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Abstract

This report describes the validation of KENO V.a using the 27-group ENDF/B-IV

cross section library for systems containing highly-enriched uranium, carbon, and

hydrogen and for systems containing highly-enriched uranium and carbon with high

carbon to uranium (C/U) atomic ratios. The validation is in accordance with ANSI/ANS-

8.1-1983(R1988) and has been performed for two separate computational platforms: an

IBM 3090 mainframe and an HP 9000 Model 730 workstation, both using the Nuclear

Criticality Safety Software (NCSS) code package.

Critical experiments performed at the Oak Ridge Critical Experiments Facility,

in support of the Rover reactor program, and at the Pajarito site of Los Alamos National

Laboratory were identified as having the constituents desired for this valiation as well as

sufficient experimental detail to allow accurate construction of KENO V.a calculational

models.

Calculated values of k^ff for the Rover critical experiments, which contain

uranium, hydrogen, and carbon, are between 1.0012 -I-/-0.0026 and 1.0245 0.0023.

Calculation of the Los Alamos experiments, which contain uranium and carbon at high

C/U ratios, yields k^jf values between 0.9746 +!- 0.0028 and 0.9983 + /- 0.0027. Safety

criteria can be established for both types of systems using these data.
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Chapter I

Introduction

I.l Background

KENO V.a is a multigroup Monte Carlo computer code which is used to

determine effective neutron multiplication (keff) of multidimensional systems and is used

as the primary calculational tool in many criticality safety evaluations. KENO V.a is

part of the Standardized Computer Analysis for Licensing Evaluation (SCALE)' system

and is maintained under strict configuration control through the use of various "frozen"

versions, such as the NCSS (Nuclear Criticality Safety Software)^ version used in this

validation. Also included in the SCALE system are several cross section libraries and

cross section processing modules which are user-specified through use of certain

calculational sequences which invoke the desired modules as well as KENO V.a.

Two types of neutronic systems are representative of recycle and waste materials

that are commonly encountered in plants that process fissile materials, especially highly-

enriched uranium. These neutronic systems can be assigned to two broad categories:

highly-enriched uranium systems with hydrogen and carbon moderation and highly-

enriched uranium systems with carbon moderation at high C/U ratios. Some examples

of these materials are given below:
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Contaminated hydrocarbons from uranium processing areas such as machine oils

Contaminated cellulose-based materials such as paper wipes and plastic-based

materials such as plastic bagging used to contain highly-enriched uranium-

contaminated materials

Combinations of the above, such as wipes that have been used to wipe up either

contaminated machine oil spills or highly-enriched uranium solution spills

Graphite casting molds used in the production of highly-enriched uranium metal

parts and as a result retain highly-enriched uranium as a surface coating

Furnace ash produced through incineration of the combustibles listed above.

These wastes may be placed in strorage configurations or may be processed

further using appropriate equipment. As for any activity involving fissile material, an

evaluation of the proposed storage or processing configurations must be performed to

demonstrate criticality safety. The evaluation considers whether enough fissile material

could be assembled, along with reactivity additions from moderation and/or reflection

effects, to accidentally achieve criticality under double contigency criteria in accordance

with Section 4.2.2 of Reference 3.



The current version of KENO V.a could be used to perform evaluations for the

examples just cited by modeling the fissile and other materials as more reactive

substances for which KENO V.a has already been validated.'*-^-'^-'' This approach is

unnecessarily conservative and leads to underutilization of storage containers and process

equipment. For systems with high C/U ratios such that moderation is at optimal, credit

could be taken for hydrogen being added to the system as water (which is a typical

postulated scenario in criticality analyses) behaving as a neutron poison instead of a

moderator. A further benefit of validating KENO V.a for the two neutronic systems

listed above is that the results would be applicable for other low atomic weight elements

commonly found in some of waste streams that are reasonable moderators but may be

conservatively modeled as carbon for criticality safety analyses. Examples include

oxygen, sodium, potassium, fluorine, calcium, iron, and alumnium. In conclusion,

validation of KENO V.a for the two neutronic systems mentioned would help to eliminate

superfluous conservatism in criticality analyses allowing more fissile material to be

present in a given operation and thus reduce costs by more fuUy utilizing storage and

process equipment.

1.2 Scope and Organization

This thesis documents validation of KENO V.a (actually the CSAS25 calculational

sequence which includes KENO V.a and the BONAMI-S and NTTAWL-S modules)'

using the 27-group ENDF/B-IV cross section library in accordance with Reference 3 for



the two systems mentioned above: highly-enriched uranium with hydrogen and carbon

moderation and highly-enriched uranium with carbon moderation at high C/U ratios.

Reference 3 promulgates the necessary elements for proper validation of a calculational

method. Once calculations are performed, the systematic disagreement between the

calculated results and the experimental data (bias) can be determined along with any

significant trends in the results. From this information, safety criteria, including k^ff

upper limit values for calculations, can be established. This procedure fulfills the

requirements of Reference 3 and is sufficient to demonstrate validation. However, for

this work to be truly and ultimately useful to others who may wish to validate KENO V.a

on their own computational platforms, many other things that are inherent in the

validation process must also be reported and in great detail. These necessary elements

are covered by this thesis as indicated below.

Chapter n discusses the calculational method (codes, modules, and/or sequences)

that was validated as well as the cross section library used in the validation. Also, a

short discussion about cross section processing is presented.

Chapter ni describes the critical experiments used for the validation including

information on materials present in the critical assembly and exact geometric detail if

available. If information was lacking or incomplete, assumptions made to reconcile the

shortcomings are given.



Calculational model (KENO V.a model) development to represent the critical

assembly configurations is discussed in Chapter IV. Also included are important

assumptions that were necessary in model construction and information on cross section

processing, especially where the geometries are different from standard SCALE fuel-

moderator unit cell arrangements.

Chapter V reports the results of the calculations including results and significance

of sensitivity studies performed to investigate the importance of certain parameters.

Chapter VI recapitulates important conclusions and observations derived from this

effort. Recommendations for work that would benefit future efforts in this area are also

listed.

Much of the detailed information about the critical assemblies is provided in the

Appendix along with examples of KENO V.a input and output. In addition, microfiche

of the input and output for all of the cases run for this thesis are available from the

author.



Chapter II

Description of Calculational Method

n.l Modules and Cross Section Library

The computer modules used in the validation effort are part of the SCALE system

which is used as a calculational tool in many criticality safety analyses.' One of the

control sequences utilized in such analyses is the CSAS25 control sequence which is part

of the CSAS4 control sequence.^ The CSAS25 sequence activates the BONAMI-S,^

NITAWL-S,'° and KENO V.a" functional modules. A different control sequence,

CSASN, activates only the BONAMI-S and NITAWL-S modules, after which KENO V.a

can be called by the user and will use the cross section library just generated by CSASN.

This procedure is equivalent to specifying CSAS25 since the same modules are utilized,

but more flexibility is afforded the analyst for geometries that cannot be directly

represented by standard SCALE fuel-moderator unit cell configurations. For this

validation, the CSASN control sequence was utilized followed by execution of KENO

V.a since the experiments used had peculiarities that rendered them unamenable to strict

use of the CSAS25 control sequence. The control sequence and functional modules will

be described below. The 27-group ENDF/B-IV cross section library is the library chosen

to be validated in this effort.



The CSASN control sequence reads input data including fuel-moderator unit cell

geometry, size, and temperature for treatment of resonances, the desired cross section

library, mixture and nuclide specifications, and other data depending on the arrangment

of the unit cell geometry. Physical and neutronics information required by the functional

modules such as theoretical densities, average resonance region background cross

sections, and molecular weights are supplied by the Standard Composition Library or

calculated by the Materials Information Processor.'' The user may also choose not to

rely completely on the code to calculate number densities for the various materials and

may enter them directly instead. Each nuclide in the Standard Composition Library is

assigned a unique identification number. These data are used by BONAMI-S and

NTTAWL-S in developing a working cross section library for use by KENO V.a.

BONAMI-S performs resonance shielding through application of the Bondarenko

shielding factor method to all nuclides that have Bondarenko data.' It reads the master

format library and applies the Bondarenko correction factors to all nuclides that have

Bondarenko data. The kinematics of neutron scattering with the resonance nuclide are

explicitly treated.'' Input data to BONAMI-S includes composition of the materials, size,

geometry, and temperature of the unit cell configuration being analyzed. BONAMI-S

produces a master format library which is read by NTTAWL-S.

NITAWL-S applies the Nordheim Integral Treatment to perform neutron cross

section processing for nuclides that have ENDF/B-IV resonance parameter data.'" Input



data for NITAWL-S includes information similar to that required for BONAMI-S which

relates the physical and neutronic characteristics of the unit-cell configuration being

analyzed. NTTAWL-S uses these data to complete processing of the working library

from BONAMI-S. This library is then used by KENO V.a in the calculation of k^ff.

The 27-group ENDF/B-IV master cross section library in SCALE is invoked by

specifying 27GROUPNDF4 for the cross section library name. The 27-group library was

collapsed from the 218-group Criticality Safety Reference Library, which was developed

for the Nuclear Regulatory Commission to utilize all of the general-purpose files in the

ENDF/B-IV data compilation.* Explicit ENDF/B-IV resonance parameters are earned

for resonance nuclides in both the 27-group and 218-group master Ubraries. These

resonance parameters are used by NITAWL-S in the CSASN and CSAS25 control

sequences for calculating problem-dependent, group-averaged cross sections in resonance

regions. The 27-group library does not contain any Bondarenko factors, only resonance

data used by NTTAWL-S.

KENO V.a is a multigroup Monte Carlo computer code used to determine k^ff for

multidimensional systems containing fissionable material." The geometrical bodies

allowed in KENO V.a for defining calculational regions include cuboids, spheres, and

cylinders. Other, slightly more complicated shapes can be represented through other

means. KENO V.a has an enhanced geometry package that allows arrays to be defined

and positioned throughout the model. It also includes a scattering treatment.
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generates printer plots for checking input models, allows supergrouping of energy-

dependent data, and has problem restart capability.

XSDRNPM-S''* is a one-dimensional discrete ordinates transport code for

performing neutron and/or gamma calculations." XSDRNPM-S can be used to weight

cross section libraries according the spatial neutron flux variation in a number of

different ways. These include cell-weighting, zone-weighting, and vein-weighting.'^ In

each of these cases, the reaction rates in the homogeneous mixture created by

XSDRNPM-S are conserved. Executed within the context of CSAS2X control sequence

XSDRNPM-S performs cell weighting based on the materials present and the dimensions

of the fuel-moderator unit cell. The average cross section obtained using the equation

listed below conserves reaction rates of the different materials in the cell. The defining

equation for cell-weighting with input group g and output group G is"®

N
g€G

V
J

where

is the average group g flux in zone j;

^ is the group G average flux;

ffg is the group g cross section of the nuclide;

Wg is the group G average cross section;

Nj is the zone j nuclide number density

V: is the zone j volume
J  •'

V is the total cell volume

N is the cell-averaged number density.



n.2 sr.ATP. Cross Section Processing Primer

Cross section processing using modules as described above is required for

multigroup codes and must be performed accurately if the physics of the problem are to

be adequately reflected. SCALE contains three main options for cross section

processing, one of which is must be specified for a given problem: infinite homogeneous

medium, lattice cell, or multiregion." The purpose of these manipulations is to obtain

problem-dependent group-averaged cross sections for nuclides that have resonance data.

The infinite homogeneous medium approximation (specified as

INFHOMMEDIUM) processes cross sections for a given material or isotope assuming

a spatially uniform flux is present throughout the material which is treated as

dimensionally infinite. The potential scattering cross section for a given resonance

nuclide under these assumptions is defined by'®

a  N-scatCi i

where

(TpD is the resonance correction for nuclide D

is the scattering cross section in the resonance range for the i"* nuclide

Nj is the number density of the i"' component of the mixture

M is the number of components in the mixture

Nd is the number density of the isotope for which is being calculated

10



For a lattice of discrete pieces of material containing a resonance nuclide

(specified as LATTICECELL), cross section processing again assumes a uniform spatial

flux distribution across an infinite, one-dimensional array of fuel-moderator unit cells.

In this case, the a. for the resonance nuclide is calculated according to the following

equation"^

(1-c) a

" i(l+(a-l)c)

where

Tis a geometric factor approximated by 4V/S (S=surface area; V=volume)

c is the Dancoff' factor

a is a parameter to treat the curvature of the piece

This last equation adjusts the cross sections to account for neutron leakage from

one piece of material containing the resonance nuclide and interaction with another piece

of material containing the same nuclide. The MULTIKEGION specification is similar

to that of LATTICECELL with a=l and c=0, which implies no interaction between

pieces, such that the correction factor becomes 1/ 1. It is clear, however, that the

working libraries produced using these three methods will not be the same. The

differences between them are dependent on the degree of heterogeneity and the effect of

the resonance treatment on the problem. It is also clear that any weighting of the cross

11



sections, such as by XSDRNPM-S, is an additional modification of the working cross

section library.

