34. The core layouts and vertical dimensions of the experiments are given in Figs. 2.61 and
2.62. The top and bottom grid plates of Fig. 2 62 are aluminum. Critical data for the experiments are in Table 2 46.

Assumptions: Holes of fuel rod diameter were assumed in the grid plates. The core tank is 274 32 ¢m in diameter
constituting full-water reflection. The end plugs ace believed to be made of aluminum.

Model-experiment comparison The fuel rods above the moderator were modeled by the metnu.! explained in
Sect. 3.2.1. The top grid plate, top end plugs, and top end plugs above the top grid plate were modeled as a solid
aluminum slab.

2.1.8.2 Soluble Boron Experiments from BAW-1273 (Ref. 26)
BW1273M consists of a large cylindrical array of fuel rods moderated by borated water. Properties of the 2. 459 wt %
U0, fuel rods are given in Table 2 4 and Fig 2 3. The veitical dimensions of the experiment are given in Fig. 2.63.

Missing from Fig. 263 are two 0.0625-in (0.1588-cm)-thick aluminum mudplane grid plates with bases 49 and 82 cm
above the reference plane. Critical data for the experiments are in Table 2 47
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Assumptions’ The 274 32-cm-diam core tank filled with water coastitutes full-water reflection of the core. Square
holes, 1.27 cm on a side, were assumed in cach grid plate to accommodate the fuel rods.

Model-¢xpeniment comparnson. The fuel rode above the moderator were modeled by the method explained in Sect
3.2.1. The top grid plate was not modeled. Figure 264 shows a cross-sectional view of the modeled core for reference.

2.1.8.3 Soluble Boron Experiments from BAW-1484 (Ref. 6)

The experiments consisted of 3 * 3 arrays of fuel assemblies separated by water gaps and moderated with borated
water. Details of the 2.459 wt % UO, fuel rods are outlined in Table 2.4 and Fig. 2.3. The clevations of expeniments
BW1484B1 and BW1484B2 can be found in Fig. 2.4. Absent from Fig 2.4: the | in. (2.54 cm) below the base plate is
mostly water and the core tank is 0.5 in. (1.27 cm) thick. Difficult to distinguish in Fig. 2.4 is that the fuel rod end
plugs are located in 0.125 . (0.3 175 cm) of water between the bottom grid plate and the base plate. The elevations of
experiment BW1484B3 are given in Fig. 2.24. The top grid of Fig. 2.24 was not used in the experiments. Missing
from, or difficult to distinguish in, Fig 2.24 is that' (1) the fuel pellet column and fuel rod bottom end plugs extend

0 635 and 09525 cm into the aluminum bottom grid, respectively, (2) the aluminum bottom grid and aluminum
bottom grid plate are 254 cm thick, (3) and 0.3175 cm of water exists between the aluminum bottom gnd plate and
the 5 .08-cm-thick aluminum base plate. Critical data for the experiments are located in Table 2.48.

Assumptions: The aluminum comer rods are taken to be of fuel rods length. The separation distance between
assemblies is believed to have been measured from the cell boundaries of the assemblics. Holes, 0.615 cm on a side,
were assumed in the bottom grid plate to accommodate the fuel rods.

Model-¢xperiment comparison. The fuel rods above the moderator region were not modeled. The 22 9-cm-wide *
22 9-cm-long * 2.54-cm-thick aluminum top grid plate were not modeled.

2.1.8.4 Soluble Boron Experiments from EPRI NP-196 (Ref. 7)

These experiments consist of large singular arrays of fuel rods moderated by borated water. Specifications of the 2.35
wt % UO, fuel rods are presented in Fig. 2.5. Figure 2.6 shows the axial dimensions of experiments EPRU6SB and
EPRUSTB. Figure 2.7 shows the axial dimensions of experiment EPRU7SB. The grid plate holes for EPRU7SB arc
0.586 in. (1 488 cm) in diameter. The specifications for the aluminum "eggcrate” grids seen in Fig. 2.6 are given in
Fi2. 2.8 The core layouts are shown in Figs 2.65-2.67. The critical data are located in Table 2.49.

Model-expeniment comparison. A 182 88-cm-diam, 274 32.cm-tall tank contributes full-water reflection of the cores.
The experiments were modeled with 6 in. (15.24 cm) of water above the lead shield and 30 cm of water below the
aluminum solid plate

2.1.8.5 Soluble Boron Experiments from PNL-4267 (Ref. 13)

Ihe experiments consist of a single array of fuel rods moderated by borated water Specifications of the 431 wt %
JO, fuel rods are located in Fig. 2.14. The experimental setup is illustrated in Fig. 2.17. The box 1s full-water reflected
on all four sides with unborated water. Critical data for the experiments are given in Table 2.50. The reader should
be aware of the large uncertainty associated with some measured boron concentration values.

Model-experiment companison. The minimum fuel rod pellet column length, 91 44 cm, was modeled

The PNL-4267 experiments are subcritical configurations. The number of rods required to achieve critical are
predicted by the approach-to-critical method. For P4267SL1 and P4267SL2, the nearest whole number of rods

NUREG/CR-6361 18



Physical Description

required for criticality were modeled. The partial rod can be modeled if using CSAS2X. P4267B1 was modeled with
23 columns of 40 fuel rods, and | far-left column of 3 fuel rods. P4267B2 was modeled with 30 columns of 40 fuel
rods and 1 far-left column of 37 fuel rods. P4267B3 was modeled with 16 columns of 44 fuel rods and | far-left
column of 33 fuel rods. P4267B4 was modeled with 20 columns of 44 fuel rods and | far-left column of 37 fuel rods.
P4267BS was modeled with 27 columns of 44 fuel rods and | far-left column of 4 fuel rods. The far-left columns of
the arrays were arbitrarily placed against the lower Plexiglas box side of Fig. 2.17 (planar view). The arrays were
positioned along their length against the right side of the Plexiglas box with the boundary next to the Plexiglas box
surface. The arrays were centered along their width in the Plexiglas box.

A discrepancy in Fig. 2.17wunoticed.AsdewceﬂbaMaﬂadongﬂwmywidthm?S.nmm Forty
and 44 fuel rods placed in lattices of 1.890- and 1.715-cm pitch give rise to cell boundaries 75.6 and 75.46 cm apant,
not 75.88 cm

2.2 Homogeneous Uranium

Modeling this set of experiments t_sts the ability of the ca'~ -2l techniques to predict the neutron multiplication
factors of homogencous uranium systems such as shippir «ainers with low-enriched uranium oxice pellets or

powder.
2.2.1 Homogenized Uranium in Paraffin

These experiments consisted of paraffin-reflected or unreflected parallelepipeds of homogeneous U(2)F, or U(3)F, and
paraffin. The fuel atom densities for each experiment are listed in Table 2.51. Critical data of the experiments are
located in Table 2.52.

2.2.2 Damp Uranium Oxide Experiments™”'

The experiments CR1071AS, CR1653AS, and CR2500S consist of 42, 38, and 30 cans of damp uranium oxide
moderated and reflected by Plexiglas. The fuel cans and damp uranium oxide for the three experiments are detailed in
Table 2.53. Material compositions of the cans, moderator, and reflector ate given in Table 2.54. Isometric drawings of
the fuel can configurations are found in Fig. 2.68. Table 2.55 ontains CR1071AS core, reflector, faceplate, frame
extender, and filler dimensions corresponding to Fig. 2.69. Table 2.56 contains CR1653AS core, reflector, and filler
dimensions corresponding to Fig. 2.70. The reflector end panel and frame dimensions of Fig 2.70 are shown in Fig
2.71 for clarification. For CR2500S, Table 2.57 lists the cuboid dimensions corresponding to the three nested cuboids
of Fig. 2.72.

Assumptions. All voids were assumed to be filled with nonfire-retardant Plexiglas in CR2500S except the void to the
cast of the north and south table cores. For ail experiments, nearly 80% of the reflector is reported to be fire-retardant
Plexiglas. The expenmenter suggests that the north frame, south frame, and south end panel be modeled as fire-

retas Jant Plexiglas and the north end panel, frame extensions, and filler blocks be modeled as nonfire-retardant
Plexiglas.

Model-experiment comparison: The fuel can contents (i.e., U,08, H,0, and polyethylene) were homogenized over the
can cavity. The fuel can, vinyl tape, and mylar tape were homogenized over the fuel can shell volume.
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Table 2 1 CmmdLWRWUOIﬁdpmlmmwm

Case Case Ennch Pitch  H,Offuel Reference
No. designation (wt %) (cm)  volume Description No.
1 ANS33AL!} 474 135 2302 H,0 filled Al cruciform boxes 5
2 ANS33AL2 474 1.35 2.302 H,0 filied Al cruciform boxes 5
3 ANS33AL3 474 135 2302 H,0 filled Ai cruciform boxes 5
4 ANS33EBI 474 135 2302 Polyethylene balls in Al cruciform boxes 5
5 ANS33ERB2 474 1.3% 2302 Wu&mmmm 5
6 ANS33EP] 474 135 2302 Polyethylene powder in Al cruciform boxes S
7 ANS33EP2 474 135 2302 Polyethylene powder in Al cruciform boxes 5
8 ANS33SLG 474 135 2302 Simple square latice 5
9 ANS33STY 474 135 2302 Expanded polystyrene i Al cruciform box 5
10 B1645501 246 1410 1015 Al separator plates, borated H,0 17
11 B1645S02 247 1410 1015 Al separator plates, borated H,0 17
12 BWI231Bi 4492 1511 1.139 Borated H,0 25
13 BWi231B2 402 1511 1139 Borated H,0 25
14 BWI1273M 246 1511 1376 Borated H,0 26
15 BWI484A1 246 1636 1841 HBorated Al absorber plates, borated H,0 6
16 BW1484A2 246 1636 184] Borated Al absorber plates, borated H,0 6
17 BWI4R84B] 246 1636 1841 Borated H,0 6
I8 BW1484B2 246 1636 184} Borated H,0 6
19 BW148483 246 1636 1841 Borated H,0 6
20 BWI14R4C1 246 1636 184] B.C rods 6
21 BWI1484C2 246 1636 | 84] B.C rods 6
22 BWI14R4S1 246 1636 |84) Stainless steel absorber plates, borated H,0 6
23 BW1484S2 246 1636 1841 Stainiess steel absorber plates, borated H,0 6
24 BW1484SL 246 1636 1841 Simple square lattice 6
25 BW164551 246 1209 0383 Al separator plates, borated H,0 17
26 BW164552 246 1209 0383 Al separator plates, borated H,0 17
27 BW1645T1 2.46 1209 0148 Hexagonal lattice, Al separator plates, borated H,0 17
P BW1645T2 246 1209 0148 Hexagonal lattice, Al separator plates, borated H,0 17
29 BWI1645T3 246 1209 0148 Hexagonal lattice, Al separator plates, borated H,0 17
30 BW1645T4 246 1209 0148 MW,MmﬂMWH,O 17
31 BWIRI0A 246 1636 1841 U0,-Gd,0, rods, water holes, borated H,0 24
32 BWIRICB 246 1636 184} UO,«Gd,O,mds.mhoh.borMH,O 24
33 BWIR10C 246 & 402 1636 1841 & 1532 U0,-Gd,0, rods, water holes, borated H,0 24
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Table 2.1 (continued)

Case Case Ennch Pitch  H,0/fuel Reference
No. designation (wt %) {cm)  volume Description No.
34 BWI810D 246&402 1636 1841 & 1532  UO,-Gd,0, rods, water holes, borated H,0 24
35 BWI1810E 246&402 1636 1841 &1532 UO,-Gd,0, rods, water holes, borated H,0 24
36 BWIRIOF 246 1636 1841 Water holes, borated H,0 24
37 BWIRIOG 246 & 402 1636 1841 &1532 Water holes, borated H,0 24
iR BWIigICH 246 &402 1636 |1R4]1& 1532 Water holes, borated H,0 24
39 BWIig10] 246 1636 184] Water holes, Ag-in-Cd rods, borated H,0 24
40 BWI1R10J 246 8402 1636 1841 & 1532 Water holes, B,C rods, borated H,0 24
4 CRIOTIAS 446 243 077 U,0, fuel cans 28
42 CRI653AS 448 243 1.25 U,0, fuel cans 28
43 CR25008 448 243 203 U,0, fuel cans 28
44 DSN399-1 474 16 3 R0O7 Hafmum separator plates 18
45 DSN399-2 474 16 3.807 Hafnium separator plates IR
46 DSN399-3 474 16 3807 Hafriium separator placs 18
47 DSN399-4 474 16 3R07 Hafnium separator plates I8
48 EPRUG6S 2.35 1.562 1.19 Simple square lattice 7
49 EPRU65B 235 1.562 1.196 Borated H,0 7
50 EPRU75 235 1905 2408 Simple square lattice 7
51 EPRU75B 235 1905 2408 Borated H,0 7
52 EPRUR7 235 2210 3687 Simple square lattice 7
53 EPRUSTB 235 2210 3687 Borated H,0 7
54 NSE71HI1 474 135 2302 Simple hexagonal lattice 8
S5 NSE71H2 174 1.72 4619 Simple hexagonal lattice 8
56 NSE71H3 474 226 9004 Simple hexagonal lattice 8
57 NSE718Q 474 126 1823 Simple square lattice &
58 NSE71W1 474 126 1823 Water holes 8
59 NSE71W2 474 1.26 1823 Water holes 8
60 P2438AL 235 2032 2918 Aluminum separator plates 9
61 P2438BA 235 2032 2918 Boral-A separator plates 9
62 P2438CU 235 2032 2918 Copper separator plates 9
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Table 2.1 (continued)

Case Case Ennch. Pitch  H,Offuel Reference
No. designation (wt%) (cm)  volume Description No.
63 P2438SLG 235 2032 2918 Simple square lattice 9
64 P2438SS 235 2032 2918 Stainless steel separator plates 9
65 P24387R 235 2032 2918 Zircaloy-4 separator plates 9
66 P2615AL 431 2540 3883 Alurminum separator plates 19
67. P2615BA 431 2540 3883 Boral-A separator plates 19
68 P2615CDI1 431 2540 3883 Cadmium separator plates 19
69 P2615CD2 431 2540 3883 Cadmium separator plates 19
70 P2615CU 43] 2540 13883 Copper separator plates 19
71 P2615SS 43} 2540 3883 Stainless steel separator plates 19
72 P2615ZR 431 2540 3883 Zircaloy-4 separator plates 19
73 P2827L1 235 2032 2918 Lead reflecting walls 10
74 P28271.2 235 2032 2918 Lead reflecting walls 10
75 P2827L3 431 2540 3883 Lead reflecting walls 10
76 P28271.4 431 2540 3883 Lead reflecting walls 10
77 P2827SLG 235 2032 2918 Simple square fattice 10
78 P2827U1 235 2032 29IR Uranium reflecting walls i0
79 P2827U2 235 2032 2918 Uramum reflecting walls 10
80 P2827U3 431 2540 3883 Uranium reflecting walls 10
81 P2827U4 431 2540 13883 Uranium reflecting walls 10
]2 P33i4AL 43’ 1892 160 Aluminum separator plates 11
3 P3314BA 431 1892 160 Boral-A separator plates 1
84 P2314BC 43 1892 160 Boral-C separator plates it
85 P3314BF1 431 1892 160 Boroflex separator plates 11
o P3314BF2 431 1892 160 Boroflex separator plates i
87 P3314BS1 235 1684 160 Borated steel separator plates 1
88 P3314BS2 235 1684 160 Borated steel separator plates i1
X9 P3314BS3 431 1892 160 Borated steel separator plates 1
90 P3314BS4 431 1892 160 Borated steel separator plates 11
91 P3314CDI 431 1892 160 Cadmium separator plates 3
92 P3314CD2 235 1684 160 Cadmium separator plates 1
93 P3314CU! 431 1892 160 Copper separator plates i1
94 P3314CU2 431 1892 160 Copper separator plates 1
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Table 2.1 (continued)

Case Case Ennch Pitch  H,0/fuel Reference
No. designation (wt%) (cm) volume Description number
95 P3314CU3 43) 1892 160 Copper separator plates 11
9 P3314CU4 431 1892 160 Copper-cadmium separator plates 1
97 P3314CUS 235 1684 160 Copper separator plates 11
98 P3314CU6 2.35 1684 160 Copper-cadmium separator plates 11
99 P3314SLG 431 1892 160 Simple square lattice it
100 P3314SS1 431 1892 160 Steel separator plates 11
01 P3314SS2 431 1892 160 Steel separator plates 1
102 P33145S3 431 1892 160 Steel separator plates 11
103 P3314S8S4 431 1892 160 Stee! separator plates 11
104 P3314SSS 235 1684 160 Steel separator plates 1
105 P3314SS6 431 1892 160 Steel separator plates 11
106 P3314W1 431 1892 160 Water holes 3
107 P3i314W2 235 1684 160 Water holes 1
108 P3314ZR 431 1892 160 Zircaloy-4 separator plates 1
109 P3602BA 431 1892 160 Boral-B separator plates, steel reflecting walls 22
110 P3602BS1 235 1684 160 Borated steel separator plates, steel reflecting walls 22
11 P3602BS2 431 1892 160 Borated steel separator plates, steel reflecting walls 22
112 P3602CD! 235 1684 160 Cadmium separator plates, steel reflecting walls 22
113 P3602CD2 431 1892 160 Cadmium separator plates, steel reflecting walls 22
114 P3602CU1 235 1684 150 Copper separator plates, steel reflecting walls 22
i1s P3602CU2 235 1684 160 Copper-cadmium separator plates, steel reflecting walls 22
116 P3602CU3 431 1892 160 Copper separator plates, steel reflecting walls 22
117 P3602CU4 431 1892 160 Copper-cadmium separator plates, steel reflecting walls 22
118 P3602N11 235 1684 160 Steel reflecting walls 22
19 P3602N12 235 1684 160 Steel refleciing walls 22
120 P3602N13 235 1684 160 Steel reflecting walls 22
121 P3602N14 235 1684 160 Steel reflecting walls 22
122 P3602N21 235 2032 2918 Steel reflecting walls 22
123 P3602N22 235 2032 2918 Steel reflecting walls 22
124 P3602N31 431 1892 160 Steel reflecting walls 22
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Table 2.1 (continued)

Case Case Enrich  Pitch  H,0/fuel Reference
No. designation (wt%) (cm)  volume Description number
125 P3602N32 431 1892 160 Steel reflecting walls 22
126 P3602N33 431 1892 160 Stec! reflecting wails 22
127 P3602N34 431 1892 160 Steel reflecting walls 22
128 P3602N35 431 1892 160 Stee! reflecting walls 22
129 P3602N36 431 1892 160 Steel reflecting walls 22
130 P3602N41 431 2540 3883 Steel reflecting walls 22
131 P3602N42 431 2540 3883 Steel reflecting walls 22
132 P3602N43 431 2540 3883 Steel reflecting walls 22
133 P3602SS1 235 1684 160 Stee! separator plates, steel reflecting walls 22
134 P3602SS2 431 1892 160 Steel separator plates, steel reflecting walls 22
135 P3926L1 235 1684 &0 Lead reflecting walls 12
136 P3926L2 235 1684 160 Lead reflecting walls 12
137 P3926L3 235 1684 160 Lead reflecting walis 12
138 P3926L4 431 1892 160 Lead reflecting walls 12
139 P3926L5 431 1892 160 Lead reflecting walis 12
140 P3926L6 431 1892 160 Lead reflecting walls 12
141 P3926SL1 235 i684 160 Simple lattice 12
142 P3926SL2 431 1892 160 Simple lattice 12
143 P3926U1 235 1684 160 Uranium reflecting walls 12
144 P3926U2 235 1684 160 Uramum reflecting wails 12
145 P3926U3 235 1684 160 Uranium reflecting walls 12
146 P3926U4 431 1592 160 Uramum reflecting walls 12
147 P3926US 431 1892 160 Uranium reflecting walls 12
148 P3926U6 431 1892 160 Uranmm reflecting walls 13
149 P4267B1 43] 18901 159 Borated H,O 13
150 P42678B2 431 890 1.59 Borated H,0 13
151 P4267B3 431 1.71§  1.09 Borated H,0 13
152 P426784 431 1715 1.09 Borated H,O 13
153 P4267BS 431 1.715  1.090 Borated H,0 13
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Table 2.1 (continued)

Case Case Ennch. Puch H,O/fuel Reference
No designation (wt%) (cm} volume Description number
154 P4267SL1 431 1890 159 Borated H,0 13
155 P4267SL2 431 1.715 109 Borated H,0 13
156 P49-194 431 1598 0509 Simple hexagonal lattice i4
157 P62FT231 431 1891 160 Boral flux traps, no void matenal 20
158 P71F14F3 431 1891 i60 Boral flux traps, void matenal fuel rods 21
159 P71F14V3 43] 1891 160 Boral flux traps, void material Al plates 21
160 P71F14V5s 431 1891 160 Borai flux traps, void matenal Al rods 21
161 P71F214R 431 1891 160 Boral flux traps, no void material 21
162 PATSOLI 474 16 3807 Boral separator plates, lcad reflecting walls 23
163 PATS0L2 474 i6 3807 Boral separator plates, lead reflecting walls 23
164 PATS0SS1 474 16 3807 Boral separator plates, stee! reflecting walls 23
165 PATR0SS2 474 16 3807 Boral separator plates, steel reflecting walls 23
166 W3269A 57 1422 193 Ag-In-Cd rods 15
167 W3269B1 37 1.105 1432 Ag-In-Cd rods 15
168 W3269B2 37 1105 1432 Ag-In-Cd rods 15
169 W326983 37 1105 1432 Ag-In-Cd rods i5
170 W3269C 272 1524 149% Ag-In-Cd rods 15
171 W3269SL1 272 1524 14% Simple square lattice i5
172 W3269SL2 57 1422 1.93 Simple square lattice 15
173 W3269W1 2.72 1524 1494 Water holes 15
174 W3269W2 57 1422 1.93 Water holes I5
175 W3385SL1 574 1422 1932 Simple square lattice 16
176 W3385SL2 574 2012 5067 Simple square lattice 16
177 YDRI14PL2 200 - 823 Homogenized U(2)F, in paraffin 27
178 YDR14PL3 3.00 - 405 Homogemized U(3)F, in paraffin 27
179 YDRI14UN2 2.00 - 595 Homogenized U(2)F, in paraffin 27
180 YDRI14UN3 3.00 - 405 Homogenized U(3)F, in paraffin 27
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Table 2.2 Properties of UQ, fuel rods from ANS Transactions, Vol. 33°

Parameter Value
Outside diameter, cm 094
Wall thickness, cm 0.06
Wall matenal aluminum®
Pellet diameter, cm 0.790
Total fuel length, cm 100.0¢
Active fuel length, cm 90.0
Enrichment, **U/U wt % 4742
Fuel density, g/cm’ 10.38
“See Ref 5.
L9885 wt % Al 047 wt % Mg, 043 wt % Si, 0.22 w1 % Fe, 0.03
wt % Zn.