The choice and use of a method is problem dependent and each problem should

be evaluated on the basis of geometry and resonance nuclides present. Failure to process

the cross sections correctly may lead to a poor estimate of neutron absorption in the

resonance region. Subsequent calculation of k^ff in KENO V.a using the working library

produced by BONAMI-S and NTTAWL-S may then be in error (either high or low)

depending on the magnitude of the error in the working library and/or the amount and

type of resonance nuclide present in the problem.

12



Chapter III

Critical Experiments

III.l Rover Experiments

III. La Introduction

The Rover program, as it came to be called, was started during the late 1950s to

provide a means of propulsion for space missions. Out of this program came a design

for a spacecraft engine called the Nuclear Engine for Rocket Vehicle Application

(NERVA). Many variations of the NERVA fuel element were conceived, fabricated, and

tested although the number of each design actually produced fluctuated based on the

adequacy of the design. Regardless of the design, all proposed elements were made from

graphite imbedded with uranium beads, enriched to 93.5 percent and containing

holes that ran throughout their length. During the proposed space mission, liquid

hydrogen, carried in a tank on the spacecraft, would be passed through the fuel element.

As it traveled down the holes within the element, the fuel elements were moderated and

criticality achieved, providing thermal energy to the liquid hydrogen and converting it

into gas. The gaseous hydrogen, thus generated, would be under high pressure and

would exit the end of the fuel element at tremendous velocity, providing propulsion for

13



the spacecraft.

Of the different fuel elements designed and fabricated, the 19-hole, hexagonally

shaped fuel element appeared to be the most promising and thus was subjected to the

greatest number of tests. At least two factories in the United States eventually built these

elements: the Oak Ridge Y-12 Plant and the Westinghouse Astronuclear Laboratory.

The Westinghouse fuel elements were apparently divided into two species designated

NRX-A3 and NRX-A4.'* The differences between them were small and will be

discussed later. In order to ship and to store the fuel elements safely, critical

experiments were performed to determine the number of elements that could safely reside

together and the proper spacing required. These experiments were performed at the Y-

12 Plant in the Critical Experiments Facility (Building 9213) during late 1965 and were

found to be of high enough quality for this validation effort.

Ill.l.b Materials

As stated before, the Rover fuel elements were constructed of graphite which

contained uranium dicarbide beads. This combination of materials was extruded to create

19 holes passing through the length of the element. Impurities in the graphite were

obtained from a sample of a non-uranium loaded element and are given in Table 1.

Other pertinent information about the two types of fuel elements is given in Table 2, with

some of the distinctions elaborated on below. The uranium dicarbide beads were 0.0126

14



Table 1 Graphite Impurities for Rover Elements

Element
microgram/gram (ppm)

Beryllium 0.02

Vanadium
38.0

Aluminum
0.20

Cesium
1.0

Manganese 1.0

Bromine
0.30

Copper 6.0

Molybdenum 8.0

Iron
53.0

Calcium
130.0

Lead
0.80

Silicon
11.0

Boron
0.08

Zinc* 17.0

Cadmium 0.80

Gallium* 2.0

Potassium 86.0

Zirconium 1.0

Barium 14.0

Nickel 18.0

Total
388.20

These elements are not in the 27-group cross section library and are treated as
copper
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Table 2 Characteristics of Rover Fuel Elements

NRX-A3 NRX-A4

Average Uranium Cone, (gm U^'^/cm^) 0.418 0.449

Element Fuel Loading (gm 118.336 123.051

Net Element Volume (cm^) 303.918 294.210

Hole Diameter (cm) 0.244 0.251

Average Length (cm) 132.786 131.785

Overall 90.0 87.0

Average Graphite Content (gm) 544.237 547.061

Average Graphite Density (gm/cm^) 1.791 1.859
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cm in diameter and were randomly distributed throughout the graphite matrix. The

beads were comprised of a tiny diameter uranium sphere (.0076 cm) surrounded by a

very thin pyrolytic carbon coating (.0025 cm). Information of the coating was not

available but was assumed to be roughly the same in composition as the graphite matrix.

The average fuel loading density given was 0.418 g/cm^ for the NRX-A3 and 0.449

g/cm' for the NRX-A4 which computed to an average uranium loading of 118.36 grams

and 123.051 grams of respectively.'* These values compared well with information

with other sources including values for the fuel content of each element reported in the

lab notebook.'''2° The NRX-A3 and NRX-A4 elements were both hexagonal in shape and

were very similar except for the hole sizes and overall length. The approximate

dimensions of the NRX-A fuel element are shown in Figure 1. The number 10 hole, in

the center of the each element, was slightly enlarged at both the top and bottom of the

element as indicated on the drawing. The elements used in the critical experiments were

not completely finished. Niobium plating was added to the elements to retard corrosion

of the graphite by the hydrogen gas, but was not present on the elements used in these

experiments. The length was also slightly different than the specified 132.08 cm (52.00

inches) shown in Figure 1. The NRX-A3 elements averaged 132.786 cm in length, while

the NRX-A4 elements averaged 131.785 cm in length.^" For three of the experiments,

select fuel elements were cut into nominally 7.62 cm segments and were stacked into

38.1 cm pseudo-elements.'*
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For all of the square pitch and a few of the triangular pitch arrays, the fuel

elements were placed in aluminum tubes and sealed with rubber stoppers assumed to be

butyl in composition. The aluminum tubes had an outer diameter of 2.54 cm with a wall

thickness of 0.0889 cm. The tubes were 135.89 cm in length and were assumed to have

an aluminum end cap of 0.3175 cm thickness. The rubber stopper is reported to have

extended about 1.27 cm into the tube, but was modeled as 1.09 cm.'*

Plexiglas was used for strips and templates which maintained the desired element

spacing and also for the table on which the elements rested during the experiment. The

reason for choosing Plexiglas for these kinds of applications is that it is neutronically

very similar to water. The chemical formula and subsequent number density information

for Plexiglas was taken to be identical to that of methyl methacrylate which is the

chemical name for this material.

Water was used to flood the large tank housing the constructed assembly and

provided moderation and reflection for the critical assemblies. A laboratory analysis

performed in late 1965 revealed that the water contained no significant impurities (less

than 1 ppm total). A large, probably carbon steel, tank was used for these experiments.

The composition is unimportant since greater than 30 cm of water was present between

the outer edges of the critical assembly and the tank, neutronically isolating the assembly

from the tank.^'
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III.l.c Configurations

A total of 25 critical assemblies were constructed during this experimental series.

The configurations of the assemblies fall into four categories:

Square pitch lattices, elements in tubes

Triangular pitch lattices, elements in tubes

Triangular pitch lattices, bare elements

Triangular pitch lattices, 38.1 cm long bare elements

Photographs showing a configuration from each of the four major categories are

reproduced as Figures 2-5. Fuel elements were used both in and out of the aluminum

tubes, the latter arrangement allowing water to flood the holes of the element. The exact

arrangment of the fuel elements for each of the 25 critical assemblies is presented in the

Appendix.

The procedure followed in determining the number of fuel elements needed to

achieve critical for a given lattice spacing was as follows. Elements were placed within

the lattice, the number present usually being greater than needed for criticality under

fully flooded and reflected conditions. The tank was then flooded and the assembly

became critical at some water level less than the fully flooded level.

20
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The positive period was measured, indicative of the excess reactivity present, the water

was drained, and one element removed. The assembly was then reflooded and usually

was not completely critical once fully flooded, but the negative period could be

ascertained. Based on the the magnitude of the two periods and the position of the

element removed, an estimate could be made of the size of a "partial" element needed

at that locale to make the assembly critical under fully moderated and reflected

conditions. Location of the partial elements had to be assumed in a few cases and such

assumptions are indicated in the Appendix.

In the square pitch lattice series, surface spacing varied from a minimum of 0.25

cm to a maximum of 2.54 cm. Figure 6 shows how the equipment was arranged for

these experiments with some of the dimensions necessarily assumed. Plexiglas strips of

appropriate thickness were placed between the encased elements at angles of 0 and 90

degrees in separate layers at two different heights along the element to provide stability.

As can be seen in Figure 2 and as shown in Figure 6, aluminum channel pieces were

placed against the outside of the assembly to hold the elements snugly. Although not

clearly visible in Figure 2, the elements stood on a Plexiglas table. The top of the 3.80

cm thick table was approximately 32.3 cm above the bottom of the tank.^"

The second configuration category, triangular pitch with elements in tubes,

utilized Plexiglas spacers as well, but here they were placed at 0, 30, and 60 degree
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angles as is evident in Figure 3. Surface spacing varied between 0.686 cm and 3.033

cm for the seven different configurations. The placement of various materials and their

dimensions, both relative and absolute, is shown in Figure 7. The aluminum channel

pieces were also placed at the three mentioned angles to provide support.

The triangular pitch lattice configurations using bare elements are somewhat

different than the assemblies just described in that they used 1.27 cm thick Plexiglas

templates to achieve the desired fuel element spacing. The materials are arranged as

shown in Figure 8. Surface spacing between the elements ranged between 0.508 cm and

2.769 cm.

Plexiglas templates were used at five different elevations for the 38.1 cm long

pseudo-element configurations. The fuel elements cut into the 7.62 cm sections and used

for this series were apparently more heavily loaded than those used for the other

experiments. The top of the Plexiglas table was somewhat different than previous

experiments. Again, 1.27 cm thick Plexiglas templates, one every 7.62 cm (total of

five), were used to achieve element spacing and to hold the small fuel element sections

in place. Figure 9 shows how the various materials were arranged for this particular set

of experiments.
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III.2 Hnnevcomb Experiments

III.2.a Introduction

The Honeycomb experiments were performed at the Pajarito site of Los Alamos

National Laboratory during late 1957. The apparent purpose for constructing this set of

critical assemblies seems to have been to establish minimum critical masses for graphite

moderated and reflected systems at numerous high C/U ratios. Also, based on the

relatively small amount of uranium present in the assemblies and the large core volumes,

the experiments may have been aimed toward low uranium density studies. The true

purpose behind these experiments may have been lost over the 35 years that have passed

since they were performed, but the information available from them remains

unduplicated.

III.2.b Materials

The apparatus used to construct the critical assembly was the Honeycomb split-

table machine. The Honeycomb machine consists of a 24 x 24 array of 7.62 cm square

(outer dimensions) aluminum tubes that are divided at the center, each half approximately

91.44 cm in length. The wall thickness of the aluminum tubes is 0.1194 cm. A picture

of the machine is shown in Figure 10. Materials are inserted into the two faces of the

machine, except for the "control rods"', actually, fuel rods that are slowly inserted
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to attain criticality, which enter from the back of the machine. Once all of the materials

are inserted, the movable half of Honeycomb is rolled toward and eventually meets the

other, fixed half. Reactivity is then added through insertion of the control rods until a

small, positive period is obtained.

Uranium foils were interleaved with graphite blocks to form fiiel tubes.

Moderator tubes, comprised of a single graphite block (7.303 cm square), were stacked

around the fuel tubes to form a checkboard pattern which is evident in Figure 11. Each

of the uranium foils weigh 7.43 grams, of which .35 grams is Teflon coating added to

retard oxidation. The foils are .00254 cm in thickness, 7.303 cm in width, and 19.05

cm in length. Visual inspection of the foils at the Pajarito site confirmed the width

which had been previously reported as 7.112 cm.^^ The foils are enriched to 93.2

percent in (6.8 weight percent U^^). The chemical formula for Teflon was taken

to be C2F4, with an assumed density of 2.2 g/cm\

The graphite used in these experiments is identified as grade CS-312 graphite, a

material commonly used during that period in neutronic applications and typically

referred to as reactor grade graphite. It was not possible to conduct lab tests on this

graphite, partly because one could not be sure that a sample selected from the storeroom

for tests was the correct material used in these experiments. Another problem is that

impurities found by such lab tests might be due to materials the graphite had come in
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contact with over its long and probably varied history. However, accurate impurity

information and other pertinent data concerning the graphite was located and is presented

in Table The graphite blocks used in the fuel tubes varied in thickness as required

to obtain an overall height of 7.303 cm (less for some experiments) and was also 7.303

cm in width, but measured 20.32 cm in length, slightly longer than the uranium foils.

Graphite blocks used in moderator and reflector tubes were 7.303 cm square and 20.32

cm in length, except for those tubes which reflected the faces of the assembly which

were 30.48 cm in length. Each critical assembly had 30.48 cm of graphite as a reflector

on each of the six faces.^"

No information is available for the aluminum tubes of which the Honeycomb

machine was constructed. Therefore, pure aluminum at standard density is assumed.

III.2.C Configurations

A total of six experiments were performed in this series, two of which have not

been previously reported in detail. The other four have been previously reported,^^ but

the information published generally did not reflect the configurations recorded in the

experiment logbook.^^ Each of the six configurations are presented in the Appendix.

The actual C/U ratios of the critical assemblies ranged from 2840 to 6680. The

number of uranium foils in a fuel tube varied between one and four and all configurations
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Table 3 Honeycomb Graphite Information

Graphite Density 1.67 g/cm

Graphite Grade CS-312

Graphite Impurities^ EEfll

Iron

Calcium

Titanium

Aluminum

Total

320

Vanadium

116

60

350

Boron (natural)

896.3

Values taken from Reference 23
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contained at least two different type of fuel tubes. The fuel tubes in two of the critical

assemblies had an additional gap at the top and were tagged as "low density"

experiments. As mentioned before, diagrams of the critical configurations are presented

in the Appendix along with necessary information for KENO V.a model construction.
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Chapter IV

Calculational Models

IV. 1 Rover Models

IV. La KENO Model Description

The KENO V.a models developed for the Rover critical assemblies directly reflect

the actual configuration in almost every aspect. This is only possible because of the

great detail in which the experimental data was recorded in the experimenter's logbook.

The KENO V.a models of the critical assemblies are constructed as arrays of individually

modeled fuel elements. The basic procedure is to construct a fuel-moderator cell sized

according to pitch for each type of element (A3, A4, and partial) in the critical assembly

starting with the very bottom of the element where the number 10 hole is enlarged and

progressing in numerous axial levels up the element as shown in Figure 12. Each axial

level is constructed as a cuboid and, to form the entire fuel element, the different levels

are stacked in proper order. By using appropriate axial resolution, ev^y significant

detail of the fuel element, as well as other details such as Plexiglas spacers, the

aluminum tube end cap and rubber stopper, and proper air gaps (for fuel elements which

were in tubes) could be modeled. After the fiiel elements are properly modeled, the

elements can then be placed in another array according to the configuration presented in
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the logbook. Lastly, the Plexiglas table and water are modeled as cuboids that support

the array and surround the critical assembly model, respectively. The tank is not

modeled due to the thickness of the water reflector which effectively isolated the

assembly. Since in each of the critical assemblies the elements do not overlap, model

construction is possible using simple bodies such as cylinders and cuboids without using

the HOLE option in KENO to place the individual elements, although the HOLE option

is used to place the holes within each element. The KENO V.a input presented in the

Appendix is not overkill but rather a testimony to the completeness of the records kept

on the Rover critical experiments.

IV.l.b Assumptions and Approximations

Code limitations led to the necessity of a few assumptions while practical

considerations and the limited knowledge about some aspects of the experiments or fuel

elements led to others. Since hexagonal geometries cannot be modeled in KENO, the

fuel element is approximated as an equivalent volume cylinder. The error thus

introduced is small, resulting in a maximum dimensional discrepancy (the point where

the the difference between the edge of the hexagon and that of the cylinder is greatest)

of about. 127 cm. The original coordinates for each of the 19 holes are maintained for

the cylindrical approximation.
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Another approximation was to assume the uranium within the element is

homogeneously distributed throughout the graphite matrix and that each of the fuel

elements belonging to one of the two categories used in this set of experiments contained

equal amounts of uranium. The first assumption was necessary since, obviously, the

exact location of the uranium dicarbide beads within an element could not be known due

to the random nature of the fabrication procedure. However, since each element

contained around 20 - 30 million such beads, the approximation is technically justified.

The second assumption resulted from lack of information about the uranium loading of

each individual fuel element. The elements were already segregated into two categories

based partially on uranium loading, so one would expect fluctuations in that parameter

to be relatively minor due to strict manufacturing tolerances. This was in fact the case,

since the fuel elements used in these experiments (both NRX-A3 and NRX-A4) contained

a minimum of 114 grams and a maximum of 129 grams of The partial elements

were modeled as simple cylinders containing the amount of required to match the

reported critical mass while maintaining the correct C/U^^ ratio.

The Plexiglas spacers, located at 30 and 60 degree angles with respect to the

critical assembly in the triangular pitch lattices with the elements in tubes, could not be

explicitly modeled in KENO V.a. The spacers were thus volume averaged with water

in regions where Plexiglas was present as an approximation to the actual configuration.

Also, the aluminum channel pieces placed at 30 and 60 degree angles were homogenized

with water and placed against rows of elements at appropriate axial locations. In other
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places where the aluminum channel pieces were placed at 0 or 90 degree angles, they

were approximated using a 0.3175 cm thick aluminum plate of the same height. Under

this approximation, also used in the square pitch lattice models, the other side and bottom

of the channel were discarded. These methods are the only reasonable avenues to deal

with the aluminum channel pieces short of completely ignoring them, but due to the small

dimensions involved, the error introduced is assumed to be negligible.

IV.l.c Cross Section Processing

Because the arrangement of fuel elements in these critical experiments were either

square or triangular pitch lattices, choice of a cross section processing method was

relatively straight-forward. For each critical assembly calculation, the LATTICECELL

specification, discussed in Section n.2, was used. Cross sections thus processed include

a geometric correction for neutrons escaping the fuel element and interacting with

neighboring elements. Additional information indicated whether the lattice being

calculated was square or triangular pitch, the spacing of the elements, and whether an

aluminum tube was present.

Since the fuel element contained holes, direct use of the CSAS25 control sequence

for cross section processing was not considered strictly correct since the number densities

of the nuclides present in the fuel element were effectively reduced. To address this

situation, the holes were smeared into the fuel element to create a homogeneous
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cylindrical element with appropriately reduced number densities. Cross section

processing was then accomplished using the CSASN sequence. Correct number densities

for the materials were then entered separately for the KENO V.a calculation which called

for the cross section library written by the CSASN sequence.

The Plexiglas regions were modeled as water for cross section processing since

they comprised only a small axial portion (7.7 percent of the total height) of the unit cell

region and because Plexiglas is neutronically similar to water.

IV.l.d Additional Modeling Studies

The initial impression upon reviewing this set of experiments is that they could

be represented neutronically as homogeneous systems, i.e., the assemblies do not display

appreciable spatial variation in the neutron flux. To determine if this indeed was the

case, three critical assemblies, both square and triangular pitch, were homogenized. The

homogenization maintained the same C/U^^^, and other atomic ratios found in the

actual critical experiments. The cross sections were then processed in three separate

ways and k^ff of the homogenized assemblies calculated using KENO V.a;

Case 1; This method produces cross sections that do not have geometric or cell-

weighting corrections. CSAS25 was executed using the INFHOMMEDIUM

specification and homogenized number densities. The cross sections were
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processed without cell weighting by XSDRNPM-S or geometric corrections

typical of lattice cell problems.

Case 2: This procedure incorporated lattice cell geometric corrections in the

cross section processing, but did not use cell weighting of the cross sections.

CSASN was executed using the LATTICECELL specification. Number densities

used were based on an average uranium content of the fuel elements and

maintained specific material regions as used in calculation of the actual critical

assembly (Section IV.l.c). Homogenized number densities were then used by

KENO V.a in calculation of k^ff.

Case 3: Use of this method not only cell weights the cross sections, but also

incorporates the geometric correction of the lattice problems. CSAS2X, which

uses XSDRNPM-S to cell weight the cross sections according to the fuel-

moderator unit cell configuration, was chosen and LATTICECELL was specified

for cross section processing. Number densities used here are the same as Method

2. However, for the KENO V.a calculation, the number densities are

homogenized by SCALE to form what is designated as mixture 500.

As an additional exercise, the heterogeneous critical assembly models for the three

cases used above were rerun using the INFHOMMEDIUM specfication. Results of these

cases would show the effect of the geometric correction incurred by using
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LATTICECELL. Results of ail these additional cases are presented in Chapter V.

IV.2 Honeycomb Models

IV.2.a KENO Model Description

The KENO models for this set of experiments are very detailed and represent the

exact configuration recorded in the experimental logbook. All of the geometric bodies

are cuboids (graphite blocks, uranium foils, aluminum tubes) and are easily modeled in

KENO V.a. The fiiel and moderator tubes are comprised of 20,32 cm long sections.

These sections are built starting with one of the foils, adding graphite blocks and more

foils (if present) until the fuel tube is accurately represented, and then adding the void

space and aluminum tube. The uranium foils are assumed to be centered over the

graphite blocks. Next, the 20.32 cm sections are stacked end-to-end (inward from the

face of the machine) until a complete tube is modeled, including the graphite reflector.

The different tubes are placed in arrays modeling vertical rows of tubes which are then

stacked horizontally to form the complete critical configuration. Both moderator and

reflector graphite tubes are modeled in the same way but lacked the diversity of regions

in the fuel tubes. Details necessary for the construction of KENO V.a models are shown

in the Appendix.
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IV.2.b Assumptions and Approximations

Very few approximations were necessary since geometric information was

available. Some of the dimensions, however, are either inconsistent or missing entirely.

In these cases, values were assumed based on trends seen in the other cases. Each of the

uranium foils were coated with a thin layer of teflon. This coating was uniformly

smeared into the foil, since explicit modeling was not practical due to its thinness.

rv.2.c Cross Section Processing

None of the critical assemblies had standard SCALE fuel-moderator unit cell

configurations. Therefore, different representations were used in cross section processing

and the resultant effect on Kn calculated by KENO V.a was evaluated by comparing

results of the different cases. One critical assembly was chosen for this study and the

results assumed to apply to each of the six since they are all very similar.

One method of cross section processing is to treat the unit cell as a slab geometry

with moderator regions surrounding it. Both the minimum and maximum distances

between foils, based on dimensions from the critical assembly, were used in the CSASN

sequence to obtain minimum and maximum Dancoff factors, respectively, which were

input to separate KENO V.a problems in the MORE DATA field. The cross section

libraries written by the CSASN sequence are used in the KENO V.a catenations along
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with the Dancoff factor information.

Another approximation for cross section processing involves homogenizing a set

of fuel and moderator tubes in a manner that maintains the overall C/U ratio in the core

of the critical assembly and using the INFHOMMEDIUM specification. No geometric

corrections were applied to the cross sections in this method, but a good indication of the

neutron flux is obtained since the uranium and graphite are smeared together into a

solution type mixture. Correct number densities for each of the materials are then

entered into KENO V.a for calculation of keff.

Finally, the INFHOMMEDIUM specification was used in the CSAS25 sequence

with correct number densities for each of the materials used in BONAMI-S, NITAWL-S,

and KENO V.a. The materials retain their discreteness in this method and no geometric

corrections for heterogeneity are applied.

IV.2.d Additional Modeling Studies

The additional modeling studies performed for the Honeycomb experiments were

homogenization of the critical assemblies. For these cases, values had been reported

based on self-shielding corrections. The core was smeared into a homogeneous mixture

which was treated as an infinite homogeneous medium for the cross section processing.

The graphite reflector regions maintained their heterogeneity for these problems.
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Chapter V

Results

V.l Rover Results

The results of the twenty-five calculations of the Rover critical experiments using

the heterogeneous models and LATTICECELL specification are listed in Tables 4 and

5 for the IBM 3090 and HP Workstation platforms, respectively. The values of keff are

generally high, ranging from 1.0012 +/- .0026 to 1.0245 -I-/- .0023. Most of the higher

calculated k^ff values are obtained for the triangular-pitched lattice exp«iments with the

elements in the aluminum tubes. There is no explanation for this, since the same

procedure in setting up the problems is used for all assemblies. There does seem to be

a small, positive bias in the k^ff results that would need to be accounted for in setting of

safety criteria. The IBM 3090 and HP Workstation results are in good agreement on

most of the cases, although there are a few where the differences are slightly greater than

two standard deviations. The Average Energy Group (AEG) Causing Fission indicates

the critical assemblies are neutronically thermal, depending on low-energy neutrons for

the bulk of fissions. A graphical representation of the results is given in Figures 13 and

14 which plot k,,ff as a function of AEG. The data seems to trend upward with increasing

AEG, but the difference in the endpoints of the least-squares fit line is only about 0.006,

or roughly two standard deviations of a typical calculation. This is not statistically
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significant and does not conclusively indicate a trend in kjff as a function of AEG.