¢ Includes 1 8-cm-long bottom end plug, 1.3-cm-long top end plug,
and 6.9-cm-long spring above the peliet stack.

Table 2.3 Criticai data for simple lattice experiment ANS33SLG*

No. of
assemblies— Moderator
Enrichment Pitch Separation of assembly size height, H,
Expeniment (wt %) (cm) assemblies’ (No. of rods) (em)
ANS3I3SLG 4742 135 50cm 4-18x18 3147

“See Ref. §
* Perpendicular distance between cell boundaries of assemblies.
¢ Measured from lower end of fuel rod pellet column.
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Table 2.4 Properties of UO, fuel rods from BAW-1484¢

Parameter Value
Outside diameter, cm 1.206
Wall thickness, cm 0.081
Wall matenal aluminum
Pellet diameter, cm 1.030
Total length, cm 156 44°
Active fuel length, cr. 153.34
Enrichment, ***U/U wt % 2.459
Fuel density, g/cr 10.22

®Sec Ref 6

* Includes 0.3175-cm-long aluminum top and bottom
end plugs and 2.464 cm of Kaowool above the peliet
stack

Table 2.5 Critical data for simple lattice experiment BW 14845L£L_=r_x_1>_8 AW-1484°

No kvl.
assemblics Moderator

Ennchment Pitch Separation of assembly size height* H,
Experiment (wt %) (cm) assemblies” (No. of rods) (cm)
BW1484SL 2459 1 636 6.544 cm 9-14x 144 129.65
“See Ref 6
* Believed to be the perpendicular distance between cell boundaries of assemblies
“ Mea: 2red from the top of the aluminum base plate
“ Four comer rods of assemblies are 0.635-cm-radius aluminum rods
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Physical Descrinti

Table 2.6 Critical data for simple lattic: experiments from EPRI NP-196*

Moderator Boron
Enrichment Pitch No. of height* concentration
Experiment (wt %) (cm) rods (cm) (ppm)
EPRUG6S 235 1.562 708 111.76 09
EPRU7S 235 1.905 383 112.08 05
EPRU87 2.35 2210 342 111.76 09

“See Ref 7.
* Measured from the top of the aluminum solid plate.

Table 2.7 Critical data for simple lattice experiments from NS&E, Vol 71°

No. of
assemblies— Moderatoi
Enrichment Pitch assembly size height,! H,
Experiment (wt %%) (cm) (No. of rods) (cm)
NSE71HI 4742 1.35¢ 1-14 per side 6093
(547)
NSE71H2 4742 y 2 1-10 per side 68.06
271)
NSE71H3 4742 2.26° 1-9 per side 79.50
(217)
NSE718Q 4742 1.26 1-22%22 90.69
* See Ref 8.
* Measured from lover end of fuel rod pellet column.
* Hexagonal lattice.
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Table 2 8 Critical data for simple lattice experiment P2438SLG from PNL-2438°

Separation of No. of assemblies—
Enrichment Pitch assemblies,’ X, assembly size
Experiment (wt %) (cm) (cm) (No. of rods)
P2438SLG 235 2.032 839 3-20x16

“Sec Ref 9.
* Perpendicular distance between cell boundaries of assemblies.

Table 2 9 Critical data for simple lattice experiment P2827SLG from PNL-2827°

Separation of No. of assemblies—
Enrichment Pitch assemblies,” X, assembly size
Experiment (wt %) (cm) (cm) (No. of rods)
P2827SLG 235 2032 831 3-19x16

“ See Ref 10.
* Perpendicular distance between cell boundaries of assemblies.

Table 2.10 Critical data for simple lattice experiment P3314SLG from PNL-3314¢

Separation of No. of assemblies-
Enrichment Pitch assemblies,” X, Y, assembly size
Experiment (wt %) (cm) (cm) (No. of rods)
P3314SLG 431 1892 2.83, 1086 2-9x12, 2-9x1

“SecRef 11
* Perpendicular distance between cell boundaries of assemblies.
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Table 2.11 Critical data for simple lattice experiments from PNL-3926°

Separation of No. of assemblies~
Enrichment Pitch assemblies,” X, assembly size

Experiment (wt %) (cm) {cm) (No. of rods)
P3926SL1 235 1.684 6.59 2-20x18; 1-23x18°
P3926SL2 431 1.892 12.79 3-12x16

* See Ref 12,

* Perpendicular distance from outer rod surface to outer rod surface.

¢ Center assembly.

Table 2.12 Critical data for simple lattice experiments from PNL-4267¢

Total No. of rods

Enrichment Pitch Array width
Experiment (wt %) (em) (No. of rods)  Predicted®  Modeled
P4267SL1 431 1.890 40 3568 357
P4267SL.2 431 1.715 44 509.08 509

“See Ref. 13.
¢ Obtained by approach-to-critical method.

Table 2.13 Critical data for simple lattice experiment P49-194 from PNL-4976°

No. of assemblies—

Ennichment Pitch® assembly size
Experiment (wt %) (cm) (No. of rods)
P49-194 431 1.598 1-1185

*See Ref 14,
* Hexagonal lattice.
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Table 2.14 Properties of UO, fuel rods from WCAP-3269°

2.72 3.7 57
Outer diameter, cm 1.1895 0.8600 0.9931
Wall thickness, cm 0.0799 0.0406 0.0762
Wall material Zircaloy-4* 304-stainless steel © 304-stainless steel
Pellet diameter, cm 1.0160 07544 0.9068
Total fuel length, cm 139.65¢ -~ 97.15%
Active fuel length, cm 121.92 121.92 92.964
Enrichment, **UU, wt% 2.72 3.7 5.7
Fuel density, g/cm’ 10412 10.4120 10.1928

“See Ref 15.

*9820wt % Zr, 1.4 w1 % Sn, 0.21 wt % Fe, 0.10 wt % Cr.

‘18.54 wt % Cr, 9.44 wt % Ni, 1.76 wt % Mn, 6946 wt % Fe.

“Includes 3.81-cm-long bottom and at least 13 92-cm-long top 304-stainless steel end plugs.
* No data available on end plug lengths.

Y Includes 1.905-cm-long bottom and at least 2. 286-cm-long top Zircaloy-4 end plugs.

Table 2.15 Critical data for simple lattice experiments from WCAP-3269°

No. of assemblies— Moderator
nnchment Pitch assembly size height
Experiment (wt %) (cm) (No. of rods) (cm)
W3269SL1 272 1524 1-31x31 3858
W3269SL2 5.7 1422 1-27x17 5297

“See Ref. 15.
* Believed to have been measured from the bottom of fuel, see Figs 20 and 21
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Table 2.16 Properties of UO, fuel rods from WCAP-3385¢

Parameter Value
Outside diameter, cm 0.993
Wall thickness, cm 0.038
Wall material 304-stainless steel
Pellet diameter, cm 0.907
Total fuel length, cm 97.155*
Active fuel length, cm 92.96
Enrichment, *U/U wt % 5.74
Fuel density, g/cm’ 10.19
“See Ref 16,

* Includes 1.905-cm-long bottom and 2.286-cm-long top end plugs
believed to be of 304-stainless steel

Table 2.17 Critical data for simple lattice experiments from WCAP-3385°

Wo. of assemblies—~ Moderator
Enrichment Pitch assembly size® height
Expoinaciid (wt %) (em) (No. of rods) (cm)
W33855L1 574 142 1-19x19 83.71
W3385SL2 5.74 2012 1-13x14 90.60

* See Ref. 16.
* Obtained by approach-to-critical method.
¢ Reference from bottom of fuel rod pellet column.
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or plate experiments from ANS Transactions, Vol 33°

8 Cnucal data for scparals

io. of interstitial

Plate Separation of assemblies Moderator Compound
thickness assembhies’

issembly size height* H_ Interstitial density

xperiment t %) (cm naterial {cm) {cm {No_ of rods) {cm) compound (gfem™)

ANS3IZALI 4.742 13 - 5 AIRxIR
ANS3I3AL2 1.3 lumimnum 0 50 4-18x18
ANS33AL3 ) lurminum } 10 ¢ 4-18%1IR
ANSI3IERI i 74. | ummn 3 25 4-18x18R
ANS33ERB2 1742 13 03 4-18~I8
ANSIZEP! 7 135 aluminun { 2 5 4-18%18
ANS3I3IEPZ 742 i alummnum { 4-18x1R
ANSI3STG 1 35 lumninum 2 4-18%18%

"See Ret 5
}""l' endicular distance between cell boundanes of

Measured from lower end of fuel rod peliet column
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Tatle 2.19 Critical data for separator plate expenments from BAW-1484

rexsAyq

141

Separation No. of
Plate of Plate-to-center essemblies-  Moderator Boren
Ennchment  Pitch Plate dimensions assembhes’ assembly assembly size¥ height'H concentration
Expeniment (wt %) {cm) matenal (cm) {em) distance’ (cm) (No. of rods) (cm) {ppm)
BWIi484A1 2459 1636 1614wt%B  916x1556x0645 1636 0.3725 9-14x14 150.27 15
aluminum’
BWI1484A2 2459 163 0100w %B 9] 6x1556x0645 4 908 03725 9-14x14 15169 72
alumanum’
BW148451 2 459 1636 304-1 91 6x155 6x0.462 1636 04525 9-14x14 149 90 514
stainless steel
9-14x14 100 89 432
BWI484S2 2459 1636 304-L 9] 6x155.6%0.462 1636 04525
stamniess steel

“See Ref 6

*Beheved 1o be the perpendicular distance between cell boundarnies of assembhes

“Perpendicular distance between cell boundary of assembly and near surface of plate.
“*our comer rods of assemblies are 0 635-cm-radius aluminum rods.
“Measured from the top of the aluminum base plate.

Mensity of 2.7 glem’.



Table 2 20 Cnitical data for separator plate expenments from BAW-1645°

Plate-to- No. of
Plate Separation of assembly assemblies Modersior Boron
Ennchment Pitch Pla dimensions assembhes distance assemby size height“H, concentration
{cm) MNo of rods) {em) (ppm)

Expenment {wt %) {em) (cm)

BWIi645S1 245 12090 aluminum » 159 32 00 b x 100 24
BWI1645S2 245 1 2090 aluminum :

B1645S0O1 . i 4097 alurmmmum

00 1S 145 00
on . 101 R}
144 85
104 82

141 9§

B1645S02 2 459 1 4097 alummum
BWIisdasT! g 1 2093 aluminum
BWIi6457T2 i5 1 2003 alumimum
BWI1645T3 ? 459 1 2003 alummum

BWI1645T4 glummum

42 54
14564

*See Ref 17
*Assumed to be alummum

Measured from lower end of pellet column of fuel rods

Hexagonal lattice

“Mimimum height

Reheved to be the perpendicular distance between outermost fuel rods of assemblies
Perpendicular distance between outermost fuel rods of assemblies, see Fig 2.27

y -

"Nine rows of 15. 8 rows of 14, 4 comer rods are alumimum, see Fig 2.2

uonduasa(] [eosAyd
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Table 2.21 Cntical data for separator plate experiments from DSN No. 399/80°

Separation Plate-to- No. of

Plate of assemblies— Moderator

Ennchment  Puch Plate dimersions assembhes” distance assembly size  height “H,
Experiment {wt %) (cm} material® {cm) (cm) {cm) (No. of rods) {cm)
DSN399-1 4742 135 hafnium 100> 100=0_1046 i8 09y 4-18xi8 3766
DSN399-2 4742 135 hafimum 100x 100x0_ 1046 58 29 4-18xi8 53.40
DSN399-3 4742 1.60 hafrmum SO= 1000 1046 - 08 1-21x21 4999
DSN399-4 4742 1.60 hafmum S0x100x0.1046 - 24 1-20%20 5283

“See Ref I8
*Density of 13 29 giem’

“Beheved to be the perpendicular distance between cell boundanes of assemblies.

“Measured from lower end of fuel rod pellet column.

“Behieved to be the perpendicular distance between cell boundanes of assemblies and center of piate.
Perpendicular distance between cell boundary of assembly and near surface of plate.

reasdyq



Table 2.22 Description of separator plates from PNL-2438*"

LE
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Element Separator plate, wt %
Boral-A, Boral-B, Cu-Cd, Cu Al Ir4 Steel: 00 w1 % B, Cd Boroflex
Boral-C 11w%B, 16wt%B

Al 6239 ,6121.5926, 97.15

B 28.70, 30 36, 31 88 0.005,00 00,105,162 3274

G 797,843 886 0002, 0340 21.13

H 265

Cd 0.989,00 997

Cr 00500,00 021 0.13 1856, 1903, 1960 003

Cu 009,00,00 98 685, 99 60 012 027,028,026

Fe 033,002,005 0020, 0.004 082 0.21 68 24 68 04, 66 40 005

Mg 005,001,001 0.0, 0002

Mn 005,00,00 0.009,00 021 158, 158 169

Mo 0.26,049,031

Na 002,062,002 00,0002

Ni 002,00,00 001,00 1109,953,10.12

O 0.019,003 21.01

S 02,00,006 0004, 002 082 2239

Sn 025,00 15

S 0020000 00,0002 006

T 061

Zn 0.10,060,00 0.007,00 03

Zr 98.16

Density, glem 2 49,2.50,2 47 8910,8913 2692 6.32 7.930,7.990,7.770 8650 1.731

Thickness,ecm 0713, 02924, 0357, 0646 or 0625 0652 0.485 or 6,302, 0061 0.546207728
0.231° 0337° 0298, 0298

*See Ref 9.

*Separator plates are 91 5 cm long by 356 cm wide.
“Includes 0.102-cm-thick alaminum on sides of Boral-A_

“Includes 0 J38-cm-thick aluminum on sides of Boral-B.
“Inciudes 0.025-cm-thick alumimum on sides of Boral-C.
‘Separator plate is 30 6 cm wide.
*includes 0 160-cm-thick Plexiglas on sides of Boroflex.

uondudsa(] [easAyq
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Table 2. 23 Cntical data for separator plate experiments from PNL-2438°

Plate-to-assembly No. of
Plate Separation of distance,” G assembhies—

Ennchment  Pitch Plate thickness assemblies.® X, (cm) assembly size
Experniment (wt %) {cm) matenal (cm) (cm) {Nc. of rods)
P2438AL 235 2032 aluminum 0625 867 0.645 3-20x16
P2438BA 235 2032 Boral-A 0713 5.05 0.645 2-22x16;1-20x16*
P2438CU 235 2032 copper 0646 662 0645 3-20<16
P2438SS 235 2.032 stainless steel 0485 688 0645 2.20x16
P24387ZR 2.35 2032 Zircaloy-4 0652 879 0.645 3-20x16
“See Ref 9.

*Perpendicular distance between cell boundaries of assemblies.
“Perpendicular distance between cell boundary of center assembly and near surface of plate.

“Center assembly.
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Table 2 24 Cnitical data for separator plate experiments from PNL-2615°

No. of
Plate Separation of Plate-to-assembly assemblies—
Ennchment Pitch Plate thickness assemblies.” X, distance,” G assembly size
Expeniment (wt %) (ecm) material {cm) {cm) {cm) (No. of rods)
P2615SAL 431 2 540 aluminum 0.625 1072 0.105 3-15x8
P261SBA 431 2.540 Boral-A 0713 6.72 3.277 3-15x8
P2615CD1 431 2.540 cadmum 0.2006 728 3.277 3-15xR
P2615CD2 43] 2540 cadmium 0.2006 568 0529 3-15x8
P2615CU 431 2.540 copper 0.646 815 0.084 3-15x8
P2615SS 431 2540 stainless steel 0485 858 0.245 3-15=8
P2615ZR 43] 2.540 Zircaloy-4 0652 1092 0.078 3-15x8
“Sec Ref 19.

*Perpendicular distance between cell boundanes of assemblics.

“Perpendicular distance between cell boundary of center assembly and near surface of plate.
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Table 2.25 Criticality data for separator plate experiments from PNL-3314*

uonduosa(] [Ba1sAYA

No. of assemblies—
Ennchment  Pitch Plate thickness Separation of assemblies.”  assembly size
Expenment (wt %) (cm) Plate matenal {cm) X_. Y, (cm) (no. of rods)
P3314CUS 235 1684 Copper 0.337 524 2-20x18;1-25x18°
P3314CU6 235 1684 Copper-Cd 0.357 2.60 2-20x18;1-25x18°
P3314CD2 235 1684 Cadmium 0061 304 2-17%20;1-25%20°
P3314SS5 235 1684 Steel, 00wt %B 0302 7.80 2-17x20;1-25x20°
P3314BS1 235 1684 Steel, 1.1 wt%B 0.298 386 2-17x20,1-25x20¢
P3314BS2 235 1684 Steel, 16 W %B 0298 346 2-17x20;1-25x20°
P3314CU3 431 1892 Copper 0337 10.36 3-12x16
P3314CU4 431 1892 Copper-Cd 0.357 761 2.12x16
P33145S6 4131 1892 Steel. 00w %B 0.302 10.52 3-12x16
P3314BS3 431 1892 Steel, 11 wt%B 0.298 7.23 2-12x16
P33148BS4 431 1892 Steel, 16W%B 0.298 663 3-12x16
P3314CU1 431 1892 Copper 0327 283,594 2-9x12; 2-9x7
P3314CU2 431 1892 Copper 0.646 283,267 2-9%12; 2-9x5
P3314CD1 413} 1892 Cadmium 0.061 283,530 2-11x14; 2-11x13
P33158S1 431 1892 Steel, 00W%B 0302 283,338 2-9x12; 2-9x2
P3314882 431 1892 Stee, 00w %B 0.302 283 1i.55 2-9x12; 2-9x13
P3314S83 431 1892 Sieel, 00wt %B 0.485 283,447 2-9x12; 2-9x5
P3314884 431 1892 Steel 00WM%B 0485 283,836 2-9x12; 2-9x12
P3314AL 431 1892  Aluminum 0625 283,904 2-9x12; 2-9x1
P3314ZR 431 1892 Zircaloy-4 0.652 283, 11.04 2-9x12; 2-9x1
P3314BF1 431 1892 Boreflex 0.546 283,360 2-11x14; 2-1ix14
P3314BF2 431 1892 Boroflex 0.772 283,494 2-11x14; 2-11x16
P3314BC 431 1892 Boral-C 0.231 283 353 2-11x14; 2-11x14
P3314BA 431 1892 Boral-A 0713 2.83. 480 2-11x14; 2x11x16
*See Ref 11.

*Perpendicular distance between cell boundaries of assemblies.
“Center assembly.



Physical Description

Table 2.26 Description of Boral separator plates in experiments from PNL-6205 and PNL-7167*
Separator plate, wt %

Element PNL-6205 PNL-7167
Al 54.33 62.54

B 35.63 29.22

C 995 8.16

(8] 0.07 0.06

Fe 0.02 0.02

Core density, g/cm’ 264 264

Core thickness, cm 0.683° 0673*
Length, cm 96 96

Width, cm 45 45

“See Refs. 21 and 22.
*Includes two 0 1015-cm-thick aluminum side plates.

4] NUREG/CR-6361
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Table 2 27 Cnuical data for separator plate experiments from PNL-6205 and PNL-7167°

Plate Separation of  Plate-to-assembly No. of assemblies—

44

Enrichment  Pitch Plate thickness®  assemblies’ distance” assembly size Void material

Experiment (wt %) (cm)  matenal (em) {cm) (cm) (No. of rods) in flux trap

P62FT231 431 1891 Boral 0683 519 0057 4-16x15 Nene

P7IFI4F3 431 1891 Boral 0673 519 0057 3-14x1S; 1-15x15 14 fuel rods on 1 891-cm pitch

P7IFI4V3 431 1891 Boral 0673 519 0.057 3-14x15; 1-15%15 3-0.63-cm-thick equally spaced
aluminum plates

P71F14VS 431 1891 Boral 0673 519 0057 3-15x15, 1-15x16 14-1 27-cm-diam aluminum rods
on | 891-cm pitch

P71F214R  43] 1891 Boral 0673 519 0.057 3-16x15; 1-15x15 None

“See Refs. 20 and 21

*Includes two 0101 5-cm-thuck alumunum side plates.

“Perpendicular distance between cell boundanes of assemblies.

“Perpendicular distance between cell boundanes of assemblies and near surface of plate.
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Table 2.28 Modeled assemblies of PNL-6205 and PNL-7167 scparator plate experiments

Modeled assemblies (No. rows > fuel rods per row)

No. of rods, No of rods, delayed No. of rods
Experiment  expenment cnitical (predicted) modeied Top left Top right Bottom left Bottom nght
P62FT231 960 963 963 15x16 15x16 15%16 12x16, 3x17°
P71F14F3 855 8585 858 i2x14, 3x]5° 15x14 15x15 15x14
P71F14%3 855 8621 862 i5x14 15x15 15x14 8x14, 7x15°
P71F14V5 915 924 9 925 1x10% 15x15° 16x15 15x15 1515
PTIF214R 945 952 952 15«16 15x16 1516 7x16, 8x15°
“Bottom rows

*Aligned agamst right assembly boundary.

uonduosa] [edisiyq
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Tab: * 26 Cnitical data for reflecting wall experiments from PNL-2827°
Separation of No. of assembhies-
Ennchment Pitch Reflector assemblies.” Wall-to-assemblhy assembly size
Expernnment (wt %) {cm) matenal X_ (cm) distance.” Y {(cm) (No. of rods)
P2827L1 2 35 2032 iead 13.27 066 3-19x16
3 P2827L2 2.35 2032 lead 11.25 2616 3-19x16
e P2827L3 $ 3] 2 540 lead 20 78 0 66 3-13xR
P28271.4 43] 2 540 lead 1204 1.321 3-13>8
P2827U1 2.35 2032 depleted uranium 11 83 00 3-19x16
P2182702 2.35 2032 depleted uranum 14 11 1 956 3-19x16
P28271)3 31 2 540 depleted uranium i53% 00 3—-13x8
P2827U4 131 ) 540 depleted urarium 15.32 1.956 3-13x8
Sce Ref 10
* Perpendicular distance from outer rod surface to outer rod surface of assembhies
. Perpendicular distance between cell boundaries of assemblies and near surface of reflecting walls
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Table 2 30 Critical data for reflecting wall experiments from PNL-3602°

Separator Wall-to- No. of assemblies- Gnd
Ennchment Pitch Reflector assembhes.* assembly assembly size plates
Experiment (wt %) (cm) matenai X, (em) distance.” (No. of rods) matenal
Y(cm)
P3602N11 235 1684 steel 8 98 00 2-20%18; 1-25=18° pohvpropylene
P3602N12 235 1 684 steel 958 066 2-20%18; 1-25x18¢ polvpropylene
P3602N13 235 1 684 stee! 966 1684 2-20x18; 1-25x18¢ pohpropylene
P3GO2IN14 235 1 684 steel 854 3912 2-20x18; 1-25x18° polypropviene
P3602N21 235 2032 steel 1120 066 2-20x18; 1-25x18¢ polypropylene
P3602n22 235 2032 stecl 1036 2616 3-19x16 acrylic
P3602N31 4131 1892 steel 14 87 00 3-19x16 acrylic
P3602N32 431 i 892 steel 15.74 066 3-12x16 acrvlic
P36CIN33 431 [ 892 steel 1587 1.321 3-12x16 polvpropylenc
P3602N34 431 1892 steel 1584 1.956 3-12x16 polypropvlene
P3602N35 431 1 892 stee 15.15 2616 3-12x16 polvpropviene
P3602N36 431 1.892 steel 1382 5405 3-13x8 poivpropviene
P3602N41 4131 2540 steel 12 89 00 3-13x8 acrylic
P3602N42 431 2540 steel 14 12 1.321 3-i3x8 acrvlic
P3602N43 431 2540 steel 12 44 2616 3-13x8 acryhic
“ See Ref 22

* Perpendicular distance from outer rod surface te outer rod surface of assemblies.

° Perpendicular distance between cell boundary of assembly and near surface of reflecting wall
“ Center assembly.
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Table 2.31 Cnitical data for reflecting wall expeniments from PNL-3926°

No. of assembhes—

Separation of Wall-to-
Ennichment  Piich Reflector assembhes.* assembly assembly size
Experiment (wt %) {cm) matenal X, (cm) distance.” Y{cm) (No. of rods)
P39261.1 235 ] 684 lead 10.0¢ 00 2-20x18; 1-23x18*
P39261.2 235 1 684 lead 1011 0.66 2-20x18; 1-23x18*
P39261.3 235 1 684 lead 850 3276 2-20<18; 1-23x18*
P39261 4 43} 1892 lead 17.74 0.0 3-12x16
P3926L5 431 1 892 lead IR IR 066 3-12x16
P3926L6 431 1892 lcad 1743 1956 3-12x16
P3926U1 235 1 684  depleted uramum 806 00 2-20x18; 1-23x18¢
P3926102 235 1 684  depleted uramum 950 1.321 2-20%18; 1-23~18¢
P3926U3 235 1684  depleted uramum 919 3912 2-20x18; 1-23x18*
P3926U4 431 1892  depleted uramum 1533 00 3-12x16
P3926U5 43} 1892  depleted uranmum 19.24 1956 3-12x16
P3926l6 431 1.892 depleted uranium iR 78 3276 3-12x16
“See Ref 12

* Perpendicular distance from outer rod surface to outer rod surface of assemblies.

< Perpendicular distance between cell boundary of assembhies and near surface of reflecting walls.

“ Center assembly.



arator plate experiments from ! 3602°

Separahon o Wail-to-assermnbly No of assembhes

assembies distance © Y assermnbhy size

{em No of rods)

PI6OZRERB
P3662RS1
P3602RS2
P3SO2CDH
P3602CD2
PI3602CU10

P3602(

P3602¢
P3602¢

P3602SS1

P36025S2

semblics

surface of reflecting walls
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Table 2 33 Cnitical data for reflecting wali-separator plate expenments”

uonduasaq [eorsiug

Separation  Plate-to-

Wall-to-

Ne. of

Plate Reflector of assembly assembly assembhes— Moderator

Ennchment Pitch Plate thickness Reflector  thickness, assemblies”  distance” distance’ assembly size* height* H_
Expenment {w1%) {em) matenial® (em) matenal E (em) (em) {em) (em) (No. of rods) (cm)
PATSOL1 4742 16 Boral 065 lead’ 100 49 08 168 4-18-18 5398
PATSOL2 4742 16 Boral 065 lead’ 100 49 08 395 4-18~18 6385
PATS0SS! 4742 16 Boral 065 steel 150 49 08 168 4-18-18 5155
PATS0SS2 4742 16 Boral 065 steeV 150 49 0oR 195 4-18~18 6184

*See Ref 23

* Boral (26189 giem’) 7163 w12 AL 2220wt % B and 6 17 wt % C.

“ Includes 0 1 1 -cm-thick sluminum (2651 g/em’) sides
“ Perpendicular distance between the center of outer rods of assemblies.
distance between the center of outer rods of assemblies r 1d near surface of plates.

.

’WMMWWMWMded@W&MM.

* includes four | G-em-diam stainless steel comner rods
* Measured from lower end of fuel rod pellet column.

"Lead (11 34 glem").

/ Steel (7 8 giem®) 9966 wt % Fe, 020 wt % Si.and 0 14 w1 % C



Physical Description

1 ;1!.-]{2 34 Physical properties of U0, fuel rods from BAW-1810*

Parameter Value

QOutside diameter, cm
Wall thickness, ecm 040¢

Wall material 304 stainless stee!

Fuel diameter, cm
i otal L'il)_f'n}]_ cm
Active fuel length, cm

1

! \
i \ Wil

ess steel end plugs

Table 2.35 i’?;\»r..xlin’ perties of UO,-Gd. O, fuel rods from BAW-1810

m———c— NSRS St Sady Bhihads

Parameter

Outside diameter, cm
Wall thickness m
Wall matenal

Fuel pellet diameter, cm
Total lengtt

Active fuel ler §
Enrichment

Gadolinia

{ void above

NUREG/CR-6361
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Table 2 36 Cntical data for UO.-Gd,0, rod experiments from BAW-1R10°

No of No of No_ of Maoderator Roron

Enrichment Pitch 2 45 Yo 4 020 wt % U0,-Gd,0, waler height * concentration
Experiment (wt %) fcm) U rods 17 rods rods holes H (cm) (ppm)

145

BWIRIOA 2 459 ¢ ‘ ( 15 ]

BWIS10B 2459 3¢ . - L 145
BWIRI( 2459 and 4 020 1 636 L y ' 2° { 145 0
BWIS10D 159 and 4020 163 ' R , 145
BWIS19E 459 and 4020 1 63¢ 392 3 145

*See Ref 24
"Measured from the top of the S OR-cm-thick aluminum base plat

Inner 32 x 32 lattice positions mcluding RO water holes and 32
ar - ' - : 4
“Inner 31 = 31 lattice positions including 73 water holes ana 21

*Inner 31 x 31 lattice positions including 73 water holes and 3




Tabie 2 37 Critical data for water hole experiments from BAW-1810°

s

No. of No. of No. of Moderator Boron

Ennchment Pitch 2459wt% 4020wt % water height * concentration
Experniment (Wt %) {cm) ™U rods U rods holes H (cm) {(ppm)
BWIRIOF 2459 1636 4R0R 0 153 1450 13379
BWIRI0G 2459 and 4 020 1636 3676 944° 180 1450 1776 8
BWISI0H 2459 and 4 020 1 636 3920 RER* 153 1450 18993

19E9-¥I/OTINN

* See Ref 24.

*Measured from the top of the S 08-cm-thick alwminum base plate
“Inner 32 32 lattice positions including 80 water holes.

“Inner 31 x 31 lattice positions including 73 water holes

uonduosagy [earsAy
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Table 2 38 Critical data for NSE71W1 and NSE71W2 water hole expenments”

No. of assemblics- No. of
Ennchment Pitch assembly size No. of water Frequency of Moderator
Experiment (wt %) (cm) (No. of positions) fue! rods holes water holes height" H,
NSET1WI1 4742 126 1-22%22 459 25 1 in 5 positions 8136
NSE7iW2* 4742 126 1-22x22 420 64 1 s 3 positions 73.05

*See Ref 8.
"Mecasured from lower end of fuel rod pellet column.
“Giver as ar example in Ref 8.

[earsAygd



Physical Description

Table 2 39 Criticol data fur water hole experiments from PNL-3314*

No. of assemblies-—- No. of fuel rods
Ennichment Pitch assembly size No. of

Experiment (w1 %) {cm) {(No. of positic Predicted®  Modeled water holes
Pi314wi1 431 1.892 1-14x14 1676 168 25
P3314W2 235 1.684 1-23x23 4858 486 25

*See Ref 11.

*Obtained by approach-to-critical method.

Table 2 40 Critical data for water hole experiments from WCAP-3269*
No. of assemblies— No. of
Ennchment Pitch assembly size No. of water Moderator

Experiment (wt %) (em) (No. of positions) fuel rods holes height,” H,
W3269W1 2.72 1524 1-31x31 945 16 37.21
W3i269W2 57 1422 1-27x17 453 6 51.93

*See Ref. 15.

"Believed to have been measured from the bottom of fuel, see Figs. 220 and 2.21.

Table 2.41 Properties of B,C absorber rods from BAW- 1484

Parameter Value
Outside diameter, cm 1.113
Wall thickness, cm 0.089
Wall material aluminum
Total length, cm 177.5%
Active length, cm 17718
B,C powder density, g/cm’ 1.28

*See Ref 6.

*Includes 0.3175-cm-long aluminum bottom end plug.

53

NUREG/CR-6361
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Table 2 42 Critical data for B,C absorber rod experiments from BAW-1484°

Separation of No. of assembhies— No. of
Ennchment Fitch assemblics” assembly size® absorber
Expenment (wt %) {cm) (cm) {(No. of rods} rods
BW1484C1 2459 1636 1636 9-14x14 %4
BW1484C2 2459 1.636 4 908 9-14x14 24

*Sec Ref 6.

*Belicved to be the perpendicular distance between ceil boundanes of assemblies.
“Four comer rods of assembhes are 0 635-cm-radius alununum rods.

*Measured from the top of the aluminum base plate.
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Physical Description

Table 2.43 Properties of Ag-In-Cd absorber rods frem BAW-1810*

Parameter Value

Outside diameier, cm 1.207

Wall tluckness, em 0081

Wall matenal aluminum

Length, cm 157.56"

Wt % Ag 79.68

Wit % In 15.09

Wt % Cd 52

Wt % Cu 008

Wt % Zi 002

Density, g/cm’ 1015
*See Ref 25.

"Minus the 0.3175-cm-long aluminum bottom end plug.

58 NUREG/CR-6361
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Table 2 44 Critical data for absorber rod experiments from BAW-1810°

No. of No. of No. of No. of Moderator Boron

Ennchment Pitch 2459wt % 4020wt  Absorber absorber water height concentration
Expenment (wt %) {cm) U rods ™ rods rod rods holes H (cm) {(ppm)
BWis101 2459 1636 4808 0 Ag-In-Cd 16 137 1450 1250.0
BWIisI0l 2 459 and 4 020 1636 3920 RRR* B,C 16 137 1450 16354

* See Ref 24
*Measured from the top of the 5 08-cm-thick aluminum base plate
“Inner 31 x 31 positions include 57 water holes and 16 B,C rods

[ensiyd



Table 2 45 Cnitical data for r Ag-In-Cd absorber rod expeniments from WCAP-3269*

No. of assemblies— No. of Ag-in-Cd Moderator

Enrichment Pitch assembly size No. of Ag-In-Cd  rod diameter height*
Experiment (wt %) (cm) (No. of rods) fuel rods rods® {cm) (cm)
W3269A 57 1422 1-27x17 453 6 1624 8827
W3269B1 37 1.105 1-47x47¢ 2221 12 0.838 5541
W3269R2 v 1105 1-47=47¢ 2209 24 0.83% 64 56
W326983 37 1.105 1-47x47¢ 2185 48 0838 57.00
W3269C 2.72 1524 1-31x31 945 16 1024 8975

LS

*See Ref 15

"Rods(akmtobe79.6wt‘/‘.Ag, 1517 w1 % In, 5.08 wt % Cd with a density of 9 91 glem®
“Believed to have been measured from the bottom of the fuel, see Figs. 220 and 2 21
“Includes 24 fuel follower rods positioned outside the array (sce Figs. 2.58, 2 59, and 2 60).

19€9-4/OFUNN
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Physical Description

Table 2.46 Critical data for soluble boron experiments from BAW-1231*

Moderator Boron
Enrichment Pitch No. of height® concentration
Experiment (wt %) (cm) fuel rods {cm) (ppm)
BWI1231B1 4.020 1511 936 167.5 1152
BWi131B2 4020 1511 4904 146.65 3389
*See Ref. 25.
*Measured from the bottom of the active fuel or reference plane of Fig. 2.62.
Table 2 47 Critical data for soluble boron experiment BW1273M*
Moderator Boron
Enrichment Pitch No. of height,* H concentration
Experiment (wt %) (cm) fuel rods (cm) (ppm)
BWI1273M 2459 1511 5137 932 1675
*See Ref 26.
*Measured from the bottom of the active fuel or reference plane in Fig. 2.63.
Table 2 48 Critical data for soluble boron experiments from BAW-1484°
No. of
Separation of assemblies— Moderator Boron
Ennchment Pitch asscmblies® assembly size* height* concentration
Expeniment (w1 %) (em) (cm) (No. of rods) (cm) (ppm)
BW1484B1 2459 1636 00 9-14x14 14429 1037
BWI1484RB2 2459 1.636 1636 9-14x14 100.32 702
BWI1484B3 2.459 1636 4908 9-14~14 14912 143
*Sec Ref 6
®Belicved to be the perpendicular distance between cell boundaries of assemblies
“Four corner rods of assemblies are 0.635-cm-radius aluminum rods
9Measured from the top of the aluminum base plate
Table 2 49 Critical data for soluble boron experiments from EPRI NP-196*
Modcrator Boron
Ennchment Pitch No. of height®  concentration
Expeniment (w1 %) (ecm) rods (cm) (ppm)
~+'RU65B 235 1.562 1201 111.76 463 8
EPRU7SB 235 1,905 1201 112.08 568
EPRUS7B 2.35 2210 BRS 111.76 2858
*See Ref. 7.

*Measured from the base of the aluminum solid plate.
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Table 2.50 Critical data for soluble boron experirients PNL-4267"

Physical Description

Experiment

Ennchment

(wt %)

Pitch
(cm)

Array width
(No. of rods)

Total No. of rods

Predicted®

\1\'d£lcd

Boron

concentration

(g

P4267B1
P42678B2

1.890
1 890

40
40

O

2.15+¢0.35
2.552¢0.07

~J N

1.715 44
1.715 4
1.715 44

1.03+£0.05
1.82+0.30

2.55+¢0.2]

P4267B3
P4267B4
P4267B5

91696
119196

O
—-— L W N
e B B B

O
[

*See Ref. 13
*Obtained by approach-to-crii. .al method

Table 2.51 Atom densitics (atoms/b-cm) of fuel in critical experiments from Y-DR-14¢

H . F

Experiment - -

»)
]

1. 88CE-2
2. 186E-2
| S07E-2
1.507E-2

6.437E-:
5415E-
7. 500E-

7 500F

) 628E-2
) 211E-2
3.094E-2
3.094E-2

YDRI4UN2
YDRI14PL2
YDRI14PL3
YDR14UN3

s '
e
(NI N NS

W W W

B H

*See Ref 27

Table 2.52 Criticality data for homogenized uranium experiments from Y-DR-14*

}’ Uuc !

form

Ennchment Fuel dimensions

Experiments (wt %) (em) Reflector

YDR14PL2 2.00 15.2-cm paraffin on top and sides

15.2-cm Plexiglas® on bottom

YDRI14PL3 3.00 3)F, 43 ¢ 347x863 135
15.2-cm Plexiglas® on bottom

YDRI4UN2 2.0 U2)l 22x56.22x122 .47 none

YDRI14UN3 3 '

2-cm paraffin on top and sides

*See Ref .H

"Wolume fraction: 0.918 Plexiglas, 0.062 aluminum, U
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Taole 2.53 Cuboud fuel can descriptions for CR1071AS, CR1653AS. CR2500S"

Parameter CR1071AS CRI653AS CR25008
Can
Material® aluminum alumimum aluminum
Can volume, cm’ (15.28)° (15.24)° (15.24y
Wall thickness_© cm 015 016 0.16
Cavity volume, cm’ (14 9%y’ (14 92y (14 92y
Vinyl tape mass, g 3 30 34
Mylar tape mass, g R} 40 59
Cavity contents
U,0, mass, g 15088 15084 15081
H,0 mass, g 314 5334 9053
C,H, mass, g 53 530 530
U,0, enrichment
U, w1 % 203 0030 0.03
U, wm% 4 46 4481 448
B, wt % 008 0089 0.09
U, w1 % 9543 95399 9540
*See Refs. 28-31.
*Density of 2.713 g/em®

“Walls have water injection holes (56 total) of 0 64 cm diameter
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Table 2 54 Materiais for damp uranium oxide experiments®

Fire- Nonfire-
Element, retardant Vinyl Mylar retardant
wt % Piexiglas Glue® tape tape Plexiglas Paper® Polyethylene

Al 05
Br 7.10
C 5203 8629 4591 05.50 5952 4217 84 90
Ca 69
Cl 181 25.73
H 7.16 1167 592 6183 784 6.48 1401
N 016 016
O 2982 1.20 1082 2702 3223 4950 1.20
P 102
Pb 11
Si 06
T: 16
Zn 0.1
Density, 1284 0728 1310 i1l 1135 0.766 0824
g/em’
*See Ref 29

*Plates of both Plexiglas types covered with paper (0.49 wt %) and ghue (0.16 wt %).
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Table 2 55 Cuboid dimensions® {(cm) of Fig 2 69 for CR1071AS®

Frame
Faceplate extender
Core Reflector intenor Reflector exterior thickness thickness Filler thickness
A B C D E F G H 1 3 K L M N O P QR 5 T U V WXY
680 344 344 506 | 680 347 347 506 | 1284 653 745 1336 123 123 |74 - - - 85854912273 73 261

*Calculated from photograph
*See Ref 29

“Dimensions for plastic reflector of shape seen in Figure 2 72.
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Phvsical Descrioti

Table 2.57 Cuboid dimensions for CR2500S*

Cuboid Dimension (cm)
North table East/west 508
North/south 333
Vertical 51.1
Core®
South table East/west 51.1
North/south 334
Vertical 51.1
North table East/west 77.6
North/south 335
Vertical 51.1
Reflector interior*
South tabie East/west 774
North/south 339
Vertical 511
North table East/west 1283
North/south §9 74«
Vertical 1325
Reflector exterior”
South table East/west 1284
North/south 74 4¢
Vertical 1346
North table West 253
Bottom 551
Core location'
South table West 258
Bottom 554
*See Ref 31

*Planar and elevation views of core seen in Fig. 2.70

‘Dimensions for plastic reflector of shape seen in Fig. 2 72,
“Includes 1.215-cm-thick faceplate
“Includes thickness of plastic inserted between frame and end panel

Locates the lower west corner of the core relative to the reflector exterior
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"g“ Pa:q::::::pu:ﬁﬁ/mm
—+ Top plug
-{‘ _:;-, {aluminum) JUHHHHERHHEHHEH
“"'-‘;;; o gsia n--pnlnn---rr‘+
69 |- Sering

Fuel

b - -

e B
Water
200
10 Bottom
- plug _ f__ T
_g-___ (aluminum) : > 200 ll / i = 200 :
i | Dm"
Water
o~ ~ Lower gnid Stainless steel (7.9 g/cm®; 72.00 wt % Fe,
szfzz==fie Sidbnsuii 18.00 wt % Cr, and 10.00 wt % Ni) lower
- i
! grid and support plate
v )\ Y
VT

Figure 2.1 Principal dimensions (in centimeters) of 4 742 wt % U0, fuel rods for ANS Transactions, Vol. 33,
and NS&E, Vol. 71, and assembly for NS&E, Vol. 71. Source: Refs. 5 and 8 (Reprinted with permission by author)
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o
> 200~ /

box

idimensions in mm)

P = pitch - (13.5 mm)

H, = critical height [ {3 lower end cluster
Stainless steel (7.9 g/cm’) = 72.00 wt % : - ',-;k (stainless steel)
Fe, 18.00 wt % Cr, and 10.00 wt % Ni BTG, - support {stainiess steel)

Figure 2 2 Planar and half-end view of experiments from ANS Traasactions, Vol. 33 (dimensions in millimeters). Source: Ref §



Physical Description
0.318

|
—T

1.206

Al uminum
End Plug

t
a_ 318

Figure 2.3 Dimensions (in centimeters) of 2. 459 wt % UO, fuel rods for BAW-1484 expeniments Source

Ref 6

NUREG/CR-6361




Physical Description

4 . | w—
Vo 7277 A (7777774
TOP GRID(IIN.) ‘ '

e —

MODERATOR LEVEL
B.C PIN

FUEL ROD ~—

BOTTOM AL GRID (1 IN.)
178 IN.- L. - %
F— L 7 A 77 7777 1
- . -, l -
e ALUMINUM BASE PLATE

7 ]

1IN = f/-/////v/////////////,////*7:'

BOTTOM OF AL CORE TANK

Figure 2 4 Experiment BW1484SL vertical dimensions. Sowrce: Ref 6
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Physical Description

25

DESCRIPTION OF 235 wt% — U ENRICHED UO,, RODS

2

FUEL:1L176 mm DIA  CLAD: 1270 mm x 0.762 mm WALL

12.7 mm DlAt ‘{°f ' --.-:.-..:

WL—’-— 914. mm .

- 977.9 mm —

CLADDING: 6061 ALUMINUM TUBING SEAL WELDED WITH A LOWER END PLUG
OF 5052-H32 ALUMINUM AND A TOP PLUG OF 1100 ALUMINUM

TOTAL WEIGHT OF LOADED FUEL RODS: 917 gm (AVERAGE)
LOADING:

825 gm OF U0, POWDER /ROD, 726 gm OF U/ROD, 17.08 gm OF U-Z35/R0D
ENRICHMENT - 2.35 £ 0.05 wlo U-235
FUEL DENSITY - 9.20 mg/mm?> (84% THEORET | CAL DENSITY)

Figure 2.5 Description of 2.35 wt % UO, fuel rods used in experiments from EPRINP-196. Source: Ref. 7.
(Copyright © 1976. Electric Power Research Institute. EPRINP-196. Clean Critical Experiment Benchmarks for
Plutonium Recyclz in LWRs. Reprinted with Permussion.)
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FULLY REFIECTED
VMODERATOR HE!GHT
- e T —— —— 106

LEAD SHIELD 100 7/8

POLYETHYLENE SPACER 100 172
100 x
6061-T6 z
ALUMINUM \ 9078 =
“EGGCRATE" B
@12 B S
: 235 2
Vo, -2.35% U o — 8 -
CENTERLINE g
]
=
-]
v
‘ -
. " &
1100 Al\;v:' z
- z
6061-T6 & 63 118 §
b  ALUMINUM &
. “EGGCRATE" .|| 218 =
ALWMINUM [/ “eip Bt  amnas S
PUITE e — — 62 =
. ¥ P ety $ G > g

{ © " ALUMINUM SOLID PLATE
— 61 1/8
Figure 2.6 Axial core structure dimensions (in inches) for EPRU6S and EPRUS7. Sowce: Ref 7

(Copyright © 1976. Electric Power Rescarch Institute. EPRI NP-196. Clean Critical Experiment Benchmarks for
Plutonium Recycle in LWRs. Reprinted with Permission. )
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FULLY REFLECTED
MODERATOR HEIGHT 106.0
e 100 3/4
SN\ PERSONNEL LEAD SHIELDN 100 36
4 99 7/8
%/ X
POLYETHYLENE SPACER XYY =<
\ .-i.‘.' ;'f.':"-".' 2 =
ot TN bl
ALUMINUM "5 ey Z
; :.'“/ -
) 235 Y FUEL P
Uo,-2.35% "~V = ——centerune — 81 78 2
/B &
/2 v
ity =
7 e
=
oo <
6061-T6 ‘ ) T B8 =z
GRID PLATE ( ; | < S
' ! 318 S
‘ =
O
g
&
>

61718
]ﬁi A

Figure 2.7 Axial core structure dimensions (in inches) for EPRU7S Source: Ref. 7 (Copyright © 1976
Electric Power Research Institute. EPRINP-196. Clean Critical Experiment Benchmarks for Plutonium Recycle in
LWRs. Repninted with Permussion.)
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FUEL TYPE PITCH  GRID DIMA DIMB
78 0.615 | upeee | o032
U0,-2.35% U 0.87 tower | o090 | %P

Figure 2.8 Dimensions (in inches) of “eggcrate” grids for EPRU6S and EPRUS7. Source: Ref 7
(Copynight © 1976. Electric Power Reczarch Institute. EPRINP-196. Clean Critical Experiment Benchmarks for
Plutonium Recycle in LWRs. Reprinted with Permission )
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Figure 2.1
(Reprinted with permission by author)
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Physical Description

RUBBER END CAP:

1.278 cmOD x 2.54 ¢m LONG

FUEL. 1.2654+0.003 em DIA.