The additional modeling studies performed to determine if the Rover critical

assemblies could be treated as homogeneous yielded some rather interesting results. The

three cases picked for homogenization were

square pitch, elements in tubes, pitch = 2.794 cm

triangular pitch, elements in tubes, pitch = 5.563 cm

triangular pitch, bare elements, pitch = 4.140 cm

The resulting k^ff values for these cases, using the various methods described in

Section IV.l.d, are shown in Table 6. An explanation of the effects of the various

treatments is given below.

Several things are evident from examining Table 6. The first is that cross

sections processed using the LA'TllCECELL specification and thus adjusted using a

geometric correction yield results basically identical to cases using the

INFHOMMEDIUM specification in cross section processing. This is true for Methods

1 and 2 using a homogenized mixture as well as for the two explicit cases listed at the

bottom of Table 6. The resonance cross sections are indeed different for these cases, but

the amount of resonance material in the core, primarily, is simply not large enough

to affect the calculation of k^ff.

55



Ta
bl

e 
6
 S
u
m
m
a
r
y
 o
f 
Ad
di
ti
on
al
 R
o
v
e
r
 S
tu
di
es

Cr
os

s-
Se

ct
io

n 
T
r
e
a
t
m
e
n
t
*

C
a
s
e

Sq
ua

re
 P
it
ch
 (
2.
79
4 
c
m
)

Tr
ia

ng
ul

ar
 P
it
ch
 (
5.
56
3 
c
m
l

Tr
ia
ng
ul
ar
 P
it
ch
 (
4.
14
0 
c
m
l

C
a
s
e
 I

1
.
0
5
2
2
 +
/
-
 .
0
0
3
0

1
.
2
9
0
2
 +
/
-
 .
0
0
2
1

1
.
1
7
4
9
 +
/
-
 .
0
0
2
9

C
a
s
e
 2

1
.
0
4
9
4
 +
/
-
 .
0
0
3
2

1
.
2
8
2
7
 +
/
-
 .
0
0
2
2

1
.
1
7
0
1
 +
/
-
 .
0
0
2
7

C
a
s
e
 3

1
.
0
2
8
8
 +
/
-
 .
0
0
4
0

1
.
0
1
9
0
 +
/
-
 .
0
0
2
4

1
.
0
1
8
2
 +
/
-
 .
0
0
3
3

He
te
ro
ge
ne
ou
s 
mo
de
ls
, 
in

fi
ni

te
ho
mo
ge
ne
ou
s 
ap
pr
ox
im
at
io
n

1
.
0
1
2
0
 +
/
-
 .
0
0
3
5

1
.
0
1
8
0
 +
/
-
 .
0
0
2
4

1
.
0
0
4
7
 +
/
-
 .
0
0
2
6

He
te
ro
ge
ne
ou
s 
mo
de
ls
, 
la

tt
ic

e
ce
ll
 (
fr

om
 T
ab
le
s 
4
 a
nd
 5
)

1
.
0
0
8
3
 +
/
-
 .
0
0
3
0

1
.
0
0
8
8
 +
/
-
 .
0
0
3
2

1
.
0
1
5
5
 +
/
-
 .
0
0
2
3

1
.
0
2
4
5
 +
/
-
 .
0
0
2
3

1
.
0
1
0
4
 +
/
-
 .
0
0
2
3

1
.
0
0
7
1
 +
/
-
 .
0
0
2
6

U
s
e
d
 w
it
h 
Ho

mo
ge

ne
ou

s 
K
E
N
O
 V
.a
 M
od
el
s



On the other hand, the differences in k,,ff using either Method 1 or 2 versus the

results calculated using Method 3, where the cross sections are cell weighted by

XSDRNPM-S, shows that spatial variation in the neutron flux, present in the actual

critical assembly, is the primary factor of importance for these cases. R^ardless of the

cross section processing treatment chosen, unless the reaction rates of the materials are

conserved during homogenization of the critical assembly, the calculated k^ff obtained

from KENO V.a is incorrect when compared to the actual experiment. These results

show that spatial variation in neutron flux due to the fuel-moderator unit cell arrangement

is present in the Rover critical assemblies and that they cannot be considered

homogeneous from a neutronic point of view.

V.2 Honevcomb Results

Results of calculations for the Honeycomb critical experiments are shown in Table

7 and graphed as a function of AEG in Figures 15 and 16. The keff values from both

computational platforms range between 0.9746 +/- .0028 and 0.9983 -S-/- .0027.

As can be seen, all of the results are slightly below 1.00, indicative of a small,

negative bias. The actual k^ff for each critical assembly, based on excess reactivity

figures given in the logbook, is also given in Table 7. The least squares fit of the data,

shown in Figures 15 and 16, shows an apparent upward trend in k^ff with increasing AEG

and, since the difference in the end points of the line are 0.10 (approximately 4 standard
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deviations of a typical calculation), the data can be concluded to trend upward with

increasing AEG.

Several cross section processing options were used for these experiments since

none of the fuel-moderator unit cell arrangements are standard SCALE configurations.

Depending on the method used, the absorption cross section for U^*, the only resonance

absorber present in any quantity, varied from 8 bams to 267 bams. The large difference

in these two values demonstrates that the various methods of cross section processing

yield quite dissimilar results for the working library. However, regardless of the method

used, the calculated k^ff values showed no statistically significant differences. It is felt

that homogenization of fuel and moderator tubes at the same C/U ratio as the overall

core is the best model to use for cross section processing since the neutron energies

present during the resonance treatment would be similar to those near the uranium foils.

Another advantage is the consistency such an approach achieves.

All six of the Honeycomb critical assemblies were homogenized and the k^ff of the

resultant mixture determined using KENO V.a. The calculated values of k^ff are fairly

close to those of the experiment, as shown in Table 7, indicating that the critical

assembly could be treated as a neutronically homogeneous system.
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Chapter VI

Summary

VI. 1 Conclusions

The objective of this work is to validate KENO V.a using the 27-group ENDF/B-

IV cross section library for two categories of systems: those containing highly-enriched

uranium, carbon, and hydrogen, and those containing highly-enriched uranium and

carbon at high C/U ratios. This validation has been performed for two computational

platforms, an IBM 3090 mainframe computer and an HP 9000 model 730 workstation.

The Nuclear Criticality Safety Software (NCSS)^ code package is installed on both

machines and is the code package used in this validation study. Another important aspect

of this work is to document the critical experiments performed in support of the Rover

program and the experiments performed on the Honeycomb machine. These two sets of

experiments form the basis for this validation effort.

All available information from both sets of critical experiments has been reported

in a manner that will enable others to model these critical assemblies and use them for

their own validation exercises. Material information, accurate placings of fuel elements

and uranium foils, and other vital data have been presented.
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Results from calculations of the Rover criticals indicate good agreement with the

experiments using the heterogeneous models. There is a small positive bias in the results

that ranges up to 2.5 percent in keff- Spatial variation in neutron flux between fuel

elements is evident from additional modeling studies based on homogenizing the entire

assembly since the results from this exercise do not agree with those from the

heterogeneous cases. The critical assembly configurations are either square or triangular

pitch lattices, which are standard SCALE unit cell arrangements, so that cross section

processing was straight-forward. Every attempt was made in this endeavor to model the

actual experimental configuration and materials as accurately as possible and in most

instances this meant constructing KENO models of excrutiating detail. However, it was

deemed necessary to do this in order to eliminate modeling bias as a source of error and

inconsistency in the calculations. Therefore, these results represent a best estimate of

the critical assembly.

Results from calculations of the Honeycomb experiments show a n^ative bias up

to around 3 percent in The neutron flux across these critical assemblies is more

uniform since homogenization changes k^fj only slightly. Several cross section processing

options were used in these calculations since none of the assemblies allowed the use of

standard SCALE unit cell arrangement options. MULTIREGION representation was not

used because it was clearly not applicable. Regardless of the method of processing, the

answers are statistically equivalent.
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Specifying safety criteria using this information is not attempted in this thesis.

The procedures used to derive such information as subcritical limits, bounds for

calculations, and other parameters are facility specific, with no one method having

distinct advantages over others. However, the heterogeneous models developed in this

validation study have been shown to compare favorably with the actual critical

experiments and, therefore, establishment of safety criteria should be based on results of

the heterogeneous cases.

VI.2 Recommendations

As a result of this effort, several recommendations for future work can be made.

First, with regard to the Rover experiments, critical experiments are needed involving

highly-enriched uranium, carbon, and hydrogen which behave as neutronically

homogeneous systems. It is obvious from this validation effort that the Rover

experiments do not fit into this category. The current interpretation of "Range of

Applicability"^ would not permit the Rover experiments to be extended to homogeneous

systems. This recommendation will be rather hard to accomplish since all but one

critical experiments facility (Pajarito site at Lx)s Alamos) are shut down. However, a

recent Defense Nuclear Safety B(^d Recommendation (93-2) emphasizes that more

critical experiments are needed to support criticality safety activities and analyses,

especially since the thrust of such analyses is tending more toward decontamination and

decommissioning work. The climate resulting from the DNFSB recommendation is
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favorable for conducting additional critical experiments and, hopefully, mixtures

containing the three constituents indicated above will be high on the priority list.

Another piece of work that could be done with existing Rover experiment data would be

to investigate the effect of different cross section sets on the calculated values. It is

possible that the new 44-group or the 123-group cross section libraries may yield answers

closer to a k^ff of 1.0. Along similar lines, the Rover experiments could also be modeled

in MCNP or MONK, two other popular criticality analysis codes, which can represent

the hexagonal fuel elements exactly without incurring the minor geometry approximations

necessary in KENO V.a. Both MCNP and MONK use continuous energy cross section

libraries which allows the analyst to avoid some of the cross section processing

approximations necessary when using multi-group codes such as KENO V.a.

Future work involving Honeycomb experiment data should focus initially around

using different cross section libraries in calculation of kj^. It is not clear whether certain

cross section libraries have better carbon scattering kernel models than others, but since

the CS-312 graphite is relatively pure, a small improvement in the scattering treatment

for carbon may yield answers much closer to k^ff of 1.0. Another area for consideration

is performance of additional critical experiments at high C/U ratios. These six

experiments are apparently the only ones ever performed for this range of C/U ratios.

Alternatively, a more complete search of critical experiment data, including primarily

classified experiments, may yield some more data that would augment the Honeycomb

information.

65



List of References



1. "SCALE; A Modular Code System for Performing Standardized Computer Analysis
for Licensing Evaluation", Vols. 1-3, NUREG/CR-02(X). U.S. Nuclear Regulatory
Commission, January, 1990.

2. "Energy Systems Nuclear Criticality Safety Software Users Manual", K/ESH-4.
September, 1992, Martin Marietta Energy Systems, Inc., Oak Ridge, TN.

3. American National Standard "Nuclear Criticality Safety in Operations with
Fissionable Material Outside Reactors", ANSI/ANS-8.1-1983 (reaffirmed 19881.
American Nuclear Society, La Grange Park, XL.

4. M.E. Easter, "Validation of KENO V.a and Two Cross Section Libraries for
Criticality Calculations of Low-Enriched Systems", ORNL/CSD/TM-223. July, 1985.

5. J.R. Knight, "Validation of KENO V.a for Highly-Enriched Uranium Systems",
ORNL/CSD/TM-221. November, 1984.

6. W.C. Jordan, N.F. Landers, L.M. Petrie, "Validation of KENO V.a Comparison
with Critical Experiments", ORNL/CSD/TM-238. December, 1986.

7. A.M. Hathout, R.M. Westfall, H.L. Dodds, "Validation of Three Cross Section
Libraries Used with the SCALE System for Criticality Safety Analysis",
ORNL/CSD/TM-19. June, 1981.

8. C. V. Parks, "Summary Description of the SCALE Modular Code System",
NUREG/CR-5033. U.S. Nuclear Regulatory Commission.

9. "SCALE: A Modular Code System for Performing Standardized Computer Analysis
for Licensing Evaluation", Vol. 2, Section Fl, NUREG/CR-Q2(X). U.S. Nuclear
Regulatory Commission, January, 1990.

10. "SCALE: A Modular Code System for Performing Standardized Computer Analysis
for Licensing Evaluation", Vol. 2, Section F2, NUREG/CR-0200. U.S. Nuclear
Regulatory Commission, January, 1990.

11. "SCALE: A Modular Code System for Performing Standardized Computer Analysis
for Licensing Evaluation", Vol. 2, Section Fll, NUREG/CR-0200. U.S. Nuclear
Regulatory Commission, January, 1990.

12. "SCALE: A Modular Code System for Performing Standardized Computer Analysis
for Licensing Evaluation", Vol. 2, Section M8, NUREG/CR-0200. U.S. Nuclear
Regulatory Commission, January, 1990.

67



13. "SCALE: A Modular Code System for Performing Standardized Computer Analysis
for Licensing Evaluation", Vol. 2, Section M7, NUREG/CR-Q200. U.S. Nuclear
Regulatory Commission, January, 1990.