CLAD:
1.415+0.003

cm OD

x 0.066 cm WALL

1

\

U0, PELLETS

91.44 cm (min)
92.71 cm (max)

[——90.52 + 0.3 cm

=

"~ RUBBER END CAP:
1.278 cn ODx 2.54 cm LONG

CLADDING: RO61 ALUMINUM TUBING

LOADING

ENRICHMENT - 4.306 + 0.01j% 238y
OXIDE DENSITY - 10.40 + 0.06 g/ecm?
U0, - 1203.38 :+ 4.12 g/ROD

U - 1059.64 + 4.80 g/ROD

URANIUM COMPOSITION:

234y . 0.022:0.002
235y . 4.306+0.013
236y . 0022+0.002

238y . 95.650+0.017

END CAP:

C58+1WT%
H65:03WT%
Ca-11.4:1.8 WT%

$1.7+0.2WT%
0-22.1 WT% (BALANCE)
$i-0.340.1 WT%

NOTES:

1. ERROR LIMITS ARE ONE STANDARD DEVIATION

2. END CAP DENSITY IS 1.321 g/em?

Figure 2.14 Description of 4.31 wt % UO, fuel rods used in experiments from PNL-3314. Source: Refs. 11
and 14 (Reprinted with permission from authors)
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Physical Description
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PICAL
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6061 Al
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¢
152 nl| Tiui
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ot e e s & e ——

END VIEW

ACRYLIC (1,785 g/em3): 80 wi% C,
32 wi% O, and 8 wi% M.
POLYPROPYLENE (0.904 g/cm )

Figure 2.15 Planar and end view of experiments with four-assembly geometry from PNL-3314. Source:
Ref 11 (Repninted with permission from author)
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Physical Description
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rods from PNL-3314. Source: Ref 11 (Reprinted with permission from author)
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Physical Description
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Physical Description
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Physical Description
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Figure 2 19 Experimental assembly elevations for P49-194. Sowrce Ref 14 (Reprinted with permission
from author)
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Physical Description

TYPCAL FUEl R00

S EFrECTIiVE Mg

Figure 2.20 Vertical dimensions of experimental assembly for W3269SL1. Source: Ref 15
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Physical Description
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Figure 2.21 Vertical dimensions of experimental assembly for W3269SL2. Source: Ref. 15
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Physical Description

Figure 2.22 Vertical dimensions of experiments from WCAP-3385. Source: Ref 16
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Physical Description
Top and bottom grid plate
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Figure 2.23 Gnd plate layouts for experiments from WCAP-3385. Source: Ref. 16
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Physical Description
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Note: Dimensions given i{n centimetern.
Figure 2.24 Vertical dimensions for separator plate experiments from BAW-1484. Source Ref 6
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Physical Description

N FUEL MODULE
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(24 PLACES)\‘
W E
5

STAGGERED-ROW EDGES ALWAYS FACED EAST - WEST
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Figure 2.25 Side sheet locations for separator plate experiments from BAW-1645 Source Ref 17
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274 cm DIA CORE TANK

Physical Description

- ————————

\

TANK LOWER RING —

Figure 2.26 Vertical dimensions of experiments from BAW-1645. Source: Ref. 17
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Physical Descripuion

T- TYPE INTERMODULAR SPACING QUOTED AS a Xb

aag g S

Figure 2.27 Intermediate spacing for BW1645T1, BW1645T2, BW1645T3, and BW1645T4. Sowrce Ref 17
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Figure 2.29 Fuel cluster and steel angle iron for DSN399-1 and DSN399-2 (dimensions in cm). Source: Ref 18
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Physical Description
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Physical Description
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Figure 2.31 Experimental assembly evaluations for experiments from PNL-6205 and PNL-7176. Source
Refs. 20 and 21 (Reprinted with permission from authors)
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Physical Description
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Figure 2.37 Assembied lead wall for experiments from PNL-2827. Source: Ref 10 (Reprinted with

pernussion from authors)
NUREG/CR-6361 102



15.9 mm DIA.
THREADED PLUGS
IN EACH SLAB

-l

2%.3 x2.8 mm THICX
VOIDS (MAX, THROUGH
WALL

.

Ve

e

76.5 = 0.4mm

Physical Duscription

1219« 4mm

-

<2 mm MAX. DIA.

EACH INTERSECTION

f} | / LINE-QF-S1GHT VOID
' W THROUGH WALL AT

URANIUM DENSITY « 188 £ 0.1 gicm’
WAL DENSITY =187 0. g’
TOTAL URANIUM = 26525 = 25 kg
wrs o <0199 + 0.002

WT% URANIUM «99.57 £ 0.10

Figure 2.38 Assembled depleted aranium wall for experiments from PNL-2827. Source: Ref 10 (Reprinted

with permission from authors)
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Physical Description
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Si : 02¢% -

Ni : 079z%0.14
Mo : 0.49%0.05
Cr : 012z 0.01
Cu : 01300

Figure 2.39 Assembled steel wall for experiments from PNL-3602. Source: Ref 22 (Reprinted with
permussion from authors)
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Figure 2.40 Quarter-assembly configuration for expenments from PATRAM'S80. Source: Ref 23 (Reprinted
with permission by author)
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Physical Description
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Figure 2.42 Quarter-core loading diagram for BW1810B. Source Ref 24
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Physical Description
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Figure 2 43 Quarter-core loading diagram for BW1810C Source: Ref 24
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Figure 2 44 Quarter-core loading diagram for BW1810D. Source: Ref 24
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Figure 2 46 Quarter-core loading diagram for BW1810F. Source: Ref 24
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Figure 2 47 Quarter-core loading diagram for BW1810G. Source Ref 24
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Physical Description
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Figure 2 48 Quarter-core loading diagram for BW 1810H. Source: Ref 24
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Figure 2.53 Experiment BW1484C1 core loading diagram. Seurce: Ref 6
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Physical Description
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Figure 2.57 Vertical cross section of core assembly for experiments W3269B1, W326982, and W3269B3.
Source: Ref 15
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Figure 2.60 Care configuration for experiment W3269B3. Source: Ref 15
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Aluminum
top grid
2.54-cm thick
153.4
cm
Moderator
Height, H
=150
cm
Reference
Aluminum Plane
bottom grid
2.54 cm thick -
0.3175 ¢cm

Aluminum base plate
5.08 .cm-thick

Figure 2.63 Vertical dimensions for BW1273M experiment
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* Cans separated by 2 43-cm-thick
nonfire-retardant Plexiglas blocks

* Two arrays of cans scparated by 0.31,
1.26, an? 0.57 cm of void for
CRI1071AS, CR1653AS, and CR25008

* Moderator above second level is present
in the vicinity of absent cans as well as
behind the top layer can

Figure 2.68 Isometric drawings of the (a) 42, (b) 38, and (¢) 30 can configurations of experiments
CR1071AS, CR1653AS, CR2500S. Source: Refs 29--31
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Figure 2 69 Planar and elevation view for CR1071AS (dimensions in cm, paired dimensions are for north and
south tables). Source: Ref 29
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Figure 2.70 Planar and elevation view of core boundary (dashed lines) and reflector boundaries (solid lines)
for CR1653AS and CR2500AS. Source: Ref 30.
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Figure 2 7! Dimension (mm) plastic reflector end panel and frame for CR1653AS. Source: Ref 28
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Figure 2. 72 Three nested cuboids of CR1071AS and CR25008: core, reflector interior, reflector exterior. Source:
Ref 29
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3 Validation of the SCALE 44-Group ENDF/B-V Library
with the LWR Critical Experiments

In order to demonstrate the applicability of the SCALE 44-group ENDF/B-V cross-section library (created on
5/16/96) for the range of conditions spanned by the fresh fuel experiments described in the previous section,
computational me.iels have been developed based on each experimental configuration. Structural components such as
control and safety rod guides, support angles and channels, and tanks were neglected because they had no significant
impact on the system ko Specific modeling assumptions were noted in detail in Sect. 2. Chemical elements that
appeared in materials in trace amounts were also considered negligible in the models. For reference, the SCALE-4.3
input files for these experiments are included in Appendix A.

The following subsection describes the sequences and modules of the SCALE-4.3 system used in the analysis of these
computational models. This description is followed by a discussion of the results of culculations performed with
SCALE-4 3 using these models, in terms of the classes of experiments described in Sect. 2.

3.1 Description of the SCALE Code System

SCALE is a computational system consisting of a set of well-established codes and data libraries suitable for analyses
of nuclear fuel facility and package designs in the areas of criucality safety, radiation shiclding, source term
characterization, and heat transfer. The codes are compiled in a modular fashion and called by control modules that
provide automated sequences for standard system analyses in each area.

The CSAS control module contains automated sequences that perform problem-dependent cross-section processing
and three-dimensional (3-D) Monte Carlo calculations of neutron multiplication. Three CSAS control sequences,
CSASN, CSAS25, and CSAS2X, were used to perform resonance processing and/or calculate effective neutron
multiplication factors for the critical benchmark experiments supplied in this document.  All neutronic control
sequences use the SCALE Material Information Processor (MIP) to calculate material number densities and prepare
geometry data for resonance self-shielding and optional flux-weighting cell calculations and to create data input files
for the cross-section processing codes. The BONAMI™ and NITAWL-1I* codes are then used to perform problem-
specific (resonance- and temperature-corrected) cross-section processing. BONAMI applies the Bondarenko method
of resonance self-shielding for nuclides that have Bondarenko data included in the cross-section library. NITAWL-II
uses the Nordheim integral treatment to perform resonance self-shielding corrections for nuclides that have resonance
parameters included with their cross-section data. The CSASN sequence terminates at this point; the cross-section
library produced from this calculation can be used as is or combined with other cross-section libraries and used in a
subsequent criticality calculation.

The CSAS25 sequence then invokes KENO V a,* a three-dimensional (3-D) multigroup Monte Carlo criticality code
10 determine the effective multiplication factor (k) from the problem-dependent cross-section data and the user-
specified geometry data. Other calculated KENO V a quantities include average neutron lifetime and generation time,
energy-dependent leakages, energy- and region-dependent absorptions, fissions, fluxes, and fission densities. The
CSAS2X sequence invokes the one-dimensional (1-D) discrete-ordinates code XSDRNPM? to prepare cell-weighted
cross sections prior to the execution of KENO V »

SCALE-4.3 includes the 238-group AN 'ster-format neutron cross-section library® which contains data for all the
nuclides available in ENDF/B-V and a broad structure 44-group neutron cross-section library® collapsed from the 238-
group library. The group structure specification for each library was based on knowledge gained from the definition
and use of the 218-group and 27-group libraries developed for the SCALE code system using ENDF/B-1V data.
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The 238-group library has Bondarenko shielding factors included for nuclides with unresolved resonances, nuclides
with Adler-Adler resonance data (**U and **'Pu), and the nonresonance nuclides 'Li, '°F, ¥Al, and *Si. Bondarenko
factors are used for the latter nuclides because they exhibit resonance structure in the point data. This library includes
s-, p-, and d-wave resonance data in the resonance parameters that are passed to NITAWL-II. The calculational effect
of including these higher-order resonance data is addressed in Appendix B.

The broad-structure 44-group derivative of the fine-structure 238-group library was collapsed using a fuel cell spec-
trum based on a 17 x 17 Westinghouse pressurized-water-reactor (PWR) fuel assembly. The broad-group structure
was designed to accommodate two windows in the oxygen cross-section spectrum, a window in the iron cross-section
spectrum, the Maxwellian peak in the thermal range, and the 0.3-¢V resonance in #*Pu (which, due to low energy and
lack of resonance data, cannot be modeled by the Nordheim Integral Treatment in NITAWL-1I). The 44-group library
has a group structuse similar to the 27-group library, as shown in Table 3.1. All boundaries in the 27-group ENDF/ B-
IV library correspond to those in the 44-group ENDF/B-V library except for the upper bound of group 23. Based on
an analysis of a set of 93 thermal and fast cnitical experiments, the ENDF/B-V 44-group library demonstrated
markedly improved performance over similar analyses performed with the ENDF/B-IV 27-group library 2

3.2 Modeling and Calculational Techniques

Several techniques for modeling the fuel region of particular experiments are addressed in Sect. 3.2.1. KENO V.a
input parameters are discussed in Sect. 3.2.2.

3.2.1 Fuel Region Modeling

The experiments listed in Table 3.2 were explicitly modeled by considering the fuel rod regions submerged in and
protruding from the moderator region. To accomplish this in CSAS, the DancofY factors and resonance data had to be
calculated for the fuel in the region void of moderator using a CSASN “PARM=CHECK" case and then explicitly
specified in the CSAS25 calculation using the “MORE DATA” option. In all other experiments with fuel rods above
the moderator, the contribution of the fuel in the region void of moderator was considered negligible and was not
modeled.

In some instances more than one fissile mixture was present per experiment. Since only one CSAS unit cell specifica-
tion is allowed per problem, the Dancoff factors and resonance data had to be calculated for the other unit cell descrip-
tions using a CSASN “PARM=CHECK" case and then explicitly specified in the CSAS25 calculation using the
“MORE DATA” option. The expeniments with two or three fissile mixtures modeled using this method are listed in
Table 33

The experiments in Table 3.4 were modeled with CSAS2X in order to account for eccentricities of the control rod
cruciform followers (the nine fuel rods of the follower veins were on a slightly different pitch than the core lattice). The
followers were represented as nine core lattice positions containing mixture 500 that uses the XSDRNPM cell-
weighted cross sections for the fuel and moderator. For the fuel rods of the core, the DancofT factors and resonance
data had to be calculated for the regions submerged in and protruding from the moderator region using CSASN and
then explicitly specified in the CSAS2S calculation as in the other experiments above.

3.2.2 KENO V.a Parameter Data

All criticality calculations were run with 405 generations and 600 neutrons per generation for a total of 245,000
histonies. The ficst five generations were omitted when calculating the average eigenvalue of the system. Default values
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were used for all other parameters including the start option of flat neutron distribution over the entire system. No
albedo boundary conditions were applied; the default for each face is vacuum and is applied to the outermost region of
every problem. No biasing was used to track neutrons in the water reflector region of each problem.

The calculated kg values throughout this report are estimates of the cigenvalues of systems and have associated
uncertainties due to the statistical nature of the Monte Carlo codes.

3.3 Calculational Results Overview

The calculational results for the 173 LWR fuel pin lattice critical experiments described in Sect. 2.1 are presented and
discussed in Sect. 3.4. The results for the seven homogeneous uranium systems described in Sect. 2.2 are presented
and discussed in Sect. 3.5.

Two important calculated parameters in the presentation of results are the average energy group causing fission (AEG)
and the energy of the average lethargy causing fission (AEF). AEG is a pseudo-neutron-spectra parameter calculated
by KENO V.a that has been used historically as a single global parameter for correlating experiments to safety
evaluation applications.* AEF has been added to the KENO V .a output in version 4.3 of SCALE and offers a single
parameter in physical unit= (2V). Due to group structure and the techniques used to determine the average values, the
energy that corresponds to AEG and the value of AEF may not be equivalent. AEG is a spectral index that is useful in
validation but is not valid when comparing different cross-section libraries. On the other hand, AEF is more useful in
interlibrary comparisons since it is a physically real parsmeter and not as dependent on the group structure of a library.
For this reason, the remainder of this report will focus on AEF rather than AEG. Table 3.1 gives the group structure
for the 44-group library used in this validation and is useful in locating an energy range corresponding to an AEG
value. The tabl= provides the upper energy bound of each broad group and the number of fine groups collapsed into it
from the 238-group cross-section library.

In the following sections of this report, the validation results have been analyzed by grouping the experiments in terms
of physical or neutronic characteristics as set forth in Sect. 2. For each group, the mean k (i.,,) and the range of
calculated k4 and AEF (V) values are reported. The reported mean is the average of the nominal values of k 4
computed for each group of experiments. The standard deviation (o, ) characterizes the distribution of the nominal
values around this mean, this statistic does not include uncertainties associated with each individual Monte Carlo
calculation.

In the discussions that follow, the term “positive bias™ denotes a calculated k , value greater than the measured critical
condition (k= 1) and “negative bias” conversely denotes a calculated k 4 value less than 1. The remainder of this
section presents the results of these analyses by group. A comparison of these results to those obtained with the 238-
group hibrary is provided in Appendix B.

3.4 Results for LWR Fuel Pin Lattices

Ths section reports the calculational results for 173 critical experiments ¢lassified as containing LWR fuel pin lattices.
Table 3.5 contains nominal computed values of the effective neutron multiplication factor, k4, with associated
standard deviation (0), average energy group of neutrons causing fission (AEG), and energy of the average lethargy
causing fission (AEF) for the LWR critical experiments. Figures 3.1 and 3.2 are histograms showing the frequency of
ks and AEF for all 173 experiments in Table 3.5. Note the clustering of calculated k4 near k ;= 1 and the narrow
range of AEF values that this validation encompasses. This distribuiton is remarkably normal, indicating no systematic
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biases on a global level. The nominal calculated k 4 values range from 0.9909 to 1.0129, with an average k4 value of
0.9994 £ 0.0035 and an average bias of ~0.06%. Sixty-eight percent of all k4 values fall within 0.0035 of 0. 9994
while 95% of all k4 values fall within 0.0070 of 0.9994. AEF values ranged from 3.4451 to 0.0702 ¢V with more than
75% of the values within the range of 0.1 to 0.562 ¢V.

3.4.1 Simple Lattices

Descriptive statistics of the 21 simple (i.c., no absorbers, poisons, reflecting walls, etc.) square or hexagonal lattice
calculations are given in Table 3.6. As can be seen from the table, the 17 square lattice calculations exhibited an
average bias of —0.20% and spanned a relatively large range of AEF values, attesting to the variety of square lattice
experiments used in the validation. The limited set of four hexagonal lattice calculations has a positive bias of 0.27%.
Note that the hexagonal lattice expenimenis tend to have harder spectra than the square lattices ard span a much larger
energy range.

3.4.2 Lattices and Separator Plates Only

The calculated k4 results for the 45 lattice with separator plate calculations are given in Table 3.7. The results of
calculations of simple lattices with separator plates and borated moderator are given in Table 3 8, while Table 3.9
gives statistics of the calculational results of experiments with separator plates and voiding matenals (i.e., flux traps).
From Tables 3.7, 3.8, and 3.9, one can see that calculations involving aluminum separator plates have larger standard
deviations associated with the average k4 values, indicating a larger variation in results for these experiments. In all
three tables, the highest k4 values are recorded for calculations involving aluminum separator plates.

3.4.3 Lattices and Reflecting Walls Only

The calculational results of 35 lattice experiments with reflecting walls are summarized in Table 3.10. The largest
positive bias in the validation of LWR-type fuel pin lattices for a group of more than four experiments is seen in the
lead reflecting wall experiment calculations. For this group of experiments, the calculational bias is +0.37%. Only
very small positive biases are observed for the calculations of the steel reflecting wal! and the uranium reflecting wall
experiments. The overall bias for all reflecting wall experiment calculations is +0.13%.

3.4.4 Lattices with Separator Pla es and Reflecting Walls

The calculational results of 15 lattice experiments with separator plates and reflecting walls are presented in Table
3.11. The calculated k4 values were scattered over a broad range from 0.9920 o0 1.0040. As a group, the average
calculational bias was —0.08%, and a narrow range of AEF values was observed (0.144-0.305 eV) .

3.4.5 Lattices with Urania Gadolinia Rods

Table 3.12 gives descriptive statistics of the five lattices containing interspersed fuel rods with gadolinium in the form
of UO,-Gd,0,. This set of five calculations yielded nominal k4 values over a small range from 0.9971 to 1 0005 with
an average k4 value of 0.9986 (Table 3.12). All of these experiments contained water holes and soluble boron. These
cases give very consistent results but provide a very limited validation for urania gadolinia because the set consisted of
only five critical experiments from one report with a small range in AEF values.
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3.4.6 Lattices with Water Holes

A negative calculational bias of 0.15% is observed in the results in Table 3.13 for the six water-hole experiments with
no soluble boron. For the three water-hole calculations where soluble boron was used in the moderator, a small bias of
~0.08% and an increased average AEF (i.e., harder spectrum) were observed.

3.4.7 Lattices with B,C or Ag-In-Cd Absorber Rods

Calculations of experiments with B,C or Ag-In-Cd rods had average biases of ~0.49% and ~0.30%, respectively. One
experiment in each group contained soluble boron and water holes. The total bias for the set of nine absorber rod
calculations was ~0.37%, given in Table 3.14 with other descriptive statistics of these calculations.

3.4.8 Simple Lattices with Soluble Boron

Fourteen simple lattice experiments contained soluble boion in the moderator. This set of calculations yielded
calculated k 4 values ranging from 09947 to 1.0035 with an average k. value of 0.9992 (Table 3.15). AEF values
spanned from 0.92 to 1.189 eV, a significant span of thermalized systems.

3.5 Results for Homogeneous Uranium Systems

This section reports the calculational results for seven low-enriched homogeneous uranium critical experiments. These
expeniments are included because some transportation packages may contain low-enriched fuel in geometric
configurations other than the typical LWR fuel pin lattice geometry. Individual results are tabulated in Table 3.16.
Group statistics are presented in Table 3.17.

The nominal calculated k¢ values ranged from 1.0011 to 1 0207 with an average bias of +1.29 %. This bias is
attributed to the manner in which the library was generated. The 44-group library was collapsed to encompass the key
spectral aspects of a different type of system, that of a typical LWR spent fuel package. Results obtained for these
cases with the 238-group library show 2 much smaller bias, as can be seen in Table B.3. Only a small number of
homogencous systems have been considered in this validation. These few results for homogeneous systems indicate a
larger bias than demonstrated for lattice systems. If the 44-group library is to be used for low-enriched fuel in other
geometric configurations, care should be taken to ensure that adequate validation is performed for the particular
application.

3.5.1 Homogeneous UF, in Paraffin

This set of calculations consisted of four experiments. Note that the 2.00 wt % **U cases agree well with the LWR
fuel results (i.e., +0.29% bias). However, the 3.00 wt % cases exhibit a bias of approximately +1.4%. Although the
reasons for this discrepancy are unknown, it is consistent with previous results for these cases.”’

3.5.2 Damp Oxide

This set of calculations consisted of three experiments. The average calculated k , value is 1.9% high. This bias is
consistent with previous results for these cases.”’
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Table 3.1 Broad-group structure of the 44GROUPNDFS library

Fast groups Thermal groups
No. fine Upper energy No. fine Upper energy
Group _groups (eV) Group  groups (eV)
1 (7) 2.0000 = 10™ 23 (14) 3.0000 x 10"
2 (1) 8.1873 = 10° 24 (27) 1.7700 x 10
3 (n 6.4340 = 10% 25 (10) 1.0000 x 10%
4 2 4 8000 = 10° 26 (5) 6.2500 = 10"
5 (1) 3.0000 = 10% 27 (1) 4.0000 x 10"'¢
6 (1) 2.4790 = 10° 28 ) 3.7500 = 107
7 (1) 2.3540 = 10° 29 (1 3.5000 x 10"
i 2) 1.8500 x 10% 30 (2) 3.2500 = 10
9 (8) 1.4000 x 10% 31 (1) 2.7500 x 10"
10 (14) 9.0000 x 10% 32 (1) 2.5000 = 10"
11 (6) 4.0000 = 10* 33 (1) 2.2500 = 10
12 (10) 1.0000 = 10% 34 (2) 2.0000 = 10
13 (1) 2.5000 = 10* 35 (2) 1.5000 = 10
4 (7) 1.7000 = 10%* 36 (3) 1.0000 x 10"'*
15 (1) 3.0000 x 10* 37 (2) 7.0000 x 107
16 (12) 5.5000 x 10* 38 (1 5.0000 x 102
17 (30) 1.0000 x 10% 39 (1) 4.0000 = 107
18 (16) 3.0000 = 10' 40 (1) 3.0000 » 10
19 2) 1.0000 = 10' 41 (1) 2.5300 x 107
20 (6) 8.1000 x 10° 42 (1) 1.0000 = 10
21 (3) 6.0000 = 10° 43 (3) 7.5000 = 10°
22 (6) 4.7500 = 10° 44 9) 3.0000 = 10?
44 Lower Energy 1.0000 = 10°*
* 27-group boundaries.
* Adjusted 27-group boundary
Table 3.2 Explicit fuel rod models for fuel above the moderator
ANS33ALI ANS33STY NSE71HI W3269C
ANS33AL2 BWI1231BI NSE71H2 W3269SL1
ANS33AL3 BWI1231B2 NSE71H3 W3269S1L.2
ANS33EBI BWI1273M PATSOLI W3269W1
ANS33EB2 DSN399-1 PATS0L2 W3269W2
ANS33EPI DSN399-2 PAT80SSI W3385SL1
ANS33EP2 DSN399-3 PAT80SS2 W3385S5L2
ANS33SLG DSN399-4 W3269A
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Table 3.3 Experiments with multiple fissile mixtures

Two fissile mixtures Three fissile mixtures
BWISI0A BW1810J
BWI1810B BWI1810C
BWI1810G BWIRIOD
BWI1810H BWI810E

Table 3.4 Experiments modeled with CSAS2X

W3269B1
W3269B2
W3269B3
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Table 3.5 Calculational results using SCALE 44-group cross-section library

Boton  Plate wWall No. of Boron Assembly
Case Case Enrich. Pitch WO/ fual Plate concen. thick. Wall separ. holes Sol. concen. separ.  Dancoff
No. rame e to (V) Ref. ABG  ASFleV)  (cm) vol. WX wmatl.® % %) (cm) wmatl.* (cm) pins boreom® (pra} Clad® Other® Lattice' (cm) factor
1 ANS3I3AL1 1.0027 0.0017 4.74 5 33.98 0.234478 1.35 2.302 138.4 AL - .30 - - - N = AL -~ s 5.0 .290096
2 ANS33AL2 1.0129 0.0018 4.74 5 34.39 0.196837 1.35 2.302 138.4 AL - .30 - - - N - AL = s 2.5 .20096
3 ANS33AL3 1.0035 0.0018 4.74 5 34.63 0.174878 1.35 2.302 138.4 AL -~ 30 - - - N - AL - s 10.0 .2008s
4 ANS33EBl1 0.9979 0.00i8 4.74 S5 33.88 0.243861 1.35 2.302 138.4 AL - 30 - - - N - AL 3 s 2.5 .2009%
S ANS3I3EBZ 1.0096 0.0017 4.74 S 34.29 ©.205591 1.35 2.302 138.4 AL - 30 - - - N - AL F3 s 5.0 .2009%
6 ANSI3EP]1 0.9964 O0.0018 ¢.74 5 33.80 0.250214 1.35 2.302 138.4 AL - 30 - - - N - A F3 s 2.5 .200%
7 ANS3IZEP2 1.0020 0.0018 4.74 5 34.09 0.221917 1.35 2.302 138.¢ AL - .30 - - - N = AL £ 8 5.0 .2009¢
8 ANS33SLG 0.9964 0.0018 4.74 5 34.41 0.195652 1.35 2.302 138.¢ - - - - - - N - AL - s 5.9 .20096
9 ANS33STY 0.9909 0.0019 4.74 S5 33.65 0.266292 1.35 2.302 138.4 AL 30 - - w N - AL F3 s 2.5 .20096
10 B1645501 0.9976 0.0013 2.46 17 32.82 0.401634 1.410 1.015 119.¢ AL - - - Y 1068 AL & 8 1.78 .34784
11 Bl645S02 1.0007 0.0014 2.46 17 32.76 0.411180 1.410 1.015 119.4 AL - = - - Y 1156 AL - s 1.78 .34784
12 BW123181 ©.9969 0.0014¢ 4.02 25 31.13 0.727147 1.511 1.139 88.6 - - - - - - Y 1152 ss - s - 25722
13 BW1231B2 0.9985 0.0012 4.02 25 29.91 1.18903 1.511 1.139 88.6 - - - - - Y 3389 s§ - s - .25699
14 BW1273M 0©0.9947 0.0014 2.46 26 32.21 0.525212 1.511 1.376 161.5 -~ - - - - - ;) 1675 AL - s - 26414
15 BWI484A1 0.9965 0.0015 2.46 6 34.55 0.193780 1.636 1.841 216.1 AL 1.6 .645 - - - Y 15 AL - s 1.64 .19%07
16 BW14B4A2 0.9954 0.0016 2.46 6 35.16 0.152035 1.636 1.841 216.1 AL 1.1 .645 - - - Y 72 AL - s 4.92 .1%0M
17 BW1484Bl1 0.9973 0.0014 2.46 6 33.95 0.247151 1.636 1.841 216.1 - - = - - - Y 1037 AL - s - .19062
18 DBW14B84B2 0.9973 0.0012 2.46 6 34.55 0.193879 1.636 1.841 216.1 - - - - - Y 769 AL - s 1.64 .19065
19 BWI4B4B3 0.9992 0.0014 2.46 6 35.25 0.146615 1.636 1.841 216.1 -~ - - - Y 143 AL - s 4.92 .19070
20 BWI1484C1 0.9937 0.0014 2.46 6 34.64 0.188354 1.636 1.841 216.1 -~ - - - - N - AL 8 s 1.64 .19%072
21 BW1484C2 0.9936 0.0016 2.46 6 35.23 0.148105 1.636 1.841 216.1 -~ -~ - - - - N - AL B s 1.64 .19%072
22 BW14B4S) 0.9981 (©0.0015 2.46 6 34.52 0.19499%0 1.636 1.841 216.1 S5 -~ -462 - - - Y 432 AL - s 1.64 .19062
23 BW148452 0.9989 0.0016 2.46 6 34.54 0.19317) 1.636 1.841 216.1 SS§ -~ 462 - - - Y 514 AL - s 1.64 .19Cs8
24 BW14B4SL 0.9966 0.0016 2.46 6 35.42 0.137530 1.636 1.841 216.1 -~ - = - - - N - AL - s 6.5¢ .19072
25 BW164551 1.0010 0.0016 2.46 17 30.11 1.32817 1.209 0.383 45.0 AL - - - - Y 746 AL - s 1.78 .61533
26 BWI64552 1.0035 0.0014 2.46 17 29.99 1.39167 1.209 0.383 45.0 AL - - - - Y 886 AL - s 1.78 .61532
27 BW1645T1 1.0062 0.0016 2.46 17 29.18 2.15829 1.209 0.148 17.4 AL -~ .076 - - Y 335 AL - H 1.78 .76438
28 BW1645T2 1.0068 0.0015 2.46 17 29.04 2.28077 1.209 0.148 17.4 AL -~ 076 -~ - Y 435 AL - H i.78 .76437
29 BW1645T3 1.0007 0.00i6 2.46 17 30.05 1.50993 1.209 0.148 17.4 AL - 076 - & - Y 361 AL - H 2.54 .76438
30 BW1645T4 0.9986 0.0016 2.46 17 31.17 0.96819]1 1.209 0.148 17.4 AL -~ .076 - - - Y 121 AL - H 3.81 .76439
31 BWIBIOA 0.9971 0.0013 2.46 24 33.96 0.244763 1.636 1.841 216.1 -~ - - - - A8 ¥ 1239 AL G s - .19043
32 BW1B10B 0.99%980 0.0013 2.46 24 33.98 0.243472 1.63% 1.841 216.1 -~ & - - s 032 Y 117¢ AL G s - .19043
33 BW1810C 1.0005 0.0012 2.46 24 33.14 0.331369 1.6% 1.841 216.1 - - - - - 039 Y 1499% AL G 8 - 18973
£.02 1.532 119.2 Ss .18527
34 BW1IS10D 0.993%9 0.0012 2.46 24 33.10 0.33694” 1.636 1.841 216.1 -~ - - - - 032 Y 1654 AL G s - -18973
£.02 1.532 119.2 ss -18527
35 BWISIO0E 0.9976 0.0015 2.46 24 33.16 0.328183 1.636 1.841 216.1 -~ - - - - 032 Y 1579 AL G 8 - -18973
4.02 1.532 119.2 ss .18527
36 BW1BIOF 1.0032 0.0010 2.46 2¢ 33.96 0.244782 1.636 1.841 216.1 - - .032 ¥ 1337 AL - s .18973
37 BWIBI0G 0.%3%71 ©.0012 2.46 24 32.91 0.360952 1.636 1.841 216.1 - - .039 Y 1776 AL - s .18973
4.02 1.532 119.2 Ss .18527
38 BWISIOH 0.9973 0.0013 2.46 24 32.95 0.354969 1.636 1.841 216.1 -~ - - - - .032 ¥ 1899 AL - s - .18973
4.02 1.532 119.2 ss .18527
39 BW1810I 1.0022 0.0014 2.46 24 33.96 0.245038 1.636 1.841 216.1 -~ - - - - .028 Y 1250 AL A 8 - 18973
40 BW1810J 0.9980 0.0013 2.46 24 33.13 0.33239¢ 1.636 1.532 216.1 -~ - - - - .028 Y 1635 AL B s - .18973
4.02 1.532 119.2 Ss .18527
41 DSN399-1 1.0056 C.0019 4.74 18 33.9¢ 0.232338 1.35 2.302 138.2 HF - 105 = - - N - AL - s 1.8 .20101
42 DSN39%-2 1.001C ©0.0C15 4.74 18 34.41 0.190708 1.35 2.302 138.2 HF -~ 108 =~ - - N - AL - s 5.8 .20101
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Table 3.5 (continued)

Boron  Plate TWail  MNo. o Raron Assambiy

Cane Case Bnrich. Pitch HO/ funl Plate concen. thick. Well separ. holes/ Sol. concen. separ.
Ne. name 20 Wt 8} Ref. AEG  AEF(eV) (em) vol. H/X  matl.” iwt &) (cm) matl.® (em} pin boron (ppm) Clad® Other* Lattice' (cm) factor
91 P3314CU2 1.0005 ©.0017 4.31 11 33.70 0.260474 1.892 1.60 105.4 CU - .646 - - - N - AL - s 2.67% S17284
92 P3314CU3 0.9972 0.0016 4.31 11 33.50 0.283800 1.892 1.60 105.4 CU -~ .33 - - - N - Al - § 10.36 .17284
93 P3I314CU4 0.9992 0.0018 4.31 11 33.43 0.292385 1.892 1.60 105.4 UD - .357 - - N - AL - 8 7.61 17204
94 P3314CUS 0.9938 0.0017 2.35 11 34.96 0.164629 1.684 1.60 218.6 CU - .337 - - - N - AL - s 5.2¢ .2017%
95 P3314CU6 0.9958 0.0016 2.35 11 34.86 0.172536 1.684 1.60 218.6 UD - »352 - - - ] - AL - s 2.60 .20179%
96 FP331451G 0.9982 0.0017 4.31 11 33.97 0,.235686 1.892 1.60 105.4 -~ - - - - - N - AL - S 10.86% .17284
97 P33i4SS1 0.9969 0.0015 ¢.31 11 33.95 0.235781 1.892 1.60 105.4 SS - -.302 - - - N - AL - s 3.38% 17284
98 P3314SS2 1.0011 0.0016 4.31 11 33.77 0.255004 1.892 1.60 105.4 S8 - . 302 - - - N - AL - S 11.55* .172e4
99 P3314SS3 0.9990 0.0018 4.31 11 33.88 0.243407 1.892 1.60 105.4 Ss - . 485 - - - N - AL - s 4.47%Y 17284
100 P3314SS4 0.9957 0.0018 4.31 11 33.74 0.257511 1.892 1.60 105.¢4¢ SS - -485 - - - N - AL - s 8.36% 17284
101 P3314555 0.9944 0.0018 2.35 11 34.95 0.166761 1.684 1.60 218.6 S8 - . 302 - - - N AL - s 7.86 .20179
102 P33:4SS6 1.0003 0.0018 4.31 11 33.52 0.282203 1.892 1.60 105.4 SS - . 302 - - - N AL - § 10.52 .17284
103 P3314W1 1.0015 0.0017 4.31 11 34.38 0.199212 1.892 1.60 i05.¢ -~ - - - - 149 N - AL - s - 17284
104 P3314W2 0.9958 0.0015 2.35 11 35.22 0.148243 1.684 1.60 218.6 - - - - - .051 N - AL - s - .20179
105 P3314ZR 0.9978 0.0016 ¢.31 11 33.97 0.235701 1.892 1.60 105.4 2R - .652 - - - N - AL - S 11.04* .20179
106 P360ZBB 0.9988 0.0015 4.31 22 33.31 0.304578 1.892 1.690 105.¢4 B 30.4 .292 88 1.9% - N - AL - ] 8.30 .17284
107 PISO2BS]1 1.0000 0.0017 2.35 22 34.76 0.177973 1.684 1.60 218.6 SS 1.1 .298 S§ 1.32 - N - AL s 4.80 .2017%
108 P36028S2 1.0001 0.0018 4.31 22 33.36 0.298546 1.692 1.60 105.4 SS§ 1.1 .298 S8 1.96 - N AL - s 9.83 .17284
109 P3602CD1 0.9988 0.0016 2.35 22 34.72 0.181191 1.6B4 1.60 218.6 CD - .06% 88 1.32 - N - AL s 3.86 .20179
110 P3602CD2 1,0002 0.0017 4.31 22 33.33 0.301071 1.892 1.60 105.¢ CD - . 0861 Ss 1.96 - N - AL - s 8.5%¢ .17284
i1l P3602CUL 0.9964 0.0014 2.35 22 34.684 0.172511 1.684 1.60 218.€ CuU - .33 Ss 1.32 - N - AL - s 7.7% .20179
112 P3602CU2 0.9980 0.0014 2.35 22 34.78 0.176071 1.684 1.60 218.6 UD - + 357 88 1.32 - N - AL - s 5.43 .20179
113 P3602CU3 1.0039 0.0016 4.31 22 33.38 0.296714 1.892 1.60 105.4 CU - «-337 S8 1.9 - N - AL - S 13.47 .17284
114 P3602CU4 1.0040 0.0016 ¢.31 22 33.37 0.297224 1.892 1.60 105.4 UD - - 357 S 1.96 - N - AL - s 18.57 .17284¢
115 P3602N11 1.0003 0.0018 2.35 22 34.73 0.180388 1.684 1.60 212.6 -~ - - Ss - - N - AL - s 8.98 .20179
116 P3602N1I2 0.9963 0.0017 2.35 22 34.80 0.175283 1.684 1.60 218.6 - - “ §8 0.66 - N - AL - s 9.58 .2017%
117 P3602N13 0.9957 0.0016 2.35 22 34.92 0.167197 1.684 1.60 218.6 - - - S8 1.68 - N - AL - s 9.66 .20179
118 P3602N14 0.9984 0.0015 2.35 2 35.03 0.160446 1.684 1.60 218.6 ~ - - S8 3.91 - N - AL - s 6.54 .20179
119 PI36O2N21 0.9995 0.0015 2.35 22 36.27 0.09479%¢ 2.032 2.91% 396.7 - - - Ss 2.62 - N AL - S 10.3 .0829%0
120 P36O2N22 0.9967 0.0015 2.35 2 36.18 0.098047 2.032 2.918 398.7 -~ - - 88 0.86 - N AL - S 11.20 .082%0
121 P36O2N3]1 1.0010 0.0018 4.31 22 33.19 0.317009 1.892 1.60 105.4 -~ - - S8 0.00 - N - AL - s 14.87 .17284
122 P36O2N32 1.0015 0.0019 4.31 22 33.29 0.304586 1.8%°2 1.60 105.4 -~ - - S8 0.66 - N - AL - S 15.74 17284
123 P3602N33 1.0045 0.0019 4.31 27 33.37 0.295430 1.892 1.60 105.4 -~ - - 88 1.32 - N - AL - S 15.87 .17284
124 PIGOZN34 1.0027 0.0016 4.31 22 33.43 0.209835 1.892 1.60 105.4 - - - S8 1.96 - N - AL - § 15.84 17284
125 P3GO2N35 1.0036 0.0018 4.31 22 33.48 D.284370 1.892 1.60 105.4 ~ - - 88 2.62 - N - AL - s 15.45 .17284
126 PIGO2N36 1.0009 0.0017 4.31 22 33.58 0.275421 1.892 1.60 105.4 - - - 8S 5.41 - N - AL - s 13.82 .17284
127 P3602N4] 1.0002 0.0016 4.31 22 35.50 0.123377 2.540 3.8B83 256.1 -~ - % S8 - - N - AL - S 12.89 .03885
128 P36O2N42 1.0019 0.0017 4.31 22 35.63 0.117741 2.540 3.883 256.1 -~ - - ss 1.32 - N - AL * S 14.12 .03885

29 P3602N43 0.999%¢ D.0017 ¢.31 22 35.74 0.113378 2.540 3,883 256.1 - - - 88 2.62 - N - AL - 8§ 12.44 .03885
130 P3602SS1 0.9978 0.0016 2.35 22 34.87 0.170525 1.684 }.60 218.6 SS - . 302 S8 1.32 - N - AL - s 8.28 .2017%
131 P36O2SS2 1.0012 0.0018 4,31 22 33.40 0.292861 1.892 1.6C 105.4 S8 - . 302 858 1.96 - N - AL - § 13.75 .17284
132 P3926L1 0.9996 0.0014 2.35 12 34.85 0.172514 1.684 1.6C 218.6 -~ - - L - - N - AL - s 10.06 .20179
133 P3I926L2 1.0028 0.0016 2.35 2 34.92 0.16744¢€ 1.684 1.60 218.6 -~ - - L 0.66 - N - AL - 8 10.11 .20179
134 PIS26L3 1.0017 €.0015 2.35 2 35.06 0.158275 1.684 1.60 218.6 - - - L 3.28 - N AL - s 8.5 .20179
135 P3926L4 1.0055 0.0019 ¢4.31 12 33.31 0.304464 1.892 1.60 105.4 - - - L - - N - AL - S 17.74 .17284
136 P3926L5 1.0070 0.0017 4.31 2 33.37 9.296797 1.892 1.60 105.4 ~ - - L 0.66 - N - AL - s 18.18 .17284
137 P3926L6 1.0026 0.0016 4.31 12 33.51 0.281808 1.892 1.60 105.¢4 - - - L 1.96 - N - AL - S 17.43 .17284
138 PIYZASL] 0.9942 0.0015 2.35 12 35.07 0.159108 1.684 1.60 218.6 - - - L - - N - AL - s 6.59 .20179
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Table 3.5 (continued)