14. "SCALE: A Modular Code System for Performing Standardized Computer Analysis
for Licensing Evaluation", Vol. 2, Section F3, NUREG/CR-0200. U.S. Nuclear
Regulatory Commission, January, 1990.

15. N. Maurice Greene, Personal Communication, October 21, 1993.

16. N.F. Landers, L.M. Petrie, "Uncertainties Associated with the Use of the KENO
Monte Carlo Criticality Codes," Proceedings of the American Nuclear Societv Nuclear
Criticalitv Safety Tonical Meeting. San Francisco, California, November, 1989.

17. S.M. Dancoff, M. Ginsburg, "Surface Resonance Absorption in a Close-Packed
Lattice," CP-2157. September, 1944.

18. E. B. Johnson, E. C. Crume, "Criticality Safety Studies for Rover Reactor Fuel
Elements", nRNT.-TM-1704. December, 1966.

19. Westinghouse Electric Corporation, "Reactor Analysis Data for NRX-A Reactors ,
WANL-TME-840. July, 1964.

20. Oak Ridge National Laboratory Experiment Notebook 5297.

21. J.T. Thomas, Ed., "Nuclear Safety Guide/TID-7016/Revision 2," NUREG/CR-
0095, U.S. Nuclear Regulatory Commission, June 1978.

22. C. Byers, H. Iskenderian, "Physics Calculations on Four Los Alamos Graphite
Moderated Critical Assemblies", June 1958.

23. The Industrial Graphite Engineering Handbook. Union Carbide Corporation, New
York, 1970.

24. H. L. Reynolds, "Critical Measurements and Calculations for Enriched-Uranium
Graphite-Moderated Systems", UCRL-5175. March 1958.

25. C. C. Byers, Personal Communication

68



Appendix



4

3 - NRX-A3 Element
4 - NRX-A4 Element

P - Partial Element

E - Empty Aluminum Tube (used for support)

Lattice Type: Square-Pitch
Array Pitch (cm): 2.79
Critical Mass (kg U^^): 13.93
Mass of Partial Element (g U^^^): 0.29

Figure A1 Rover Critical Configuration
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4

4

3 - NRX-A3 Element

4 - NRX-A4 Element

P - Partial Element

E - Empty Aluminum Tube (used for support)

Lattice Type: Square-Pitch
Array Pitch (cm): 3.05
Critical Mass (kg U^^): 9.55
Mass of Partial Element (g U^^^): 0.0

Figure A2 Rover Critical Configuration
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3 - NRX-A3 Element

4 - NRX-A4 Element

P - Partial Element

E - Empty Aluminum Tube (used for support)

Lattice Type: Square-Pitch
Array Pitch (cm): 3.30
Critical Mass (kg U^^^): 7.90
Mass of Partial Element (g U^^): 5.40

Figure A3 Rover Critical Configuration
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4

3 - NRX-A3 Element

4 - NRX-A4 Element

P - Partial Element

E - Empty Aluminum Tube (used for support)

Lattice Type: Square-Pitch
Array Pitch (cm): 3.56
Critical Mass (kg U^^^): 6.84
Mass of Partial Element (g U^^): 15.15

Figure A4 Rover Critical Configuration
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4) @ (^4

3 - NRX-A3 Element

4 - NRX-A4 Element

P - Partial Element

E - Empty Aluminum Tube (used for support)

Lattice Type: Square-Pitch
Array Pitch (cm): 3.81
Critical Mass (kg U^^^): 6.39
Mass of Partial Element (g U^^^): 33.77

Figure A5 Rover Critical Configuration
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4 ) @ (4

0 (E) (P) (4) (4) (3

4) 0 (4

3 - NRX-A3 Element

4 - NRX-A4 Element

P - Partial Element

E - Empty Aluminum Tube (used for support)

Lattice Type: Square-Pitch
Array Pitch (cm): 4.06
Critical Mass (kg U^^^): 6.27
Mass of Partial Element (g U^^): 32.11

Figure A6 Rover Critical Configuration

75



3) 0 (4) (4) (4) (4) [A) (,3

0 0 (4) (4) (4) (4j (4J (^4

3) 0 0 0 0 0 (.4M3
4) 0 (4

3 - NRX-A3 Element

4 - NRX-A4 Element

P - Partial Element

E - Empty Aluminum Tube (used for support)

Lattice Type: Square-Pitch
Array Pitch (cm): 4.32
Critical Mass (kg U^^^): 6.45
Mass of Partial Element (g U^^^): 93.77

Figure A7 Rover Critical Configuration
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4) Q) (4

3 - NRX-A3 Element

4 - NRX-A4 Element

P - Partial Element

E - Empty Aluminum Tube (used for support)

Lattice Type: Square-Pitch
Array Pitch (cm): 4.57
Critical Mass (kg U^^): 6.96
Mass of Partial Element (g U^^^): 12.09

Figure A8 Rover Critical Configuration
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3 - NRX-A3 Element

4 - NRX-A4 Element

P - Partial Element

E - Empty Aluminum Tube (used for support)

Lattice Type: Square-Pitch
Array Pitch (cm): 4.83
Critical Mass (kg U^^): 8.04
Mass of Partial Element (g U^^^): 27.07

Figure A9 Rover Critical Configuration
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3 - NRX-A3 Element

4 - NRX-A4 Element

P - Partial Element

E - Empty Aluminum Tube (used for support)

Lattice Type: Square-Pitch
Array Pitch (cm): 5.08
Critical Mass (kg U^^): 9.24
Mass of Partial Element (g U^^^): 43.72

Figure AlO Rover Critical Configuratioii
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3) _ ^ (4) _ (3) _ (3

3 - NRX-A3 Element

4 - NRX-A4 Element

P - Partial Element (Location Assumed)

Lattice Type: Triangular-Pitch (elements in tubes)
Array Pitch (cm): 3.23
Critical Mass (kg 9.93
Mass of Partial Element (g U^^^): 42.56

Figure All Rover Critical Configuration
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3 - NRX-A3 Element
4 - NRX-A4 Element
P - Partial Element (Location Assumed)

Lattice Type: Triangular-Pitch (elements in tubes)
Array Pitch (cm): 3.81
Critical Mass (kg U^^): 6.66
Mass of Partial Element (g U^^^): 95.40

Figure A12 Rover Critical Configuration
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3 - NRX-A3 Element
4 - NRX-A4 Element
P - Partial Element (Location Assumed)

Lattice Type: Triangular-Pitch (elements in tubes)
Array Pitch (cm): 4.11
Critical Mass (kg U^^): 6.30
Mass of Partial Element (g U^^^): 90.40

Figure A13 Rover Critical Configuration
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3 - NRX-A3 Element

4 - NRX-A4 Element
P - Partial Element

Lattice Type: Triangular-Pitch (elements in tubes)
Array Pitch (cm): 4.39
Critical Mass (kg U'^'): 6.24
Mass of Partial Element (g U^^): 30.40

Figure A14 Rover Critical Configuration
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3 - NRX-A3 Element

4 - NRX-A4 Element

P - Partial Element

Lattice Type: Triangular-Pitch (elements in tubes)
Array Pitch (cm): 4.70
Critical Mass (kg U^^): 6.45
Mass of Partial Element (g U^^): 3.73

Figure A15 Rover Critical Configuration
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(7) (7)^ (*) _ (4

3 - NRX-A3 Element

4 - NRX-A4 Element

P - Partial Element

Lattice Type: Triangular-Pitch (elements in tubes)
Array Pitch (cm): 5.28
Critical Mass (kg U^^): 8.16
Mass of Partial Element (g U^^^): 28.74

Figure A16 Rover Critical Configuration
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3)

3 - NRX-A3 Element

4 - NRX-A4 Element

P - Partial Element

Lattice Type: Triangular-Pitch (elements in tubes)
Array Pitch (cm): 5.56
Critical Mass (kg U^^): 10.26
Mass of Partial Element (g iP^): 0.0

Figure A17 Rover Critical Configuration
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3 - NRX-A3 Element

4 - NRX-A4 Element

P - Partial Element (Location Assumed)

Lattice Type: Triangular-Pitch (bare elements)
Array Pitch (cm): 2.51
Critical Mass (kg IP^): 7.80
Mass of Partial Element (g U^^^): 28.46

Figure A18 Rover Critical Configuratioii
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3 - NRX-A3 Element

4 - NRX-A4 Element

P - Partial Element

Lattice Type: Triangular-Pitch (bare elements)
Array Pitch (cm): 3.12
Critical Mass (kg U^^^): 5.30
Mass of Partial Element (g U^^^): 13.51

Figure A19 Rover Critical Configuration
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3 - NRX-A3 Element

4 - NRX-A4 Element

P - Partial Element

Lattice Type: Triangular-Pitch (bare elements)
Array Pitch (cm): 3.73
Critical Mass (kg U^^): 4.84
Mass of Partial Element (g U^^^): 41.0

Figure A20 Rover Critical Configuration
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3 - NRX-A3 Element

4 - NRX-A4 Element

P - Partial Element

Lattice Type: Triangular-Pitch (bare elements)
Array Pitch (cm): 4.14
Critical Mass (kg U^^): 5.06
Mass of Partial Element (g U^^^): 14.90

Figure A21 Rover Critical Configuration
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3 - NRX-A3 Element

4 - NRX-A4 Element

P - Partial Element (Location Assumed)

Lattice Type: Triangular-Pitch (bare elements)
Array Pitch (cm): 4.78
Critical Mass (kg U^^): 6.29
Mass of Partial Element (g U^^): 56.82

Figure A22 Rover Critical Configuration
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S - 38.1 cm Pseudo-Element

P - Partial Element

Lattice Type: Triangular-Pitch (38.1 cm elements)
Array Pitch (cm): 3.12
Critical Mass (kg U^^): 2.16
Mass of Partial Element (g U^^^): 20.80

Figure A23 Rover Critical Configuration
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Lattice Type: Triangular-Pitch (38.1 cm elements)
Array Pitch (cm): 3.73
Critical Mass (kg U^^): 2.00
Mass of Partial Element (g U^^): 13.6

Figure A24 Rover Critical Configuration
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Mass of Partial Element (g U^^^): 19.0

Figure A25 Rover Critical Configuration
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^2 ^2 ^2 F2 ^2 ^2 •=2

Fi Fi Fi
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Fi Fi Fi

F2 F2 F2 ^2 ^2

u.

Fi Fi

^2 •=2 ^2 % ^2 F2

Fi Fi Fi Fi
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Fi Fi

^2 F2 ^2 ^2 ^2 %

u.

Fi Fi Fi

F2 •=2 ^2 ^2 ^2 F2 •=2

Fi

^2 % ^2 % ^2 % ^2 %

West Face

3.49 cm

3.81 cm

0.95 cm

6.07 cm

1.26 cm

F^Tube F3 Tube consists of
F| in East half, F, in West half

FjTube

Assembly Designator: LAI
Core Dimensions (cm): 121.92 x 121.92 x 121.92
Critical Mass (kg U): 7.98
Reflector: 30.48 cm graphite, all sides
Uranium Foil Thickness (cm): 0.00254
Total Number of Foils: 1128

Figure A26 Honeycomb Critical Configuration
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F Tube

East Face

S* - One 20.32 cm section in back of East half
S" - One 20.32 cm section in back of East and West half
B  - Empty tube (CR3 withdrawn)

1.93 cm

J^3.50 cm
I  1.86 cm

3.50 cm

1.93 cm

5.37 cm

Assembly Designator: LA2
Core Dimensions (cm): 99.06 x 106.88 x 121.92
Critical Mass (kg U): 7.71
Reflector: 30.48 cm graphite, all sides
Uranium Foil Thickness (cm): 0.00254
Total Number of Foils: 1089

Figure A27 Honeycomb Critical Conflguration
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S

East Face

* - CR4 in East face withdrawn

1.62 cm

2.13 cm

2.13 cm

1.62 cm

0.96 cm

6.37 cm

1.27 cm

F T\ibe S Tube

Assembly Designator: LA3
Core Dimensions (cm): 91.44 x 91.44 x 101.60
Critical Mass (kg U): 7.94
Reflector: 30.48 cm graphite, all sides
Uranium Foil Thickness (cm): 0.00254
Total Number of Foils: 1121

Figure A28 Honeycomb Critical Configuration
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West Face

F Tube

"T 1.46 cm
T" 1.46 cm
311.46 cm±1.46 cm

1.46 cm

(Dimensions Inferred)

3.49 cm

3.81 cm

S Tube

Assembly Designator: LA4
Core Dimensions (cm): 83.82 x 83.82 x 101.60
Critical Mass (kg U): 8.85
Reflector: 30.48 cm graphite, all sides
Uranium Foil Thickness (cm): 0.00254
Total Number of Foils: 1250