Boron  Plate Wall Boron Assembly
Cawe Case Bnrich. Piteh R0/ Plate concen. thick. Wall seper. Hole/ Sol. concen. separ. Dencoff
¥o. name - fo O ) Ref. ASG  AEF(eV) (cm! fuel/vol. W/X matl.® (wt §) f(cm) metl.* (cm) pin boron (ppm} Cled® Other~ lattice' (em) factor
139 P39265L2 0.9990 0.0019 4.31 12 33.55 .279386 1.892 1.60 105.4 - - - - - & N - AL - s 12.97 .17284
140 P3926U1 0©0.9979 0.0017 2.35 12 33.28 .403558 1.68B4 1.60 218.6 - . - u - - N - AL - s 8.06 .20179
141 P3926U2 0.9980 0.0017 2.35 12 33.62 .341429 1.684 1.60 218.6 - - - u 1.32 - N - AL - 8 9.50 .20:i79
142 P3926U3 1.0001 0.001S5 2.35 12 34.15 .263699 1.684 1.60 218.6 - - - ) 3.9 - N - AL - - 9.19 .20179
143 P3926U4 1.0026 0.0017 ¢.31 12 31.93 .655172 1.892 1.60¢ 105.4 - - - u - - N AL - s 15.33 .17284
144 P3926US 0.9999 0.0017 4.31 12 32.45 .511391 1.692 1.60 105.4 - - - U 1.96 - N - AL -~ s 19.24 .17284
145 P3926U6 1.0024 0.0016 4.31 12 32.74 .444529 1.892 1.60 105.4 - - - U 3.28 - N - AL -~ s 18.78 .17284
146 P4267B1 0.9969 0.0015 4.31 13 31.80 .5488C7 1.890 1.59 105.1 - = - - - “ ( 2150 AL - s - 217349
147 P4267B2 1.0035 0.0013 4.31 13 31.54 .608525 1.890 1.59 105.1 - - - - - - Y 2550 AL - s - .17346
148 P4267B3 1.0025 0.0015 4.31 13 30.97 .794676 1.715 1.090 71.9 = - - - - - 4 1030 AL - s - .27021
149 P4267B4 0.9993 0.0016 4.31 13 30.51 .955273 1.715 1.090 71.9 - - - - - - Y 1820 AL - s - 27012
150 P4267B5 1.0031 0.0014 4.31 13 33.08 1.12803 1.715 1.09C0 71.9 - - - - - - Y 2550 AL - S - .27600
151 P4267SL]1 0.9974 0.0018 4.31 13 33.44 .291929 1.890 1.59 105.1 - - - - - - N - AL -~ s - 17369
152 PA267SL2 0.9993 0.0017 4.31 13 31.95 .543594 1.715 1.090 71.9 - - - - - - N - AL - s - .27932
153 P49-194 1.0081 0.0016 4.31 14 27.62 3.44514 1.598 0.50% 33.6 - - - - - - N - AL - - 47372
154 P62FT231 1.0005 0.0016 4.31 20 32.92 .359262 1.891 1.60 105.0 B 35.6 .683 - - - N - AL - s 5.67 .17338
155 P7IF14F3 1.0029 0.00.19 4.31 21 32.81 .376130 1.891 1.60 105.0 B 29.2 .673 - - - N - AL F1 s $.19 .17388
156 P71F14V3 0.9973 0.0017 4.31 21 32.88 .364695 1.891 1.60 105.0 B 29.2 .673 - - - N - AL F2 s 5.19 .1738e
157 PT1F14VS 0.9977 0.0016 4.31 21 32.86 .367506 1.89]1 1.60 105.0 B 29.2 .873 - - - N - AL F2 s $5.19 .17388
158 P71F214R 1.0010 0.0020 4.31 21 32.88 .365283 1.89]1 1.6C 105.C B 29.2 .673 - - - N - AL -~ s 5.19 .17388
159 PATBOL1 1.0031 0.0018 4.74 23 35.03 .148022 1.6 3.807 228.6 B ., e TRERE & ) S 0.23 - N - AL -~ s 2.0 .10503
160 PATSOLZ 0.9920 0.0018 4.74 22 35.08 .143839 1.6 3.807 228.6 B 39.3 11 % 2.50 - N - AL - s 2.0 .10503
161 PATROSS]1 1.0004 0.0017 4.74 23 35.00 .149442 1.6 3.807 226.6 B 39.8 12 SB 0.23 - N - AL - s 2.0 .10503
162 PATBOSSZ 0.9926 0.0021 4.74 23 35.09 .143903 1.6 3.807 228.6 B 39.3 .11 88 2.50 - N - AL - s 2.0 .10503
163 W3269A 0.9934 0.0016 5.70 15 33.11 .311261 1.422 1.932 9R.3 - - - - - = N - 88 - s - .18534
164 W3269B1 0.9963 0.0015 3.70 15 32.36 .452602 1.105 1.447 111.0 - - - - - - N - ss - s - . 04346
165 W3269B2 0.9964 0.0014 3.70 15 32.39 .4476G71 1.105 1.447 111.0 - - - - - - N - S8 A s - -16534
166 W326983 0.9948 0.0016 3.70 15 32.26 .471281 1.105 1.447 111.0 - - - - - - N - 88 A s - .371720
167 W3269C 0.9986 0.0015 2.72 15 33.75 .269691 1.524 1.495 156.1 - - - - - - N - S8 A s - .37720
168 W3269SL]1 0.5952 0.0017 2.72 15 33.35 .329668 1.524 1.495 156.1 - - - - - - N - S8 A s - .37720
169 W32695L2 1.0040 0.0020 5.70 15 33.08 .319337 1.422 1.932 98.3 - - - - - - N - ZR A s - .233865
170 W32€9W1 0.9957 0.0018 S5.70 15 33.50 ,310025 1.524 1.495 156.1 - - - - - - N - IR - s - .23388
171 W3269%2 1.0009 0.0017 5.70 15 33.18 .305719 1.422 1.837 98,3 - - - - - - N - 8Ss - s - .18534
172 W3385511 0.9964 0.0017 5.74 16 33.21 .299510 1.422 1.933 97.6 - - - - - .017 N - ZIR - s - .23388
173 W3385512 1.0005 0.0020 5.7¢ 16 35.86 .104227 2.011 5.067 255.9 - - - - - .013 N - 8s -~ s - .18524
‘AL - aluminum; B - boral; BF - boroflex; CD - cadmium; CU - copper; HF - hafnium:; SS - stainiess steel; UD - copper-cadmium;

ZR - Zircaloy.

"L - lead; SS - stainless steel; U - depleted uranium.

Y - yes;

N - no.

AL - aluminum; SS - stainless steel; ZR - Zircaloy.

A - Ag-In-Cd rods; B ~ B.C rods; Fl - flux trap containing fuel rods; F2

containing polyethylene or polystyrene; G - U0,~-Gd,0; rods.
H - hexagonal; & - square.
"ther separation distance is 2.83 cm.

~ flux trap containing aluminum plates or rods:;¥3 - flux trap

A



Table 3.6 Descriptive statistics of simgle lattice calculations

Description No. of exp. kg range kg 40, AEF range (eV)
Square 17 0.9942-1.0004 0.9980 0.0025 0.083-0544
Hexagonal 4 0.9982-1.0081 1.0027 0.0042 0.070-3.445
TOTAL 21 0.9942-1.0081 0.9989 0.0033  0.070-3.445

Table 3.7. Descriptive statistics of separator plate only calculations

Description No. of exp. K, range ko +0, AEF "r,)mgc
(e
Aluminum 6 0.9951-1.0129  1.0020 00062 0.094-0.237
Boral 6 0.9970-1.0010  0.9995 0.0018 0097-0.365
Boroflex 2 09981-1.0022 10002 00029 0317-0318
Cadmium 4 0.9929-1.0001 09976 00032 0.114-0305
Copper 6 0.9938-1.0005 09969 00029 0.096-0.283
Cu-Cd 2 0.9938-0.9992 09965 00038 0.173-0.292
Hafnium 4 0.9965-1.0056 1.0014 00038 0128-0232
Borated steel 4 0.9959-1.0005 0.9977 00020 0.174-0295
Steel 8 0.9944-10011  0.9981 00023 0097 ' .82
Zircaloy 3 0.9956-0.9980 09971 00013 0.095-0.236
TOTAL 45 0.9929-1.0129 0.9989 00035  6.094-0365

Table 3.8 Descriptive statistics of separator plate-soluble boron calculations

Plate iattice No. of exp. K, range K.y +0, AEF range
(V)
Hexagonal
Aluminum 4 0.9986-1 0068  1.0C3} 00041  0.968-2.28]
Square
Borated aluminum 2 0995409965 0.9960 00008 0.152-0.194
Aluminum 4 0.9976-1.0035  1.0007 00024 0402-1392
Steel 2 0998109989 09985 00006  0.193-0.195
TOTAL 12 0.9954-1.0068 1.0003 00036 0.152-2281
150
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Tabic 3 9 Lescrintive staiistics of separator plate-void material (flux trap) calculations

Description Mo 2 exp. ko range Kq +0, AEF range (eV)
Al-polyethylene R 0.9964-1.0096 1.0015 0.0059 0.206-0.250
Al-polystyrene 1 0.9909 0.9909 0.0000 0.266

Boral-Al 2 0.9973-0.9977 09975 00003 0365-0.368
Boral-fuel rods 1 1.0029 1.0029 0.0000 0376

TOTAL 8 0.9909-1.0096 09993 0.0055  0.206-0.368

Tabix 3.00 Tescriptive statistics of reflecting wall calculations

Description.  No. of exp. k,q range K +0, AEF range (eV)
Lead 10 0.9996-1.008 1 1.0037 00031 0.095-0.304
Steel 15 0.9957-1.0045  1.0002 00026 0.095-0317
Uranium 10 0.9979-1.0042  1.0007 00020 0.173-0655
TOTAL 35 0.9957-1.0081 1.0013 0.0030  0.095-0.655

Table 3.11 Descnpiive statistics of reflecting wall-separator plate calculations

Wall/plate + AEF range
matenal No. of exp. K range K.q +0, (eV)
Lead-Boral 2 €.9920-1.0031 0.9976 00078 0.144-0.148
Steel-Boral 3 0.9926-1.0004 09973 00041 0.144-0.305
Steel-Cadmium 2 0.9988-1.0002 0.9995 0.0010 0.181-0.301
Steel-Copper 2 0.9964-1 0039  1.0002 0.0033 0.173-0 297
Steel-Cu-Cd 2 0.9980-1.0040" 1.0010 00042 0.176-0.297
Steel-Borated steel 2 1.0000-1.0001 1.0001 0.0001 0.178-0.299
Steel-Steel 2 0.9978-1.0012  0.9995 0.0024 0.171-0.293
TOTAL 15 0.9920-1.0040 09992 0.0035 0.144-0.305
Tablc 3.12 Descriptive statistics of urania gadolinia rod calculations
No. of 3
Description exp. kg range Ko +0, AEF range (eV)
Urania-gadolinia rods 5 0.9971-1.0005 09986 0.0015 0.243-0.337

ey
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Table 3.13 Descriptive statistics of water hole calculations

No. of
Description exp. k,q range K +0, AEF range (eV)
Water holes 6 09957-1.0015 09985  0.0025 0.148-0.310
Water holes- 3 09971-1.0032 09992  0.0035 0.245-0.355
soluble boron
TOTAL 9 09957-1.0032 09987 00027 0.148-0.355
Table 3.14 Descriptive statistics of absorber rod calculations
No. of r
Description exp. kg range g %0, AEF range (eV)
B.C 3 0.9936-0.9980 0.9951 0.0025 0.148-0.332
Ag-In-Cd 6 0.9934-1.0022 0.9970 0.0031 0.245-0.471
TOTAL 9 09936-1.0022  0.9963 0.0029 0.148-0471
Table 3.15 Descriptive statistics of soluble boron calculations
No. of g
Description exp. kq range Ker %0, AEF range (eV)
Borated water 14 0.9947-1.0035 09992 00027 092-1.189
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Table 3 16 Calculational results and experimental parameters of homogenized uranium experiments

Case Case Fuel Moderator
No. desig K t0  FEnnchmemt Ref  AEG AEF  HX  form  Moderastor  thickness  Reflector
174  CRIO7TIAS 10207 00016 446 282931 3245 045405 1712 U0, Plexiglas 243 Plexiglas
175 CRI6SIAS 10169 000I8 448 283031 3278 038852 2733 U0, Plexiglas 243 Plexiglas
176  CR2500S 10194 00018 448 2831 3320 031665 4427 U0, Plexiglas 243 Plexiglas
177  YDRI4PL2 10011 00015 200 27 3649 008319 4063 UF,  Paraffin 00 Paraffin
178  YDRI4PL3 10115 00017 300 27 3386 023625 1334 UF,  Paraffin 00 Paraffin
179  YDRI4UN2 10047 00015 200 27 3539 013273 2939 UF,  Paraffin 00 None
s 180  YDRISUN3 10163 00017 300 27 3310 032152 1334 UF,  Paraffin 00 None
=
:
g £
e
: |



Validation

Table 3.17 Descriptive statistics of homogenized uranium calculations

Description N&:f k,q range e +0, AEF range (eV)
UF, in paraffin 4 1.0011-1.0163 1.0084 0.0068 0.083-0.322
Damp oxide (U,0y) 3 1.0169-1.0207 1.0190 0.0019 0.317-0454
TOTAL 7 1.0011-1.0207 10129 0.0075 0.083-0454
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Figure 3.1 Frequency chart for calculated k  of 173 LWR fuel pin lattice expeniments
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Figure 3.2 Frequency chart for calculated AEF of 173 LWR fuel pin lattice experiments
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4 Determination of Bias and Subcritical Limits

Essential elements in the validation of a calculational method for criticality safety applications include the
determination of calculational biases and the incorporation of these biases into subcritical limits. This section presents

two methods for performing this task and then applies the methods to the validation of the SCALE 44-group library
for the LWR lattice results in Sect. 3.

4.1 Establishment of an Upper Subcritical Limit

For a subcritical configuration, it is desirable to possess a confidence that the calculation of k¢ for a system guarantees
sufficient subcriticality. This assurance of subcriticality requires the determination of an acceptable margin based on
known biases and uncertainties associated with the codes and data used to calculate k. This subsection describes two
methods for ! ¢ determination of an Upper Suberitical Limit (USL) from the bias and uncertainty terms associated
with the cale i-.on of criticelity. These approaches are used to help define uncertainty and bias terms as they relate to
criticality experiments and calculations.

The recommended approach for establishing subcriticality based on the numerical calculation of the neutron
multiplication factor is prescribed in Sect. 5.1 of ANS/ANS-8.17 (Ref 38). The following paragraphs describe the
recommended approach as set forth in the Stanaard.

The criteria to establish subcriticality requires that for a system to be considered subcritical the calculated
multiplication factor for the system, k,, must be less than or equal to an established maximum allowable multiplication
factor based on benchmark calculations and uncertainty terms, that is,

K, < k.~ Ak, - Ak, - Ak, , (4.1)
where

k. =  mcan value of k4 resulting from the calculation of benchmark criticality experiments using a specific
calculational method and data,
Ak, =  uncertainty in the value of k,,
Ak, =  uncertainty in the value of k_,
Ak, =  additional margin to ensure subcriticality

Often Ak,, is arbitrarily assigned an admunistrative limit of 0.05, however, a value for this margin can also be
estimated statistically.

if the calculational bias 8 1s defined as f =k, ~ 1, then the uncertainty in the bias 1s identical to the uncertainty n k_
(1e., Ak, = AP). According to this definition of bias, the bias is negative if k, < | and positive if k. > 1. Thus the
subcriticality condition may be rewritten as

K +Aak + 4k, -p+Ap <1 (42)

The value k, and thus the bias [ are not necessarily constant over the range of a parameter of interest If trends exist
which cause the benchmark values of k4 to vary with one or more parameters (¢ g , enrichment, AEF, etc ), then f can
be determined from a best fit for the calculated k ; values as a function of each of the parameters upon which it 1s
dependent. Trends must be taken into account if extrapolation outside the range of validation is to be performed.

The set of critical experiments used as benchmarks in the computation of B should be representative of the
composition, configuration, and nuclear characieristics of the system for which k, is to be determined. However,
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ANSIVANS-8 1 (Ref. 39) allows that the range of applicability may be extended beyond the range of conditions
represented by the benchmark experiments by extrapolating the trends established for the bias. When the
extrapolation is large relative to the range of data (“large™ is not defined by the ANSI standard), the calculational
method applied should be supplemented by other methods in order to better estimate the extrapolated bias.

In addition to the bias [} determined based on a given computational method, data, and a suite of benchmarks, there is
an uncertainty in the bias AP. This uncertainty may include uncertainties in the critical experiments, statistical and/or
convergence uncertainties in the benchmark calculations, uncertainties due to extrapolation beyond the range of
experimental data, and uncertainties due to limitations or weaknesses in the geometrical or nuclear modeling of the
critical experiments. Similarly, for a given subcritical system, there is an uncertainty, Ak, , associated with the
calculated k4 value for the system, k,. This uncertainty may include statistical/convergence and modeling
uncertainties, as well as uncertainties in the materials and fabrication

Based on the criteria for suberiticality set forth in ANSI/ANS-8.17 and described above, a USL may be determined
based on the analysis of a aumber of critical systems. The USL is determined such that there is a high degree of
confidence that a calculated result is subcritical; a system 1s considered acceptably subcritical if a calculated k4 plus
calculational uncertainties lics at or below this limit (i.e, k, + Ak, < USL). Thus the USL is the magnitude of the sum
of the biases, uncertainties, und administrative and/or statistical margins applied to a set of cntical benchmarks, such
that with a high degree of confidence

USL=1-Ak,+p-Ap (4.3)

Based on a given set of critical experiments, USLs are determined as a function of key system parameters, such as
AEF, fuel ennichment, or fuel/moderator ratio. Because both AP and f can vary with a given parameter, the USL 1s
typically expressed as a function of the parameter, within an appropnate range of applicability derived from the
parameter bounds

In the two methods presented in the following sections, a minimum of 25 data points (1.¢, calculated k4 values) are
required to verify normality, which is assumed in these methods. The software discussed below which implements
these methods performs a crude test for whether or not the kg, values as a group are normal around the mean value of
k.o The test is commonly known as the “goodness of fit.”” The distribution of k 4 values around the mean are pooled
into five equally probable bins. The test may not be reliable if there are fewer than 5 observations in each bin. Thus the
test will always be flagged as not being reliable for cases where there are fewer than 25 observations and may be
flagged for more observations if there are fewer than 5 observations in any bin. If there is an insufficient number of
observations to ensure normality with this test, other statistical methods should be employed to determine normality or
additional uncertainties to account for the paucity of data should be considered Note in the example applications in
Sect. 4 1.3 that contain less than 25 points, no additional uncertainty has been applied These examples are only for
illustration of the methods presented in Sects 4.1 1 and 4,12

4.1.1 USL Method 1: Confidence Band with Administrative Margin

The first method applies a statistical calculation of the bias and its uncertainty plus an administrative margin 1o a lincar
fit of eritical experiment benchmark data. This approach is illustrated in Fig. 4 1. In this figure, the upper line (solid)
represents a lincar regression fit to a set of calculations based on critical expeniments, k (x). As indicated in the figure,
B(x) is given as k (x) - 1. The middle line (long dashes) represents the lower confidence band for a single additional
calculation. The width of this band is determined statistically based on the existing data and a specified level of
confidence; the greater the standard deviation in the data or the larger the confidence desired, the larger the band width
will be. This confidence band, W, accounts for uncertainties in the experiments, the calculational approach, and in
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calculational data (¢ g., cross sections), and is therefore & statistical bnist‘orAB,theummaintyinﬂnvdwofb‘ w
is defined for a confidence level of (1-y,) using the relationship

W= max{w(x)l, , } : (44)
where
1 (x-x) |3
w(x) = 4oy 8 I + =+ - 4.5
} n - 2
»?a(x' X)
and

n = the number of critical calculations used in establishing k (x),
L, " = the Student-t distribution statistic for 1 - y, and n-2 degrees of freedom (obtained
from t tables*’)
X = the mean value of parameter x in the set of calculations,
8, = the pooled standard deviation for the set of criticality calculations.
The function w(x) is a curvilinear function. For simplicity, it is desirable to obtain a constant width margin. Hence,
for conservatism, the confidence band width W is defined as the maximum of (W(Xy), W(X,)), where x,,, and X,

are the minimum and maximum values of the independent parameter x, respectively. Typically, W is detenr_ned at a
95% confidence level.

The pooled standard deviation is obtained from the pooled variance ( 4 = J;? ), where s: 1S given as
& = ap, ¢ A, (46)

where l:(,, 15 the variance (or mean-square error) of the regression fit, and is given by:

5 (x,-ixk,—i{)}’
1=l
L (x-%)?

1=ln

47

and s} is the within-variance of the data

o=2%d, @“8)

N i=in

where 0, is the standard deviation associated with k, for a Monte Carlo calculation For best results, it is recommended
that the individual standard deviations for the Monte Carlo calculations be roughly uniform in value. For deterministic
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codes that do not have a standard deviation associated with a computed value of k, the standard deviation is zero.
However, this term could be used as a mechanism to include known uncertainties in experimental data.

The bottom line (short dashes) in Fig. 4.1 represents the USL, based on an additional margin of subcriticality. Note in
Fig. 4.2 that a “positive bias adjustmen.” line has been added to the line k(x) - W at the point where k.(x)= 1. This
adjustment has been made to prevent taking credit for a positive bias [B(x) > 0] by assuming k(x) = 1 everywhere that
k,(x)> 1. Likewise, the USL has been adjusted so that the margin of subcriticality is constant with respect to the
positive-bias-adjusted form of k (x) - W. This additional margin provides further assurance of subcriticality, and
represents the quantity Ak, defined earlier. In USL Method 1, Ak, is given an arbitrary administrative value, a
minimum of 0.05 is recommended for application to transportation and storage packages. Using these formulations,
the USL Method 1 is defined as

USL,(x) = 1 - Ak, - W + B(x). 49)

In application to transportation and storage packages, the USL(x) value should not be greater than 0.95.

4.1.2 USL Method 2: Single-Sided Uniform Width Closed Interval Apcroach

In this method, sometimes referred 1o as a lower tolerance band (LTB) approach, statistical techniques with a
rigorous basis** are applied in order 10 determine a combined lower confidence band plus subcritical margin. In
other words, in the administrative margin approach Ak, and AP are determined independently, while in the LTB
method, a combined statistical lower bound is determined. The following discussion of Method 2 is taken from
Ref. 45 and is based on equations and/or definitions from Refs. 43 and 44,

The purpose of this method is to determine a uniform tolerance band over a specified closed interval for a linear
least-squares model. The level of confidence in the limit being calculated is @ and is typically in the range from
0.90 10 0.999.
The USL. Method 2 is defined as

USL,(x) = 1.0 - (C, 5 8,) + B(x), (4.10)
where s, is the pooled variance of k, described earlier. The term Cgp - 5, provides a band for which there is a
probability P with a confidence « that an additional calculation of k., for a critical system will lie within the band.
For example, & Cyyq s multiplier produces a USL for which there is a 95% confidence that 995 out of 1000 future

calculations of critical systems will yield a value of k, above the USL.

The analysis is over the closed interval from x =ato x = b. C,, is calculated according to the following equations:

(a-x)*

¥ (x - %)
1=1

g = +

L1
n @11
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" (4.12)

" (4.13)

A=3 (4.14)

It should be noted that there is an inconsistency in the notation used in Refs. 43 and 44. In Ref. 44, the notation for
the summation of x* actually means the summation of the quantity (x - x)?.

A, p, and (n - 2) are used to determine the value of D from Table 3 in Ref. 43, which covers values of 0.5 < A < 1.5,
The procedure to follow when A is in this range is

C*=D-g. (4.15)
When A is outside the above range, A is replaced by 1/A for the determination of D, and C* is given by

C*=D-h. (4.16)
Next,

Cpp=C* vz [RZ2 @17)

xZ

%, is the Student t statistic depending on n and P, and
x’ is the chi square distribution, a function of n - 2 and a.

This approach provides a more statistically based subcritical margin, Ak,,, which can be determined as the
difference (C,,, - 8,) - W. In criticality safety applications, such a statistically determined approach generally, but
not necessanly, yields a margin of less than 0.05, which serves 1o illustrate the adequacy of the administrative
margin. The recommended purpose of Method 2 is to apply it in tandem with Method 1 to verify that the
administrative margin is conservative relative 1o a purely statistical basis. This concurrent application of Method
2 is especially important when a limited number of data points are used in determination of k (x), or when the
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calculated values have a large standard deviation. In these cascs, the statistically based subcritical margin
may indicate the need for a larger administrative margin.

Appendix C documents a computer program called USLSTATS that has been developed to perform the required
statistical analysis and calculate USLs based on Methods 1 and 2.

4.1.3 Application of Upper Subcritical Limit Methods

Either of these two methods is generally considered applicable over the range of a given parameter in the set of
calculations used to determine the USL. However, as discussed earlier, ANSI/ANS-8.1 allows the range of
applicability to be extended beyond this range by extrapolating the trends established for the bias. No precise
guidelines are specified for the limits of extrapolation. Thus engineering judgment and additional uncertainty
should be applied when extrapolating beyond the range of the parameter bounds. Note that w(x) should be used
rather than W in performing any extrapolation because k(x) - W is a straight line based on w(x) and is only assured
of being conservative within the range of the parameter bounds (Fig. 4.1).

Based on the critical experiments described earlier in this report, it is possible to determine a set of USLs based on
any of the various parameters studied (e.g., AEF, pitch, /X, water-to-fuel volume ratio, eic.). The remainder of
this section will demonstrate the calculation of the USL as a function of these parameters using the two methods
Jescribed above. These examples will demoustrate the approach or each method and may be used for guidance in
applying each of the methods for any appropriate set of benchmarks, any given criticality code or code system, or
for a different cross-section library.

Of primary importance in this analysis is the determination of parameters responsible for vanations inky. To
determine each parameter's effectiveness in explaining variations in calculated kq values. lincar regression analyses are
employed. Of the 173 LWR cases, 167 cases contain data for kg, H/X, AEF, pitch, water-to-fuel volume ratio,
enrichment, and Dancoff factor. The other six cases contain multiple ennichments and were therefore excluded from
this parametric analyss

The first step is to determine the correlation coefficients for different subsets of the 173 LWR cnitical experiments
used in the validation. These values provide a measure of the statistical correlation between each independent variable
and vanations in the calculated k, values. The variable with the strongest correlation to the calculated k. q values is
then used in a linear regression equation to describe the variation in kg, k.(x), for determination of the USL.

The subsets of LWR critical experiments analyzed are tabulated in Table 4.1 versus the classes of experiments as
presented in Sect. 3. The table shows how many experiments from each class were included in cach subset. Other
subsets could be constructed by selecting or combining different classes from the table. The results presented here are
not intended 1o be exhaustive, but instructive in demonstrating the application of the USL methods discussed earlier.

A statistical summary of the variables included in this analysis is given in Table 4.2. For each variable, the number of
experiments where that vaniable is applicable 15 listed, together with the mean, median, minimum, and maximum
values of the variable. A breakdown of the independent vanables applicable to cach subset of experiments analyzed 1s
shown in Table 4.3

The results of these analyses are displayed in Table 4 4. For each subset, several independent variables exist, as listed
in Table 4 3. A lincar regression analysis was performed for each independent vaniable and the corresponding
correlation coefficient, r, was calculated An exaci ~arrelztion between the dependent variable (i.¢., k,q) and an
independent variable would be indicated by Jr| = 1 No correlation whatsoever would be indicated by r = 0. The three
vanables with the greatest correlation are listed for each subset, along with their corresponding correlation coefficients.
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The most strongly correlated variable is used to form the regression equation for k(x). The standard error in the last
column is the average error in the estimate of k4 using the regression equation for k (x).

Tables 4.5 and 4.6 summarize intermediate calculations and the final USL equations using the correlation of Ky 10
key parameters for each of the subsets as listed in Table 4.3. The resulting USL equations are illustrated in Figs.
4.2-49. The calculated k,, values are plotted against the lines representing the linear regression fit [k (x)], the 95%
confidence band for a singie calculation [k.(x)-W], the USL based on Method 1 [USL, =k (x)-W-0.05], and the USL
based on Method 2 [USL,=k (x)-Cygu 5'8,). As can be seen from the table and the figures, the siatistically based
subcritical margin is less than the assumed administrative margin of 0.05 used in Method 1 for all subsets of
experiments considered. The correlations of results for all LWR experiments to AEF and enrichment are very weak
as can be seen by the lack of any trends in Figs. 4.2 and 4.3. The plot of k,, vs AEF in Fig. 4.2 was separated into
two plots because the wide range uf AEF values compressed the large number of low energy data points when all
data were plotted together. The limited number of enrichments in the selected experiments also makes fuel
enrichment a poor choice for an independent variable. No statistically significant correlation to any independent
variable was found for the water hole experiment subset. The subsets of experiments with the strongest correlation
of the calculated k,, values to an independent variable were the separator plates and soluble boron experiments (r =
0.908 vs AEF) and the borated separaior plates and reflecting walls experiments (r = -0.815 vs reflector separation).
The correlation of the linear regicssion fits to the actual data for these subsets can be seen in Figs. 4.8 and 4.9,
respectively.

In order to apply these USL methods to an application, it is necessary for the expected parameter value (design or
calculational) to lie within the range of applicability of that parameter. To achieve this, one should first determine
the values of the parameters from Table 4.2 that chara:terize the desired application. Next, the classe. of
experiments in Table 4.1 should be checked to determine which class(es) share similar geometry features to the
application of concem. The parameter with the strongest correlation to the k,, values should be used to generate
the USL. The range of values of this key parameter defines the range of applicability for the USL. The value of the
key parameter for the application of concern must lie within this range in order to apply the USL.
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Table 4.1 Subsets of LWR-type fuel experiments

Number of experiments in subsets
Plates | Plates Borated
Table All | Separator | Reflecting | Soluble | and and | Water | plates
No. | Class expls. plates walls boron | walls | boron | holes | and walls
36 Simple lattice 21
37 Separator plate 45 45
38 Plates w/soluble boron 12 12 12 12
39 Flux trap 4 8
3.10 | Reflecting wall 35 35
i Plates w/walls 15 15 15 15 7
312 | Urania gadolinia® 2 2 2
313 | Water holes® 7 1 7
314 | Absorber rods® 8 | 1
3.15 Simple lattice w/boron 14 14
TOTAL 167 80 50 30 12 10 7

“One or more experiments were not included because they consisted of two types of fuel rods with different enrichments.

Table 4.2 Statistical summary of LWR-type fuel experiments

No. of
Variable expenments Mean Medan Minimum Maximum
kg 173 09994 09992 0.9909 1.0129
AEG 173 33.94 3398 27.62 36.88
AEF 173 0.3267 0.2443 0.0702 3.4451
Pitch 173 1.771 1 684 1.105 2.540
Enrichment 167 362 431 2.35 574
Water/fuel 167 2.100 16 0..48 9004
Dancoff factor 167 0.1916 0.1739 0.0298 0.7644
H/X 167 1835 155.9 17.2 541.1
Assembly separation 110 811 781 164 20.78
Plate thickness 76 0.371 0.302 0.061 0.772
Wall separation 50 1.51 1.32 0.00 54!
Soluble boron conc. 36 1132 1110 15 3389
Plate boron conc. 22 213 290 11 393
Water hole/fuel pin 16 0.048 0.032 0013 0.152
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Determination of Limits
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Table 4 4 Regression analyses results for subsets of LWR-type fuel experiments

No.of  Torrelated key Correlgizon Standard

Subset observ. parameters coefficrants, ¢ Regression equation error
Al expenments 167 AEF, e, WX 0.307, G289, -0.183 k(x) = 09983 + 2 7174E-3*AEF 0.0037
Separator plates 80 H/X, AEF, Dancoff -0.376, 9 369, ©.295 kAx) = 10019 - | 66BOE-5*¥/X 00032
Reflecting walls 6 sep, pitch, enr 0688 ¢ 462 0372 k(x) = 0.99%3 + 4 64RIE4%ep 00029
Soluble boron 30 AEF, Dancoff, w/¥ 0632, ¢ 486, -0 402 kix) = 09976 + 3 242RE-I*AFF 00028
Separator plates and reflecting 15 AEF, pitch, /X 0553, 0.545, 0537 k(x) =0993]1 + 2 7925E-2*AEF 0.003%

walls
Separator plates and solubie 12 AEF, Dancoff, H/X 0908 0737, 0735 k(x) = 09964 + 4 1672E-3°AEF 0.0022
boron
Water hoies 10 none N/A NA N/A
Borated separstor plates and 7 s 813 k(x) = 1.0025 - 3 S202E-3°s 00032
reflecting walls

* enr - enrichment; sep - assembly separation, wf - water/fuei volume, ss - reflector wall sfperation distance.
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Table 4 5 Summary of USL calculations of Figs 4 4-4 13

Fagure op kel) coefficient.r _bis (Bp) W (USL)  bounds  marginof0OSUSL, _USL,
472 kg ve AEF (all i67 0.998S + 2 7174E-3°AFF 0307 -0.009) T2145E-3 0015 00763 445 0941505428 0977009782
expeniments )

43,k vs ennchment 167 09959 + 9 6691 E-4%enr 0.2%9 00091 627G7E-3 0012 235574 0941909437 0979609814
(ail expenyments)

44 kv WX RO 10019 - | 66R0E-S*H/X 0370 -0 0091 66660E-3 0010 17.2-398 5 0943309386 0.9836-097%9
(separator plates)

4.5, kg vs assembly 50 09953 + 4 6483E 4%sep 0 688 -0.00%80 SI3RIE-3 00 2060-20 7R 0941109449 098290 9867
separation (reflecting

walls)

4.6, k, vs AEF (soluble 30 09976 + 3 2428E-3*AFF 0632 -0.0053 S43S4E-3 0009 0.092-2.281 094250 9446 0.9831-0 9851
horon)

47, kg vs AEF (separator 15 09931 + 2 T925E-2*AEF 0553 -0 00%0 67I130E-3 0914 0 144.0 305 0.9403-0 9433 6976109791
plates and reflecting walls)

4R ko vs AEF (separator 12 09964 + 4 1672E-3*AEF 0908 0 0046 46206E-3 0010 0.152-2281 6942509454 0982209851
plates and soluble boron)

49,k vs reflecting wall 7 1.0035 - 3 S202E-3ss N RIS -0 0080 7.7476E-3 0023 023250 0.9423-0937% 0 96960 9644
separation (borsted

separator plates and

reflecting walls)
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Table 4.6 USL equations for Figs 4.4-4 12

Figure Confidence band with adiministrative Single-sided uniform width closed interval,

No. margin of 0.05, USL, USL,

42 0.9413 + 2.7174E-3*AEF (AEF <0.535) 0.9768 + 2. 7174E-3*AEF (AEF <0.535)
0.9428 (AEF 2 0.535) 0.9782 (AEF 2 0.535)

43 0.9397 + 9 6691 E-4*enr (enr < 4.209) 0.9773 + 9.6691E-4%enr (enr < 4.209)
0.9437 (enr. 2 4.209) 0.9814 (enr > 4.209)

44 09433 (/X < 116.8) 0.9836 (H/X s 116.8)
0.9453 - 1 6680E-5*H/X (WX > 116 8) 0.9856 - 1 6680E-5*H/X (H/X > 1:6.8)

45 09402 + 4 6483E-4*sep (sep < 10.073) 0.9820 + 4 6483E-4*sep (sep< 10.073)
0.9449 (sep 2 10.073) 0.9867 (sep 2 10.073)

46 0.9422 + 3.2428E-3*AEF (AEF <0.731) 0.9828 + 3 2428E-3*AEF (AEF <0.731)
0.9446 (AEF 2 0.731) 0.9851 (AEF 2 0.731)

47 0.9364 + 2 7925E-2*AEF (AEF < 0.247) 0.9722 + 2. 7925E-2*AEF (AEF < 0.247)
0.9433 (AEF 2 0.247) 0.9791 (AEF 2 0.247)

48 0.9418 +4.1672E-3*AEF (AEF <0.852) 0.9816 +4.1672E-3*AEF (AEF < 0.852)
0.9454 (AEF 2 0.852) 0.9851 (AEF 2 0.852)

49 0.9423 (ss < 1.001) 0.9696 (ss < 1.001)

0.9458 - 3 5202E-3*ss (ss > 1.001)

09732 - 3.5202E-3*ss (ss > 1.001)
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»

Extapolation Range of Applicability Extrapolation

Figure 4.1 Confidence band and additional margin applied to a set of criticality calculations
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Figure 4 2 USLs for 1671 WR-type fuel critical experiments, k.# vs ennchment
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5 Guidelines for Experiment Selection and Areas of Applicability

mmwwwmbmmmwmawmmwpmmamu
validated against measured data that have been shown to be applicable to the package under consideration. This
section provides guidance in determining the applicable range for a validation study. Section 5.1 provides guidelines
for selecting suitable experiments to use in the evaluation of transportation and storage package designs. The
experiments used in the validation are parameterized in Sect. 5.2 for casy comparison to package designs under
consideration.

5.1 Guidelines for Selecting Suitable Experiments

Historically, nuclear criticality experiments were performed to address specific fissionable material, reactor,
fabrication/process, storage or transport design concerns. The experiments generally consisted of the same, or very
nearly the same, configurations and materials requiring safety evaluation for the Jesigns of interest.  Aside from
performing diagnostic measurements (e.g., flux wire traverses, threshold detector measurements, reaction rate ratios,
replacement measurements, etc ), little effort was expended or needed to characterize the experiment for its intended
application because the experiment itself was a “mockup” of the configuration of materials needing a safety evaluation.
Many of the experiments were subsequently characterized according to elemental constituents, densities, and various
parametric ratios. The use of uranium metal-to-water mass-, atom- and volume-ratios; uranium metal-to-carbon atom-
ratios {e.g., [C/(Pu + U)], [H/(Pu + U)], C/X, H/X, where X refers to the fissile isotope}; fuel lattice pitches; solid
angles; surface densities, and others came into broad usage with fair success. With the advent of more sophisticated
computational techniques, parameters such as neutron leakage fraction and neutron absorption fraction became useful
characterization parameters. Subsequently, a pseudo-neutron-spectra parameter, the computed average neutron energy
group causing fission (AEG), was used as a single global parameter for correlating experiments to safety evaluation
applications™ for systems of similar fissile species, enrichments, degree of heterugeneity or homogeneity, and chemical
form. Additionally, various neutron encrgy-weighted parameters, such as thermal neutron absorptions versus total
neutron absorption, total neutron fissions versus fast neutron fissions, thermal neutron fissions versus thermal neutron
absorptions, and the average neutron energy group weighted by fissions, were used for the characterization of systems
and their concomitant compute ional biases.* A two-group diffusion theory parameter*” for characterizing the neutron
slowing down, resonance absorption characteristics, and thermal absorption characteristics has also been applied.

Most neutronics computer codes provide integral and energy dependent parameters that can be used for characterizing
the spectra of a calculated system. Computer codes that have been historically used for nuclear criticality safety
benchmarking and evaluations provide simplistic integral values such as average neutron energy group causing fission
(AEG),™ and more complex parametric categories® such as nonfuel absorption, leakage fraction, resonance absorption
probability, fast fission probability, energy distribution of neutron absorption, and geometry effects as measured by the
energy weighted ratios of neutron collisions in all materials divided by neutron collisions in fissile and fissionable
materials.

There are three fundamental parameters that should be considered in the selection of suitable experiments® for use in
the evaluation of transportation and storage package designs. They are the materials of construction (including
fissionable material), the geometry of construction, and the inhcrent neutron energy spectrum affecting the fissionable
material(s). There are substantial variances within each of these three categories that require further considerations.

Regarding materials of construction (including fissionable material):
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+  The fissionable species (e.g., **U, *°U, #*U, #*Py, *Py, Py, **'Pu, eic.) used in the benchmark
experiments should be as sin:ilur as possible, including enrichment and relative masses and volumes, as
those materials in the packag* dezign under normal and hypothetical accident conditions.

. The nonfissionable species (¢.g., lead, stainless steel, boron, cadmium, phenolic foam, depleted uranium,
water, etc.) used in the benchmark experiments should be as similar as possible, including relative masses
and volumes, as those materials in the package design under normal and hypothetical accident conditions.

. Reflector and moderator materials in experiments should be as similar as possible to those in the package
design under normal and hypothetical accident conditions.

. Physical form (e.g., metal, solution, compound) and temperature of materials should be as similar as
possible.

. Ratio of nonfissionable materiais to fissionable material should be similar as well.
Important items to consider regarding geometry of construction (including fissionable matcrial):

. The relative geometric position and size of the construction materials

. Homogeneity or heterogeneity of system

. Shape of units and system

. Lattice pattern, spacing, and interstit: »! matenals in arrays

. Reflection

Regarding the neutron energy spectrum, the neutron density versus energy should be considered by comparison of the
following items from the benchmark experiments and the package design:

. Leakage

. Absorption

. Production

. Flux
The specific quantization of the above three categories of parameters is difficult at best and generally requires the use
of alternative approaches by using benchmark experiments that are characterized by a limited set of physical and
computed neutronic parameters that are then compared with the safety design computed neutronic parameters.
5.2 Parameterization of Validation Experiments
Several principal parameters have been identified for controlling the criticality of transportation packages:* (1) type,

mass, and form of fissile material, (2) degree of moderation; (3) amount and distribution of absorber materials; (4)
internal and external package geometry; and (5) reflec’ r effectiveness. The fissile matenal, degree of moderation, and
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Guidelines

pach_ge geometry controls the neutron flux energy and spatial distributions  The degree of moderation, absorber
materials, and package geometry are used to contro! the neutron loss rate through capture and leakage (in conjunction
with reflector effectiveness).

Mﬁvepunmmwmuaedng\ﬂdelwinmingﬂwcﬂticalexpuinwnumidewdbyclminthe
validation. Table 3.5 presents a parameterization of the 173 LWR-type fuel experiments documented in this report.
The experiments are listed by case names, reference numbers, and case numbers. Case numbers are alphabetically
assigned. The computed effective neutron multiplication factor (k,q) and associated standard deviation are given for
cach case. The number of experiments associated with each characterization used in Table 3.5 is tabulated in Table
5.1

The fissile material type, **U, and chemical form of the uranium compound, UQ,, were the same for all experiments
and were therefore omitted from the table, however, the ***U isotopic enrichment which affects neutron production
rates was included since it varied from 2.35 wt % to 5.74 wt % across the experiments.

Fissile systems are often characterized by their degree of moderation. A direct characterization can be defined by the
effective ratio of hydrogen(H)-to-fissile(X) material atom densities, or H/X of the system. Other parameters such as
water-to-fuel volume ratio for a unit cell, average energy group for fission (AEG), and energy of average lethargy
causing fission (AEF) can also give an indication of the degree of thermalization of a fissile system. These para-
meters usually correlate to the pitch and the DancofY factor, which is a function of the pitch. Both of these parameters
may be useful in the investigation of system moderation. The thermalization of lattice configurations can also be
influenced by the presence of water holes. A parameter giving the ratio of the number of water holes to fuel pin
positions is included in Table 3.5 for examination, along with /X, AEG, AEF, pitch, and DancofY factor.

Absorber malerials are an effective means of criticality control for thermal systems such as those involving LWR-type
fuel. Their effectiveness is dependent on the absorber material, distribution, and surface area. Three columns of Tabie
3.5 give this information in the form of separator plate material, boron weight percent per plate, and plate thickness.
Experiments having homogeneous absorbers in the torm of soluble boron in water have been singled out with their
boron concentration specified. A final column labeled "Other” gives information about other absorbers in the system
(e.g., Ag-In-Cd rods, B,C rods, UO,-Gd,0, fuel rods). This column also specifies if the separator plates are part of a
flux trap with voiding materials.

The geometry of heterogeneous fissile materials, the design and placement of absorber materials (previously
discussed), and the separation between fissile materials affect the neutron flux energy and spatial distribution. The
fissile material is in the form of fuel rods consisting of UQ, pellets or powder encased in either aluminum, stainless
steel, or Zircaloy cladding. Fuel rods are bundled in hexagonal or square lattices of 1.105-cm to 2.540-cm pitch.

Table 3.5 lists the lattice type, pitch, cladding material, and separation distance of assemblies for each experiment.
Most experiments have water reflection of at least 15 to 20 cm (20 cm of water reflection typically ensures a maximum
increase in k,q due to reflection) on the x, y, and z faces of the system. Notable exceptions are those systems that had
fuel rods above the moderator surface. In addition to water reflectors, several experiments contained reflectors in the
form of shielding materials (¢ g, lead, steel, depleted uranium) that minimize neutron leakage. Such experiments were
parameterized in Table 3.5 by reflecting wall material and separation distance from fuel assemblies.

The seven homogeneous uranium experiments were also parameterized Experimental parameters and calculational
results for these experiments are compiled in Table 3.16.
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Table 5.1 Characterization variables of LWR-type fuel experiments

Variable Values Number of
expenments
Other A: Ag-In-Cd rods 6
B: B.C rods 3
F: Flux trap with void 8
materials
G: UO,Gd, rods 5
Total 22
Soluble boron Y: yes 36
N:no 137
Total 173
Clad AL: aluminum 154
SS: stainless steel 10
ZR: zircaloy 3
Total 167
Pitch type S square 165
H: hexagonal 8
Total 173
Plate matenal Al aluminum 21
B: Boral 14
BF: Boroflex 2
CD: cadmium 6
CU: copper 8§
HF: hafnium 4
SS. stainless steel 18
UD: copper-cadmium 4
ZR: zircaloy 3
Total 76
Reflecting wall L: lead 12
matenal U: uranium 10
SS: stainless stecl 28
Total 50
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6 Summary

Thedeuiledexperimmtdewipﬁaninﬂ\ineponpmviduweﬁnlcanpmdiwnofcriticalitybmtumrkdmfor
validation of LWR fuel transportation and storage applications. Experiments are categorized by common features
mchulepnmorplata.rcﬂecﬁngwalll.mdsolubleboronmdparmmaiudbykeyvariablumchumrichnmt,
water-to-fuel volume ratio, H/X, AEF, and pitch. Thcaedmmbled\emlyntoreadilyidmtifyappropﬁm
experiments for a particular application.

Benchmark calculations have been performed for all of these cases using SCALE 4.3 and the 44-group ENDF/B-V
cross-section library to provide a sample validation. In addition, the calculations were repeated with the 238-group
library to determine the adequacy of the 44-group energy structure as shown in Appendix B. On average, the 238-
group results were approximately 0.35% less. The 238-group results were more accurate for the homogeneous
uranium critical experiments.

Two methods for statistical determination of calculational biases and USLs were presented: (1) a 95% confidence
band for a single future calculation with an administrative subcritical margin and (2) a lower tolerance band (LTB)
based on a 95% confidence band on 99.5% of all future calculations. The methods were demonstrated using several
subscts of the 44-group validation results.