Figure A29 Honeycomb Critical Configuration
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West Face

1.26 cm

1.17 cm

3.81 cm

1.16 cm

F* - These fuel tubes in

in West half only

F Tub©

Assembly Designator: LAS
Core Dimensions (cm): 115.82 x 114.30 x 121.92
Critical Mass (kg U): 9.73
Reflector: 30.48 cm graphite, all sides
Uranium Foil Thickness (cm): 0.(X)254
Total Number of Foils: 1374

Figure ABO Honeycomb Critical Configuration
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Fa Fi Fi Fi Fi Fi F3 Fi

Fi Fi Fi Fi F, Fi Fi

Fi Fi Fa Fi Fi Fi F3 Fi Fi
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Fi Fi Fi Fi F, Fi Fi

Fi Fi Fi F3 B Fa Fi Fi Fi
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Fi Fi Fs Fi Fi Fi Fa Fi F,

Fi Fi Fi Fi Fi Fi Fi

Fi F3 Fi Fi Fi Fi Fi Fa Fi

Fi Fi Fi Fi Fi Fi Fi

1.25 cm

1.17 cm

1.90 cm

1.90 cm

1.15 cm

F Tube
^  (Dimensions Inferred)

West Face

B - CR3 out (F, tube in East half)

F2 same as F2 for LAI
F3 same as F, for LAI

Assembly Designator: LA6
Core Dimensions (cm): 99.06 x 106.68 x 101.60
Critical Mass (kg U): 10.24
Reflector: 30.48 cm graphite, all sides
Uranium Foil Thickness (cm): 0.00254
Total Number of Foils: 1446

Figure A31 Honeycomb Critical Configuration
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Example Input for Rover Calculational Model

#csasn

homogenized materials in tube
27groupndf4 latticecell
u-235 I 0 7.37072e-4 296 end

u-238 1 0 5.35176e-5 296 end

c  1 0 6.52053e-2 296 end

be I 0 1.73873e-9 296 end

v-51 1 0 5.84444e-7 296 end

al 1 0 5.80757e-9 296 end

cs-133 1 0 5.89507e-9 296 end

mn 1 0 1.42613e-8 296 end

br-79 1 0 1.50972e-9 296 end

br-81 1 0 1.43236e-9 296 end

cu 1 0 3.08236e-7 296 end

ca 1 0 2.54125e-6 296 end

fe 1 0 7.43545e-7 296 end

mo 1 0 6.53313e-8 296 end

pb 1 0 3.02504e-9 296 end
si 1 0 3.06861e-7 296 end

b-10 1 0 1.24570e-9 296 end

b-11 1 0 4.56030e-9 296 end

cd 1 0 5.57592e-9 296 end

k  1 0 1.72334e-6 296 end

zr 1 0 8.58897e-9 296 end

ba-138 1 0 7.95387e-8 296 end

ni 1 0 2.40251e-7 296 end

al 2 1.0 296 end

h2o 3 1.0 296 end

end comp
squarepitch 2.7940 2.011062 1 3 2.54 2 2.36220 0 end
end

#kenova

rover critical square 0.100 in. spacing
read parm pit=yes gen=203 npg=500 lib=4 nub=yes end parm
read mixt

mix=l 92235 9.976098e-4 92238 7.243490e-5 6012 8.974985e-2

23051 8.044412e-7 13027 7.99366e-9 55133 8.114089e-9 25055 1.962952e-8

35079 2.078012e-9 35081 1.971527e-9 29000 4.242620e-7 42000 8.992339e-8

82000 4.163731e-9 14000 4.223699e-7 5010 1.714605e-9

48000 7.674807e-9 19000 2.372045e-6 40000 1.182204e-8

28000 3.306868e-7 4009 2.39322e-9 20000 3.497824e-5 5011 6.276897e-9

26000 1.02343 le-6 56138 1.094787e-7

mix=2 13027 6.02380-2

mix=3 1001 6.673583e-2 8016 3.336792e-2
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Example Input for Rover Calculational Model (cont'd)

inix=4 1001 5.678253e-2 8016 1.419563e-2 6012 3.548908e-2
mix=5 1001 7.89969e-2 6012 3.94984e-2
mix=6 92235 1.071595e-3 92238 7.780686e-5 6012 9.319244e-2
23051 8.352973e-7 13027 8.30027e-9 55133 8.425323e-9 25055 2.038245e-8
35079 2.157719e-9 35081 2.047149e-9 29000 4.405356e-7 42000 9.337260e-8
82000 4.323440e-9 14000 4.385708e-7 5010 1.780372e-9
48000 7.969191e-9 19000 2.463030e-6 40000 1.227550e-8
28000 3.433710e-7 4009 2.485017e-9 20000 3.631992e-5 5011 6.517661e-9
26000 1.062687e-6 56138 1.136780e-7
end mixt

read start nst=l xsni=-10.0 xsp=10.0 ysm=-10.0 ysp=10.0
zsm=0.0 zsp= 135.89
end start

read geom
unit 1

cylinder 0 1 0.2502 0.32131 0.0
unit 2

cylinder 0 1 0.12192 0.32131 0.0
unit 3

cylinder 1 1 1.005531 0.32131 0.0
hole 1 0.0 0.0 0.0

hole 2 0.75794 0.43764 0.0
hole 2 0.75794 0.0 0.0

hole 2 0.75794 -0.43764 0.0
hole 2 0.368808 0.656336 0.0
hole 2 0.382778 0.220980 0.0
hole 2 0.382778 -0.220980 0.0
hole 2 0.368808 -0.656336 0.0
hole 2 0.0 0.875030 0.0

hole 2 0.0 0.441960 0.0

hole 2 0.0 -0.441960 0.0
hole 2 0.0 -0.875030 0.0

hole 2 -0.368808 0.656336 0.0
hole 2 -0.382778 0.220980 0.0

hole 2 -.382778 -0.229080 0.0
hole 2 -0.368808 -0.656336 0.0

hole 2 -0.75794 0.43764 0.0
hole 2 -0.75794 0.0 0.0

hole 2 -0.75794 -0.43764 0.0
cylinder 0 1 1.1811 0.32131 0.0
cylinder 2 1 1.2700 0.32131 -.3175
cuboid 3 1 1.3970-1.3970 1.3970-1.3970 0.32131 -.3175
unit 4

cylinder 0 1 0.12192 25.07869 0.0
unit 5
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Example Input for Rover Calculational Model (cont'd)

cylinder 1 1 1.005531 25.07869 0.0
hole 4 0.0 0.0 0.0
hole 4 0.75794 0.43764 0.0
hole 4 0.75794 0.0 0.0
hole 4 0.75794 -0.43764 0.0
hole 4 0.368808 0.656336 0.0
hole 4 0.382778 0.220980 0.0
hole 4 0.382778 -0.220980 0.0
hole 4 0.368808 -0.656336 0.0
hole 4 0.0 0.875030 0.0
hole 4 0.0 0.441960 0.0
hole 4 0.0 -0.441960 0.0
hole 4 0.0 -0.875030 0.0
hole 4 -0.368808 0.656336 0.0
hole 4 -0.382778 0.220980 0.0
hole 4 -.382778 -0.229080 0.0
hole 4 -0.368808 -0.656336 0.0
hole 4 -0.75794 0.43764 0.0
hole 4 -0.75794 0.0 0.0

hole 4 -0.75794 -0.43764 0.0
cylinder 0 1 1.1811 25.07869 0.0
cylinder 2 1 1.2700 25.07869 0.0
cuboid 3 1 1.3970 -1.3970 1.3970 -1.3970 25.07869 0.0
unit 6

cylinder 0 1 0.12192 2.5400 0.0
unit 7

cylinder 1 1 1.005531 2.540 0.0
hole 6 0.0 0.0 0.0

hole 6 0.75794 0.43764 0.0
hole 6 0.75794 0.0 0.0
hole 6 0.75794 -0.43764 0.0
hole 6 0.368808 0.656336 0.0
hole 6 0.382778 0.220980 0.0
hole 6 0.382778 -0.220980 0.0
hole 6 0.368808 -0.656336 0.0
hole 6 0.0 0.875030 0.0

hole 6 0.0 0.441960 0.0

hole 6 0.0 -0.441960 0.0

hole 6 0.0 -0.875030 0.0
hole 6 -0.368808 0.656336 0.0

hole 6 -0.382778 0.220980 0.0
hole 6 -.382778 -0.229080 0.0
hole 6 -0.368808 -0.656336 0.0
hole 6 -0.75794 0.43764 0.0
hole 6 -0.75794 0.0 0.0
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Example Input for Rover Calculational Model (cont'd)

hole 6 -0.75794 -0.43764 0.0
cylinder 0 1 1.1811 2.5400 0.0
cylinder 2 1 1.2700 2.5400 0.0
cuboid 3 1 1.3970 -1.3970 1.270 -1.270 2.5400 0.0
cuboid 4 1 1.3970 -1.3970 1.3970 -1.3970 2.5400 0.0
unit 8

cylinder 1 1 1.005531 2.540 0.0
hole 6 0.0 0.0 0.0

hole 6 0.75794 0.43764 0.0
hole 6 0.75794 0.0 0.0

hole 6 0.75794 -0.43764 0.0
hole 6 0.368808 0.656336 0.0
hole 6 0.382778 0.220980 0.0
hole 6 0.382778 -0.220980 0.0
hole 6 0.368808 -0.656336 0.0
hole 6 0.0 0.875030 0.0

hole 6 0.0 0.441960 0.0

hole 6 0.0 -0.441960 0.0

hole 6 0.0 -0.875030 0.0

hole 6 -0.368808 0.656336 0.0
hole 6 -0.382778 0.220980 0.0
hole 6 -.382778 -0.229080 0.0
hole 6 -0.368808 -0.656336 0.0
hole 6 -0.75794 0.43764 0.0
hole 6 -0.75794 0.0 0.0

hole 6 -0.75794 -0.43764 0.0
cylinder 0 1 1.1811 2.5400 0.0
cylinder 2 1 1.2700 2.5400 0.0
cuboid 3 1 1.270 -1.270 1.3970 -1.3970 2.540 0.0
cuboid 4 1 1.3970 -1.3970 1.3970 -1.3970 2.540 0.0
unit 9

cylinder 0 1 0.12192 77.47018 0.0
unit 10

cylinder 1 1 1.005531 77.47018 0.0
hole 9 0.0 0.0 0.0

hole 9 0.75794 0.43764 0.0

hole 9 0.75794 0.0 0.0

hole 9 0.75794 -0.43764 0.0

hole 9 0.368808 0.656336 0.0

hole 9 0.382778 0.220980 0.0

hole 9 0.382778 -0.220980 0.0

hole 9 0.368808 -0.656336 0.0

hole 9 0.0 0.875030 0.0

hole 9 0.0 0.441960 0.0

hole 9 0.0 -0.441960 0.0
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Example Input for Rover Calculational Model (cont'd)

hole 9 0.0 -0.875030 0.0

hole 9 -0.368808 0.656336 0.0

hole 9 -0.382778 0.220980 0.0

hole 9 -.382778 -0.229080 0.0

hole 9 -0.368808 -0.656336 0.0

hole 9 -0.75794 0.43764 0.0

hole 9 -0.75794 0.0 0.0

hole 9 -0.75794 -0.43764 0.0

cylinder 0 1 1.1811 77.47018 0.0
cylinder 2 1 1.2700 77.47018 0.0
cuboid 3 1 1.3970 -1.3970 1.3970 -1.3970 77.47018 0.0
unit 11

cylinder 0 1 0.12192 18.4861 0.0
unit 12

cylinder 1 1 1.005531 18.4861 0.0
hole 11 0.0 0.0 0.0

hole 11 0.75794 0.43764 0.0

hole 11 0.75794 0.0 0.0

hole 11 0.75794 -0.43764 0.0

hole 11 0.368808 0.656336 0.0

hole 11 0.382778 0.220980 0.0

hole 11 0.382778 -0.220980 0.0

hole 11 0.368808 -0.656336 0.0

hole 11 0.0 0.875030 0.0

hole 11 0.0 0.441960 0.0

hole 11 0.0 -0.441960 0.0

hole 11 0.0 -0.875030 0.0

hole 11 -0.368808 0.656336 0.0

hole 11 -0.382778 0.220980 0.0

hole 11 -.382778 -0.229080 0.0

hole 11 -0.368808 -0.656336 0.0

hole 11 -0.75794 0.43764 0.0

hole 11 -0.75794 0.0 0.0

hole 11 -0.75794 -0.43764 0.0

cylinder 0 1 1.1811 18.4861 0.0
cylinder 2 1 1.2700 18.4861 0.0
cuboid 3 1 1.3970 -1.3970 1.3970 -1.3970 18.4861 0.0