Finally, guidance was provided on the selection of appropriate criticality experiments that are applicable to validate a

computational method for the system of concern. Important parameters that should be examined to demonstrate areas
of applicability were discussed. The parameterization of the included experiments was described to assist the analyst

in this process.

Hopefully, the large amount of experimental and calculational data compiled within this report along with the
technical guidance provided will prove to be valuable assets for criticality safety analysts and reviewers of LWR fuel
applications. Additional LWR-related experiments are available, however, as shown in Table 1.1. A user who may
need experiment characterizations not identified in this report should investigate these experiments.
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APPENDIX A

SCALE Input File Listings

This appendix contains input files for all cases discussed in Sect. 3. These files are also available in
ciectronic form from the SCALE home page on the World Wide Web (WWW). A pointer fo- the SCALE

home page may be found at http.//www.cad.oml gov.

INDEX OF CASES

bwiS10d . ..
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dsn399-2 ... 238
@INDD .. iecn e 239
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L P 266
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NUREG/CR-6361



Appendix A

BIIRRIIE (5 s 06 45 3 4 ey 18w 7
BRI 05 Gk v AN sk e W Kb
T Rt e i Y o
T (R N G N  GTp T
T e (G A PP A i B
BTN L s s 2 e i w22 1 K o A
p2827ul . ...... L Al ) F - A T TRy
BBBEINR . . i he s
PAEMD ... esie e i aaes

BRI 2L i s 6 i s g e 9
p3314bf1 ...
p3314b12 ... ...

BRI 5 et 5 4 bobn oo e s kA Fed
BRI < aib a5 ¥ 5+ Gk L6 B 0 4 X
BRI - ) 5 ik & 54 % & P8 S 3 ki
BRI - .2 & i 7.n i & ok ¢ ok -
IR L . 5.0 2 % e 2 w mat o 2 e g
p330ded2 . ...
PIBdonl . ... e
BOBROONR .o a b A ad B
T T R SRR g
DEBIBRNNE 7o o044 ok 5554 g

p3304cuS ... A
p33ldcub ... ...

IR . .ioisiiiiann
Pl ...
PIPBAIER i

p3314ss3 ... .

p33idssd . ... ...
p3314ss5 . ... 288
p3314ss6 .. . .
p3dlawl . ...

p33ldw2 |

D KR P

PIGO2LD . ...
p3602bsl .. .. .. ... L
BIGOROAE . .. .. .ooiicosiivhasaninnsnns
T RTINS ORI ER e 292
pIGO2CAR ... .......
p3602cul . ... .. ...

NUREG/CR-6361

T R T PR WLL L R It 8 294
360281 .. ........coiini i 295
T R AP NP R s 295
DRI 5 5505 v - e s T o 296
BORIREE . .. . o a o iR A AT e e 296
S AR e 1 S AL E 297
v v R A 297
PIBORRIN . . vt a ek 298
BIDRBEER . o i vs v nerva imi s an e s AhE S e 298
RIS o1 7 +-c5-5atet v ¥ 055 S A b T ke 299
R & L o e isaassny bids Uay-nan 299
T R RO ST 300
RIRIERR ..+ x5 e b e amnd T 300
p3602ndl .. ... .. 300
PIOO2AR . ...........ccoceveniiiniuis 301
EEDRIRIID . . o4 00t 5 4 5t > 03 b R 301
BEIIEE oo i 4 6 2904 5 & 5 9% K RSN a7 & 302
s O 302
p392611 ... ... 303
p392612 ... ... 303
POOREED .........iinni et 304
¥ R S 304
PR 55 95544 b Xt b €0 H R i 305
ORI 5 ¢ i i 5ei om0 7 s K ol e 305
p3926sll . ...... ... 306
p3926s12 .. ... . ... 306
p3926ul ... ............ RPN L 306
DU - 2 5 « & ¢ 0 4 & 2ra a6 240 4 H-ea i s lenrn 307
BPRIIIRY « o 1ok €5 hopids oHEeTH % b 307
DD ..o i 2wl igtes 2y gl 1 i 308
p3926usS .. ... 308
p3926ub . .. ... 309
pa267bl ... 309
PA26TD2 . ... ... 310
PA2ETBS .. ... i 310
I - s v v o s 5 8 A v g 3
IR« <5 o' i = 4 g 72 5 s ey SR 312
BBIIRIIE . o.. & s« 9wt s oo i 5 312
pa267s12 .. 313
po2M231 .. ... ... 314
BEREROERE . s 300t v e i n AN R 2 314
RTINS e o sk i 5 Kb ¥ o 315
DRI oo = o o2 i d i 6 e 316
p7IfR20r 317
pat8OIl ... 318



PAtBOI2 .. ... ... 319 T R R W 329
patBOssl ... ................ ......... 320 W269WD ... 330
patBOSS2 .. ... ...................... 321 T 331
T AR 0 e 322 w33sssll .. ... ... ... ey oy 331
W269D1 ... 323 T T e by S 332
S 324 T 333
W3269b3 ... 326 S S 333
W269C. ... 328 T AT N e 333
WI2698H1 ... 329 e R N L LR 334

191 NUREG/CR-6361



3 3§ 8
5. 2. 3. 3. 3 gaas .- - 8- 8- u-
Zm B Bm Am fm OREE oo oo TN W o w w
B® &° R® K® K 58 %2 2% EX 8, 8o 2, 8. B,
B 82 8 %o %o 8enn 25 23 32 22 % %o 8 Ko R
3c B¢ § B¢ 32 8fE8 ST S nm3 95 RS ®e g ¥ 3o
2 2 me em me @am s 8" w
8o Um 8o e 8o K ec o6 o6 o6 8o Um Be Jeo ¥e
RE ®c 8% &2 8% BSS§ 37 22 2% 2% BE B BT Bl BE
Ph LE B0 me we onwm Kow Row Ben Poe Sn on So S0 W
5 5 5. & 55 B§_ 55 5. 5. B 5§
sfesieaiesfoafodbiaeriioriiogiiziingiosinainsingin
Gspdssdnidsstnsanntefnsinnefnneinnetnstndneiniisg

111111 mm

es and 1

* n
s B
g 2 e 2
. ! ¥
fe 3
2 <8 =34
mm £ o Qp:
. - 6
o5t kg i W
£ s nia gL -
e o B azfcgs 2% 530 3333 3z %z %% %R
& F njis 2P me mg  em eom
T R THEEFERE LTI AL L B R
28- &2° nmm.m cce ¢66 KK oo o" es eo
_Bon og8 <° am 0 0 s 9% 99 7% 3%
w SH S%. 3pdy £3s 887 BSRE s e sn ns
s n .*‘am . w ‘.. L ooo ooo ooo eoo
” = - - - - e - .l.qu - .clcl .clal
=8 5 . 5 56 5 685
mww M F mm,mﬂm bgofnddondblsogiingiteriiniiis
ot sf.y.pdiiel Bepdsssadeasiiinitnncineiingt

NUREG/CR-6361 192



array 3 3*0.0 cyl inder
refiector 3 1 &4r20 2r01 cyl inder
reflector &4 1 5r¢ 81 cyl inder
reflector 3 1 Sr0 201 cuboid
unit 24 it &
array & 3*0.0 srray 1
reflector 00 1 &r20 2r0 1 reflector
gichbal unit 25 refliecter
array S5 3%*0.0 unit 5
end geom array 1
reflector . s
read array reflector 1 .0 0.3 .30.02r01
ara=1 rux=18 nuy=18 =% $ill 324r1 324r2 324r3 unit 6
ara=2 rux=18 ruy=18 =1 fill 324r13 2 i array 1 "
ara=3 mux=3 nuy=3 nuz=t! fillL 4 BS99 10116127 i reflector ' .3 .3002r01
ara=4 rx=3 rnuy=3 =1 fill 14 18 15 19 20 21 16 22 17 : fi reflector ¢ . .00.0032r01
are=5 nux=? nuy=1 e fitl 23 24 it unit 7
end array array 1
end data reflector
end reflector
unit 8
ans3lalld cuboid > 2
reflector ar
#csasdS unit 9
ans33al2 cuboid 2p12.30 2p2.2
Légroup l|stticecell reflector .3 2r0.0 ©
uol 1 den=10.38 1. 93 92235 4.742 92238 95.25 unit 10
arbmagb .J0 4 001 1302: 98.85 12000 0.50 14000 O uﬁ j(-00(‘ cubotid
reflector
h2o . wit 1
arbmstl A ! 2.0 24000 18.0 28000 10.0 & 1 cuboid
al > =2.651 1. - reflector
uol =10. i 3 92235 4.7642 92238 95.258 unit 12
al . i cuboid 2p2.2 2p12.30 34.
end comp reflector 2rc.0 0.30 0 ©
squarepitch 1.35 0.79 130.9 2082 0 wmit 13
more data res=6 cyl 0.395 dan(6)=0.989755 cyl inder 395 90 32.
4-18x18 assemblies separated by 0.3-cm-thick aluminum piates and 4.4 cyl inder 610 0k 32.
cm of water, 32.78 cm water height cyl inder ATO 98. 32.
read parm runcyes gen=405 npg=600 nsk=5 rnub=yes end parm cuboid Lp.6TS 98. 2.
unit 14
read geom array 2 .0
unit 1 reflector
cylinder 71 . . -1.55% reflector
cuboid 3 . . = ¥ unit 15
reflector & . . 1 array ¢
unit 2 reflector 0. .00.00.3 2r0 "
cylinder 7 . ' -0. reflector 51 0. .3 .30.02r01
cylinder 3 ¥ -0. unit 16
cuboid “ * -0. arrey 2 .0
unit 3 reflector 0.90.3 .30.02r01
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reflector 5 1 0.3 0.0 0.0 0.3 2r0 1

unit 17

array 2 3*0.0

reflector 0 1 0.3 0.0 0.3 0.0 2r0 1
reflector 51 0.0 0.30.006.3 2r0 1

unit 18

cuboid 01 2p2.2 2p12.30 98.2 32.78
reflector 51 2r0.0 0 0.3 2r0 1

unit 19

cuboid 01 2p12.30 2p2.2 $8.2 32.78
reflector 51 0 0.3 2r0.0 2r0 1
unit 20

cuboid 01 2p2.2 2p2.2 98.2 32.78
reflector 5 7 4r0.0 2rd 1
unit 21

cuboid 01 2p12.30 2p2.2 98.2 32.78
reflector S 1 0.3 2r0.0 2r0 1

1]
unit 22
cuboid 01 2p2.2 2p12.30 98.2 32.
0 1

78
reflector 51 2r0.0 0.3 0 2r0
unit 23
array 3 3*0.0
reflector 3 1 4r2C 201
reflector & 1 5r0 81
reflector 3 1 570 20 1
unit 24
array & 3%0.0
reflector 0 1 4r20 2r0 1

global unit 25
array 5 3%0.0

ernd geom

read array

ara=1 rux=18 nuy=18 nuz=3 fill 324r1 324r2 324r3 end fill
ara=2 rux=18 nuy=18 wz=1 fill 324r13 end fill
ars=3 rnux=3 ruy=3 nuz=! fill 4 BS99 10116127 end fill

ara=t rux=3 nuy=3 nuz=? fill 14 18 15 19 20 21 16 22 17 end fill

arasS mux=Y nuy=1 nuz=2 fill 23 24 end fill

end array

end data

end

ansidall

#csass

ans33ai3

Ghgroup latticecell

uo? 1 den=10.38 1.0 293 92235 &.742 92238 95.258 end

arbmagS 2.70 4 0 0 1 13027 98.85 12000 0.50 14000 0.43 26000
0.222 1293 end

h2c 310 end

arbmsti 7.ooxootmn.nmsa.umw.onu >
al S den=2.651 1.0 end
wo2 6 den=10.38 1.0 293 92235 4.742 92238 95.258 end
al 71.0 end .
end comp ol
squarepitch 1.35 0.7%9 130.% 20.82 0 end >
more data res=6 cyl 0.395 dan(6)=0,989755% end

4-18x18 assemblies separated by 0.3-cm-thick aluminum plates and 9.4
‘em of water, 64.12 cm water height

read parm WMWMAWMM

read geom

unit 1

cylinder 71 470 0.0 -1.55
cuboid 31 &p.675 0.0 -1.55
refiector 4 1 Sr0 0.4 1

unit 2

cylinder 7 1 470 0.¢ -0.25
cylinder 31 500 0.0 -0.25
cuboid 4 4p.675 0.0 -0.25
unit 3

cylinder 11 395 64.12 0.0
cylinder 01 410 64.12 0.0
cylinder 2 1 470 64.12 0.0
cuboid 31 4p.675 64.12 0.0
wnit 4

array 1 3*0.0

reflector 31 0.0 0.3 0.0 0.3 2r0 1
reflector S 1 0.3 0.00.30.02r0 1
unit 5

srray 1 3*0.0

reflecter 31 0.30.00.00.3 2r0 1
reflector 51 0.00.3 .30.02r0 ¢
unit 6

array 1 3*0.0

reflecter 31 0.00.3 .30.02r01
reflector S 1 0.3 0.0 0.0 0.3 2r0 1
wnit 7

array 1 3*0.0

reflector 31 0.30.00.30.02r01
reflector S ' 0.0 0.3 0.0 0.3 2r0 1
unit 8

cuboid 31 2p4.7 2p12.30 66.02 0.0
reflector 51 2r0.0 003 003 1
unit ¢

cuboid 31 2p12.30 2p4.7 66.02 0.0
reflector 51 00.3 2r0.0 003 1
unit 10

cuboid 31 2pA.7 2p4.7 66.02 0.0
reflector S 1 5r0.0 0.3 1
wit 11



s6l
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cuboid 31 2p12.30
reflecter 51 630
unit 12
cuboid 31 2pA.7 2pt2.
reflector 5 1 2r0.0
unit 13
cylinder 6 1
cylinder 0 1 .410
1
1

§

08 6-"

cylinder 2
cuboid
unit 14
erray 2 3%*0.0
reflector 0 310.0
reflector 5 .30.003
wnit 15

array 2 3%*0.0

reflector @

reflector 5
unit 16
array 2 3*0.0
reflector

unit 17
array 2
reflector 0 0.3
reflector 51 0.0
unit 18
cuboid 0
reflector 5
wnit 19
cuboid
reflector
unit 20
cubeid
reflector
unit 21
cuboid
reflector
unit 22
cuboid 0
refiector 5 1 2r0.
unit 23
array 3 3*0.
reflector 3
reflector &
reflector 3
3

3%

wo
=2

8
4

wo
—

oN W
~

unit 24

-

d
8828
Nveg
FERR

0 .
reflector § .30.00.00.32r01
3

wo
g
8
¥
N
3
~

array 5 3%0.0

end geom

read array

ara=1 rux=18 nuy=1C maz=3 fill 324r1 324r2 324r3 end fiLL

ara=2 mux=18 nuy=18 wa=? fill 324r13 end fill

ara=3 nux=3 nuy=3 az=! FillL 4 8S5S9 WM 6127 end fill

ara=t mux=3 nuy=3 nuz=! Fill 14 18 15 9 20 21 16 22 17 end fill

aras5 mux=1 nuy=! nuz=2 fill 23 24 end fill

end array

end data

end

ans3debl

#csass

ans33ebl

dhgroup latticecell

uod 1 den=10.38 1.0 293 92235 4.742 92238 95.258 end

arbmag5 2.70 4 0 © 1 13027 98.85 12000 0.50 14000 0.43 26000
02221293 end

h2e 31.0 et

arbmsti 7.90 300 1 26000 72.0 24000 18.0 28000 10.C 4 1 end

polyethylene 5 den=0.5540 1. end

uo2 & den=10.38 1.0 293 92235 4.742 92238 95.258 end

al 7 den=2.651 1.0 end

al 8 1.0 end

end comp

squarepitch 1.35 0.79 1309 20.82 ¢ end

more data res=6 cyt 0.395 dan(6)=0.989755 end

d
fad
¥
-
-
o
-
%
b
-2
-
b
-
.
©

4-18x18 assemblies separated cm
‘em of polyethylene balls, 25.54 cm water height
read parm run=yes gen=405 npg=600 nsk=5 nub=yes end parm

read geom

unit 1

cylinder B8 1 470 0.0 -1.5%
cuboid 31 4675 0.0 -1.55
reflector 4 1 5r0 0.4 1
unit 2

cylinder 8 1 470 0.¢ -0.25
cylinder 3 1 .500 0.0 -0.25
cuboid &1 &p.675 0.0 -0.25
unit 3

cylinder 11 395 25.54 0.0
cylinder 0 1 .410 25.54 0.0
cylinder 2 1 .470 25.5% 0.0
cuboid 31 4p.675 25.54 0.0
unit &

array 1 3%0.0
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cuboid 01 2p0.95 2p12.30 98.2 25.54

reflector 71 2r0.0 0 0.3 2r0

wnit 19

cuboid 01 2p12.30 2p0.95 98.2 25.54

reflecter 71 0 0.3 2r0.0 2r0 1

unit 20

cuboid 01 2p0.95 2p0.95 $8.2 25.54

refiecter 7 1 4r0.0 2rd 1

unit 21

cuboid 01 2p12.30 2p0.95 98.2 25.54

reflector 71 0.30 2r0.0 2r0 1

unit 22

cuboid 01 2p0.95 2p12.30 98.2 25.54

reflector 71 2r0.0 0.30 2r0 1

unit 23

array 3 3%0.0

reflector 3 1 4r20 2r0 1

reflector 4 1 Sr0 .81

reflector 3 1 5¢0 201

unit 24

array & 3%0.0

reflector 0 1 4r20 2r0 1

global unit 25

array 5 3*0.0

end geom

read array

ara=l nux=18 nuy=18 nuz=3 fill 324r1 324r2 324r3 end fill
ara=2 nux=18 nuy=18 nuz=1 fill 324r13 end fill
ara=3 nux=3 rmuy=3 nuz=! fill 4 859 10 116 12 7 end fill
ara=4 nux=3 nuy=3 nuz=1 Fill 14 18 15 19 20 21 16 22 17 end fill
ara=5 nux=1 nuy=1 nuz=2 fill 23 24 end fill
end array

end data

end

ans3deb2

#csas2S

ans33eb2

Ligroup latticecell

uol 1 den=10.38 1.0 293 92235 4.742 92238 95.258 end
arbmag5 2.70 4 0 0 1 13027 98.85 12000 0.50 14000 0.43

26000 0.22 2 1 293 end
h2e 310 end
arbmst! 7.90 3 0 0 1 26000 72.0 24000 18.0 28000 10.0 4 1 end
polyethylene 5 den=0.5796 1.0 end

6 den=10.38 1.0 293 92235 4.742 95.258 end
sl 7 den=2.651 1.0 end
al 8 1.9 end
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squarepitch 1.35 0.7 130.9% 20.82 0 end unit 13

more data res=6 cyl 0.395 dan(6)=0.989755 end cylinder 61 .395 90.00 30.73

4-18x18 assemblies separated by 0.3-cm-thick aluminum plates and 4.4 cylinder 01 .410 9.9 30.73

‘em of polyethyiene balls, 30.73 cm water height cylinder 21 470 98.2 30.73

read parm runcyes gen=405 npg=600 nsk=5 nub=yes end parm cuboid 01 &p.675 98.2 30.73
wnit 14

read geom array 2 3*0.0

unit 1 reflector 0 5 0.0 0.3 0.0 0.3 2r0 1

cylinder 8 1 .470 0.0 -1.55 reflector 71 0.3 0.0 0.3 0.0 2r0 1

cuboid 31 4p.675 0.0 -1.55 unit 15

reflector 4 1 Sr0 0.4 4] array 2 3*0.0

unit 2 reflector 0 1 0.3 0.0 0.0 0.3 2r0 1

cylinder 8 1 470 0.0 -0.25 reflector 71 0.0 0.3 .3 0.2 2r0 1

cylinder 3 .500 0.0 -0.25 unit 16

cuboid 4 4p.675 0.0 -0.25 array 2 3*0.0

unit 3 reflector 0 1 0.0 .3 .3 0.0 2r0 1

cylinder 157 2% 30.73 0.6 reflector 71 0.3 2.0 0.0 0.3 2r0 1

cylinder 01 _410 30.73 0.0 unit 17

cylinder 21 470 30.73 0.0 array 2 3*0.C

cuboid 31 &p.675 30.73 0.0 reflector 0 1 0.3 0.0 0.3 0.0 2r0 1

unit 4 reflector 71 0.00.30.00.32r0 1

array 1 3*0.0 unit 18

reflector 31 0.0 0.3 0.00.32r0 1 cuboid 0 2p2.2 2p12.30 98.2 30.73

reflector 71 0.3 0.00.,3 0.02r0 1 reflector 71 2r0.0 0 0.3 2r0 1

unit 5 unit 19

array 1 3*0.0 cuboid 01 2p12.30 2.2 98.2 30.73

reflector 31 0.3 0.0 0.0 0.3 2r0 1 reflector 71 0 0.3 2r0.0 2r0 1

reflector 71 0.0 C.3 .30.02r0 1 unit 20

unit 6 cuboid 01 2p2.2 2p2.2 98.2 30.73

array 1 3*0.0 reflector 7 1 4r0.0 2rg 1

reflector 31 0.0 0.3 .3 0.0 2r0 1 unit 21

reflector 71 0.3 0.0 0.0 0.3 2r0 1 cuboid 01 2p12.30 2p2.2 98.2 30.73

unit 7 reflector 71 0.3 0 2r0.0 2r0 1

array 1 3*0.0 wnit 22

reflecter 31 0.3 0.0 0.3 0.0 2r0 1 cuboid 01 2p2.2 2p12.30 98.2 30.73

reflector 71 0.00.30.00.3 2r0 1 reflector 7 2r0.0 0.30 2r0 1

unit 8 unit 23

cuboid S 1 2p2.2 2p12.30 32.63 array 3 3*0.

reflector 71 2r0.0 003 0 0.3 1 reflector 3 1

unit 9 reflector 4 1

cuboid S 1 2p12.30 2p2.2 32.63 0.0 reflector 3 1

reflector 7 003 2r0.0 0 0.3 1 unit 26

unit 10 array & 3*0.

cuboid 5 2p2.2 2p2.2 32.63 C.0 reflector 0 1

reflector 7 5r0.0 0.3 1% global unit 25

unit 11 array 5 3*0.0

cuboid 5 2p12.30 2p2.2 32.63 0.0 end geom

reflector 7 0.30 2r0.0 0 03 1

unit 12 read array

cuboid b 2p2.2 2p12.30 32.63 0.0 ara=1 nux=18 nuy=18 nuz=3 fill 324r1 324r2 324r3

reflector 7 2r0.0 0.3 0 0.3 1 ara=2 mux=18 nuy=18 nuz=1 fill 324r13
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Appendix A
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