unit 13

cylinder 0 1 0.12192 1.270 0.0
unit 14

cylinder 0 1 0.12700 1.270 0.0
unit 15

cylinder 1 1 1.005531 1.270 0.0
hole 14 0.0 0.0 0.0

hole 13 0.75794 0.43764 0.0
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Example Input for Rover Calculational Model (cont'd)

hole 13 0.75794 0.0 0.0

hole 13 0.75794 -0.43764 0.0

hole 13 0.368808 0.656336 0.0

hole 13 0.382778 0.220980 0.0

hole 13 0.382778 -0.220980 0.0

hole 13 0.368808 -0.656336 0.0

hole 13 0.0 0.875030 0.0

hole 13 0.0 0.441960 0.0

hole 13 0.0 -0.441960 0.0

hole 13 0.0 -0.875030 0.0

hole 13 -0.368808 0.656336 0.0

hole 13 -0.382778 0.220980 0.0

hole 13 -.382778 -0.229080 0.0

hole 13 -0.368808 -0.656336 0.0

hole 13 -0.75794 0.43764 0.0

hole 13 -0.75794 0.0 0.0

hole 13 -0.75794 -0.43764 0.0

cylinder 0 1 1.1811 1.270 0.0
cylinder 2 1 1.270 1.270 0.0
cuboid 3 1 1.3970-1.3970 1.3970-1.3970 1.270 0.0
unit 16

cylinder 0 1 1.1811 1.6964 0.0
cylinder 2 1 1.2700 1.6964 0.0
cuboid 3 1 1.3970 -1.3970 1.3970 -1.3970 1.6964 0.0
unit 17

cylinder 5 1 1.1811 1.0900 0.0
cylinder 2 1 1.2700 1.0900 0.0
cuboid 3 1 1.3970-1.3970 1.3970-1.3970 1.0900 0.0
unit 18

cylinder 0 1 0.2502 0.32131 0.0
unit 19

cylinder 0 1 0.12573 0.32131 0.0
unit 20

cylinder 6 1 1.005531 0.32131 0.0
hole 18 0.0 0.0 0.0

hole 19 0.75794 0.43764 0.0

hole 19 0.75794 0.0 0.0

hole 19 0.75794 -0.43764 0.0

hole 19 0.368808 0.656336 0.0

hole 19 0.382778 0.220980 0.0

hole 19 0.382778 -0.220980 0.0

hole 19 0.368808 -0.656336 0.0

hole 19 0.0 0.875030 0.0

hole 19 0.0 0.441960 0.0

hole 19 0.0 -0.441960 0.0
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Example Input for Rover Calculational Model (cont'd)

hole 19 0.0 -0.875030 0.0

hole 19 -0.368808 0.656336 0.0
hole 19 -0.382778 0.220980 0.0
hole 19 -.382778 -0.229080 0.0
hole 19 -0.368808 -0.656336 0.0
hole 19 -0.75794 0.43764 0.0
hole 19 -0.75794 0.0 0.0

hole 19 -0.75794 -0.43764 0.0
cylinder 0 1 1.1811 0.32131 0.0
cylinder 2 1 1.270 0.32131 -.3175
cuboid 3 1 1.3970-1.3970 1.3970-1.3970 0.32131 -.3175
unit 21

cylinder 0 1 0.12573 25.07869 0.0
unit 22

cylinder 6 1 1.005531 25.07869 0.0
hole 21 0.0 0.0 0.0

hole 21 0.75794 0.43764 0.0

hole 21 0.75794 0.0 0.0

hole 21 0.75794 -0.43764 0.0
hole 21 0.368808 0.656336 0.0

hole 21 0.382778 0.220980 0.0
hole 21 0.382778 -0.220980 0.0
hole 21 0.368808 -0.656336 0.0
hole 21 0.0 0.875030 0.0

hole 21 0.0 0.441960 0.0

hole 21 0.0 -0.441960 0.0

hole 21 0.0 -0.875030 0.0

hole 21 -0.368808 0.656336 0.0
hole 21 -0.382778 0.220980 0.0

hole 21 -.382778 -0.229080 0.0

hole 21 -0.368808 -0.656336 0.0

hole 21 -0.75794 0.43764 0.0
hole 21 -0.75794 0.00.0

hole 21 -0.75794 -0.43764 0.0
cylinder 0 1 1.1811 25.07869 0.0
cylinder 2 1 1.2700 25.07869 0.0
cuboid 3 1 1.3970 -1.3970 1.3970 -1.3970 25.07869 0.0
unit 23

cylinder 0 1 0.12573 2.540 0.0
unit 24

cylinder 6 1 1.005531 2.540 0.0
hole 23 0.0 0.0 0.0

hole 23 0.75794 0.43764 0.0

hole 23 0.75794 0.0 0.0

hole 23 0.75794 -0.43764 0.0
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Elxample Input for Rover Calculational Model (cont'd)

hole 23 0.368808 0.656336 0.0
hole 23 0.382778 0.220980 0.0
hole 23 0.382778 -0.220980 0.0
hole 23 0.368808 -0.656336 0.0
hole 23 0.0 0.875030 0.0

hole 23 0.0 0.441960 0.0

hole 23 0.0 -0.441960 0.0

hole 23 0.0 -0.875030 0.0

hole 23 -0.368808 0.656336 0.0
hole 23 -0.382778 0.220980 0.0
hole 23 -.382778 -0.229080 0.0

hole 23 -0.368808 -0.656336 0.0
hole 23 -0.75794 0.43764 0.0

hole 23 -0.75794 0.0 0.0

hole 23 -0.75794 -0.43764 0.0

cylinder 0 1 1.1811 2.540 0.0
cylinder 2 1 1.2700 2.540 0.0
cuboid 3 1 1.3970 -1.3970 1.2700 -1.2700 2.540 0.0
cuboid 4 1 1.3970 -1.3970 1.3970 -1.3970 2.540 0.0
unit 25

cylinder 6 1 1.005531 2.540 0.0
hole 23 0.0 0.0 0.0

hole 23 0.75794 0.43764 0.0

hole 23 0.75794 0.0 0.0

hole 23 0.75794 -0.43764 0.0

hole 23 0.368808 0.656336 0.0

hole 23 0.382778 0.220980 0.0

hole 23 0.382778 -0.220980 0.0

hole 23 0.368808 -0.656336 0.0

hole 23 0.0 0.875030 0.0

hole 23 0.0 0.441960 0.0

hole 23 0.0 -0.441960 0.0

hole 23 0.0 -0.875030 0.0

hole 23 -0.368808 0.656336 0.0

hole 23 -0.382778 0.220980 0.0
hole 23 -.382778 -0.229080 0.0

hole 23 -0.368808 -0.656336 0.0

hole 23 -0.75794 0.43764 0.0

hole 23 -0.75794 0.0 0.0

hole 23 -0.75794 -0.43764 0.0
cylinder 0 1 1.1811 2.540 0.0
cylinder 2 1 1.2700 2.540 0.0
cuboid 3 1 1.2700 -1.2700 1.3970 -1.3970 2.540 0.0
cuboid 4 1 1.3970 -1.3970 1.3970 -1.3970 2.540 0.0
unit 26
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Example Input for Rover Calcuiational Model (cont'd)

cylinder 0 1 0.12573 77.47018 0.0
unit 27

cylinder 6 1 1.005531 77.47018 0.0
hole 26 0.0 0.0 0.0

hole 26 0.75794 0.43764 0.0

hole 26 0.75794 0.0 0.0

hole 26 0.75794 -0.43764 0.0

hole 26 0.368808 0.656336 0.0

hole 26 0.382778 0.220980 0.0
hole 26 0.382778 -0.220980 0.0
hole 26 0.368808 -0.656336 0.0

hole 26 0.0 0.875030 0.0

hole 26 0.0 0.441960 0.0

hole 26 0.0 -0.441960 0.0

hole 26 0.0 -0.875030 0.0

hole 26 -0.368808 0.656336 0.0

hole 26 -0.382778 0.220980 0.0

hole 26 -.382778 -0.229080 0.0

hole 26 -0.368808 -0.656336 0.0

hole 26 -0.75794 0.43764 0.0

hole 26 -0.75794 0.0 0.0

hole 26 -0.75794 -0.43764 0.0

cylinder 0 1 1.1811 77.47018 0.0
cylinder 2 1 1.2700 77.47018 0.0
cuboid 3 1 1.3970-1.3970 1.3970-1.3970 77.47018 0.0
unit 28

cylinder 0 1 0.12573 17.4854 0.0
unit 29

cylinder 6 1 1.005531 17.4854 0.0
hole 28 0.0 0.0 0.0

hole 28 0.75794 0.43764 0.0

hole 28 0.75794 0.0 0.0

hole 28 0.75794 -0.43764 0.0

hole 28 0.368808 0.656336 0.0

hole 28 0.382778 0.220980 0.0
hole 28 0.382778 -0.220980 0.0

hole 28 0.368808 -0.656336 0.0

hole 28 0.0 0.875030 0.0

hole 28 0.0 0.441960 0.0

hole 28 0.0 -0.441960 0.0

hole 28 0.0 -0.875030 0.0

hole 28 -0.368808 0.656336 0.0

hole 28 -0.382778 0.220980 0.0

hole 28 -.382778 -0.229080 0.0

hole 28 -0.368808 -0.656336 0.0
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Example Input for Rover Calculational Model (cont'd)

hole 28 -0.75794 0.43764 0.0
hole 28 -0.75794 0.0 0.0

hole 28 -0.75794 -0.43764 0.0
cylinder 0 1 1.1811 17.4854 0.0
cylinder 2 1 1.2700 17.4854 0.0
cuboid 3 1 1.3970-1.3970 1.3970-1.3970 17.4854 0.0
unit 30

cylinder 0 1 0.12573 1.270 0.0
unit 31

cylinder 0 1 0.12700 1.270 0.0
unit 32

cylinder 6 1 1.005531 1.270 0.0
hole 31 0.0 0.0 0.0

hole 30 0.75794 0.43764 0.0

hole 30 0.75794 0.0 0.0

hole 30 0.75794 -0.43764 0.0

hole 30 0.368808 0.656336 0.0

hole 30 0.382778 0.220980 0.0

hole 30 0.382778 -0.220980 0.0

hole 30 0.368808 -0.656336 0.0

hole 30 0.0 0.875030 0.0

hole 30 0.0 0.441960 0.0

hole 30 0.0 -0.441960 0.0

hole 30 0.0 -0.875030 0.0

hole 30 -0.368808 0.656336 0.0

hole 30 -0.382778 0.220980 0.0

hole 30 -.382778 -0.229080 0.0

hole 30 -0.368808 -0.656336 0.0

hole 30 -0.75794 0.43764 0.0

hole 30 -0.75794 0.0 0.0

hole 30 -0.75794 -0.43764 0.0

cylinder 0 1 1.1811 1.270 0.0
cylinder 2 1 1.2700 1.2700 0.0
cuboid 3 1 1.3970-1.3970 1.3970-1.3970 1.2700 0.0
unit 33
cylinder 0 1 1.1811 2.69710 0.0
cylinder 2 1 1.2700 2.69710 0.0
cuboid 3 1 1.3970-1.3970 1.3970-1.3970 2.69710 0.0
unit 34

cylinder 1 1 0.0421373 0.32131 0.0
cylinder 0 1 1.1811 0.32131 0.0
cylinder 2 1 1.270 0.32131 -.3175
cuboid 3 1 1.3970-1.3970 1.3970-1.3970 0.32131 -.3175
unit 35

cylinder 1 1 0.0421373 25.07869 0.0
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Example Input for Rover Calculational Model (cont'd)

cylinder 0 1 1.1811 25.07869 0.0
cylinder 2 1 1.2700 25.07869 0.0
cuboid 3 1 1.3970 -1.3970 1.3970 -1.3970 25.07869 0.0
unit 36

cylinder 1 1 0.0421373 2.540 0.0
cylinder 0 1 1.1811 2.540 0.0
cylinder 2 1 1.2700 2.540 0.0
cuboid 3 1 1.3970 -1.3970 1.2700 -1.2700 2.540 0.0
cuboid 4 1 1.3970 -1.3970 1.2700 -1.3970 2.540 0.0
unit 37

cylinder 1 1 0.0421373 2.540 0.0
cylinder 0 1 1.1811 2.540 0.0
cylinder 2 1 1.2700 2.540 0.0
cuboid 3 1 1.270 -1.270 1.3970-1.3970 2.540 0.0
cuboid 4 1 1.3970 -1.3970 1.3970 -1.3970 2.540 0.0
unit 38

cylinder 1 1 0.0421373 77.47018 0.0
cylinder 0 1 1.1811 77.47018 0.0
cylinder 2 1 1.2700 77.47018 0.0
cuboid 3 1 1.3970-1.3970 1.3970-1.3970 77.47018 0.0
unit 39

cylinder 1 1 0.0421373 19.7561 0.0
cylinder 0 1 1.1811 19.7561 0.0
cylinder 2 1 1.2700 19.7561 0.0
cuboid 3 1 1.3970 -1.3970 1.3970 -1.3970 19.7561 0.0
unit 40

cylinder 0 1 1.1811 1.69640 0.0
cylinder 2 1 1.2700 1.69640 0.0
cuboid 3 1 1.3970-1.3970 1.3970-1.3970 1.69640 0.0
unit 41

cylinder 3 1 1.1811 0.32131 0.0
cylinder 2 1 1.2700 0.32131 -.3175
cuboid 3 1 1.3970-1.3970 1.3970-1.3970 0.32131 -.3175
unit 42

cylinder 3 1 1.1811 25.07869 0.0
cylinder 2 1 1.2700 25.07869 0.0
cuboid 3 1 1.3970 -1.3970 1.3970 -1.3970 25.07869 0.0
unit 43

cylinder 3 1 1.1811 2.540 0.0
cylinder 2 1 1.2700 2.540 0.0
cuboid 3 1 1.3970 -1.3970 1.2700 -1.2700 2.540 0.0
cuboid 4 1 1.3970 -1.3970 1.3970 -1.3970 2.540 0.0
unit 44

cylinder 3 1 1.1811 2.540 0.0
cylinder 2 1 1.2700 2.540 0.0
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Example Input for Rover Calculational Model (cont'd)

cuboid 3 1 1.2700 -1.2700 1.3970 -1.3970 2.540 0.0
cuboid 4 1 1.3970 -1.3970 1.3970 -1.3970 2.540 0.0
unit 45

cylinder 3 1 1.1811 77.47018 0.0
cylinder 2 1 1.2700 77.47018 0.0
cuboid 3 1 1.3970-1.3970 1.3970-1.3970 77.47018 0.0
unit 46

cylinder 3 1 1.1811 18.75540 0.0
cylinder 2 1 1.2700 18.7554 0.0
cuboid 3 1 1.3970 -1.3970 1.3970 -1.3970 18.7554 0.0
unit 47

cylinder 3 1 1.1811 3.78710 0.0
cylinder 2 1 1.2700 3.78710 0.0
cuboid 3 1 1.3970-1.3970 1.3970-1.3970 3.78710 0.0
unit 48

cylinder 1 1 1.005531 2.540 0.0
hole 6 0.0 0.0 0.0

hole 6 0.75794 0.43764 0.0

hole 6 0.75794 0.0 0.0

hole 6 0.75794 -0.43764 0.0

hole 6 0.368808 0.656336 0.0

hole 6 0.382778 0.220980 0.0

hole 6 0.382778 -0.220980 0.0

hole 6 0.368808 -0.656336 0.0

hole 6 0.0 0.875030 0.0

hole 6 0.0 0.441960 0.0

hole 6 0.0 -0.441960 0.0

hole 6 0.0 -0.875030 0.0

hole 6 -0.368808 0.656336 0.0

hole 6 -0.382778 0.220980 0.0

hole 6 -.382778 -0.229080 0.0

hole 6 -0.368808 -0.656336 0.0

hole 6 -0.75794 0.43764 0.0

hole 6 -0.75794 0.0 0.0

hole 6 -0.75794 -0.43764 0.0
cylinder 0 1 1.1811 2.5400 0.0
cylinder 2 1 1.2700 2.5400 0.0
cuboid 3 1 1.3970 -1.3970 1.270 -1.270 2.5400 0.0

cuboid 4 1 1.3970 -1.3970 1.270 -1.3970 2.5400 0.0

unit 49

cylinder 1 1 1.005531 2.540 0.0
hole 6 0.0 0.0 0.0

hole 6 0.75794 0.43764 0.0

hole 6 0.75794 0.0 0.0

hole 6 0.75794 -0.43764 0.0
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Example Input for Rover Calculational Mode! (cont'd)

hole 6 0.368808 0.656336 0.0
hole 6 0.382778 0.220980 0.0
hole 6 0.382778 -0.220980 0.0
hole 6 0.368808 -0.656336 0.0
hole 6 0.0 0.875030 0.0
hole 6 0.0 0.441960 0.0
hole 6 0.0 -0.441960 0.0
hole 6 0.0 -0.875030 0.0
hole 6 -0.368808 0.656336 0.0
hole 6 -0.382778 0.220980 0.0
hole 6 -.382778 -0.229080 0.0
hole 6 -0.368808 -0.656336 0.0
hole 6 -0.75794 0.43764 0.0
hole 6 -0.75794 0.0 0.0
hole 6 -0.75794 -0.43764 0.0
cylinder 0 1 1.1811 2.5400 0.0
cylinder 2 1 1.2700 2.5400 0.0
cuboid 3 1 1.3970 -1.3970 1.270 -1.270 2.5400 0.0
cuboid 4 1 1.3970 -1.3970 1.3970 -1.270 2.5400 0.0
unit 50

cylinder 1 1 1.005531 2.540 0.0
hole 6 0.0 0.0 0.0

hole 6 0.75794 0.43764 0.0
hole 6 0.75794 0.0 0.0

hole 6 0.75794 -0.43764 0.0
hole 6 0.368808 0.656336 0.0
hole 6 0.382778 0.220980 0.0
hole 6 0.382778 -0.220980 0.0
hole 6 0.368808 -0.656336 0.0
hole 6 0.0 0.875030 0.0

hole 6 0.0 0.441960 0.0
hole 6 0.0 -0.441960 0.0

hole 6 0.0 -0.875030 0.0
hole 6 -0.368808 0.656336 0.0
hole 6 -0.382778 0.220980 0.0
hole 6 -.382778 -0.229080 0.0

hole 6 -0.368808 -0.656336 0.0
hole 6 -0.75794 0.43764 0.0

hole 6 -0.75794 0.0 0.0

hole 6 -0.75794 -0.43764 0.0
cylinder 0 1 1.1811 2.5400 0.0
cylinder 2 1 1.2700 2.5400 0.0
cuboid 3 1 1.270 -1.270 1.3970 -1.3970 2.5400 0.0
cuboid 4 1 1.3970 -1.270 1.3970 -1.3970 2.5400 0.0
unit 51
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Example Input for Rover Calculational Model (cont'd)

cylinder 1 1 1.005531 2.540 0.0
hole 6 0.0 0.0 0.0

hole 6 0.75794 0.43764 0.0
hole 6 0.75794 0.0 0.0

hole 6 0.75794 -0.43764 0.0
hole 6 0.368808 0.656336 0.0
hole 6 0.382778 0.220980 0.0
hole 6 0.382778 -0.220980 0.0
hole 6 0.368808 -0.656336 0.0
hole 6 0.0 0.875030 0.0

hole 6 0.0 0.441960 0.0

hole 6 0.0 -0.441960 0.0

hole 6 0.0 -0.875030 0.0

hole 6 -0.368808 0.656336 0.0
hole 6 -0.382778 0.220980 0.0
hole 6 -.382778 -0.229080 0.0
hole 6 -0.368808 -0.656336 0.0
hole 6 -0.75794 0.43764 0.0
hole 6 -0.75794 0.0 0.0

hole 6 -0.75794 -0.43764 0.0
cylinder 0 1 1.1811 2.5400 0.0
cylinder 2 1 1.2700 2.5400 0.0
cuboid 3 1 1.270 -1.270 1.3970 -1.3970 2.5400 0.0
cuboid 4 1 1.270 -1.3970 1.3970 -1.3970 2.5400 0.0
unit 52

cylinder 6 1 1.005531 2.540 0.0
hole 23 0.0 0.0 0.0

hole 23 0.75794 0.43764 0.0
hole 23 0.75794 0.0 0.0

hole 23 0.75794 -0.43764 0.0

hole 23 0.368808 0.656336 0.0

hole 23 0.382778 0.220980 0.0
hole 23 0.382778 -0.220980 0.0
hole 23 0.368808 -0.656336 0.0
hole 23 0.0 0.875030 0.0
hole 23 0.0 0.441960 0.0

hole 23 0.0 -0.441960 0.0

hole 23 0.0 -0.875030 0.0

hole 23 -0.368808 0.656336 0.0
hole 23 -0.382778 0.220980 0.0

hole 23 -.382778 -0.229080 0.0

hole 23 -0.368808 -0.656336 0.0

hole 23 -0.75794 0.43764 0.0

hole 23 -0.75794 0.0 0.0

hole 23 -0.75794 -0.43764 0.0
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Example Input for Rover Calculationai Model (cont'd)

cylinder 0 1 1.1811 2.540 0.0
cylinder 2 1 1.2700 2.540 0.0
cuboid 3 1 1.3970 -1.3970 1.270 -1.2700 2.540 0.0
cuboid 4 1 1.3970 -1.3970 1.270 -1.3970 2.540 0.0
unit 53

cylinder 6 1 1.005531 2.540 0.0
hole 23 0.0 0.0 0.0

hole 23 0.75794 0.43764 0.0
hole 23 0.75794 0.0 0.0

hole 23 0.75794 -0.43764 0.0
hole 23 0.368808 0.656336 0.0

hole 23 0.382778 0.220980 0.0
hole 23 0.382778 -0.220980 0.0
hole 23 0.368808 -0.656336 0.0
hole 23 0.0 0.875030 0.0

hole 23 0.0 0.441960 0.0

hole 23 0.0 -0.441960 0.0

hole 23 0.0 -0.875030 0.0

hole 23 -0.368808 0.656336 0.0
hole 23 -0.382778 0.220980 0.0
hole 23 -.382778 -0.229080 0.0
hole 23 -0.368808 -0.656336 0.0
hole 23 -0.75794 0.43764 0.0
hole 23 -0.75794 0.0 0.0

hole 23 -0.75794 -0.43764 0.0
cylinder 0 1 1.1811 2.540 0.0
cylinder 2 1 1.2700 2.540 0.0
cuboid 3 1 1.3970 -1.3970 1.270 -1.270 2.540 0.0
cuboid 4 1 1.3970 -1.3970 1.3970 -1.270 2.540 0.0
unit 54

cylinder 6 1 1.005531 2.540 0.0
hole 23 0.0 0.0 0.0

hole 23 0.75794 0.43764 0.0

hole 23 0.75794 0.0 0.0

hole 23 0.75794 -0.43764 0.0
hole 23 0.368808 0.656336 0.0

hole 23 0.382778 0.220980 0.0
hole 23 0.382778 -0.220980 0.0

hole 23 0.368808 -0.656336 0.0

hole 23 0.0 0.875030 0.0

hole 23 0.0 0.441960 0.0

hole 23 0.0 -0.441960 0.0

hole 23 0.0 -0.875030 0.0

hole 23 -0.368808 0.656336 0.0

hole 23 -0.382778 0.220980 0.0
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Example Input for Rover Caiculational Model (cont'd)

hole 23 -.382778 -0.229080 0.0
hole 23 -0.368808 -0.656336 0.0
hole 23 -0.75794 0.43764 0.0
hole 23 -0.75794 0.0 0.0

hole 23 -0.75794 -0.43764 0.0

cylinder 0 1 1.1811 2.540 0.0
cylinder 2 1 1.2700 2.540 0.0
cuboid 3 1 1.270 -1.270 1.3970 -1.3970 2.540 0.0
cuboid 4 1 1.3970 -1.270 1.3970 -1.3970 2.540 0.0
unit 55

cylinder 6 1 1.005531 2.540 0.0
hole 23 0.0 0.0 0.0

hole 23 0.75794 0.43764 0.0

hole 23 0.75794 0.0 0.0

hole 23 0.75794 -0.43764 0.0

hole 23 0.368808 0.656336 0.0

hole 23 0.382778 0.220980 0.0

hole 23 0.382778 -0.220980 0.0

hole 23 0.368808 -0.656336 0.0

hole 23 0.0 0.875030 0.0

hole 23 0.0 0.441960 0.0

hole 23 0.0 -0.441960 0.0

hole 23 0.0 -0.875030 0.0

hole 23 -0.368808 0.656336 0.0

hole 23 -0.382778 0.220980 0.0

hole 23 -.382778 -0.229080 0.0

hole 23 -0.368808 -0.656336 0.0

hole 23 -0.75794 0.43764 0.0

hole 23 -0.75794 0.0 0.0

hole 23 -0.75794 -0.43764 0.0

cylinder 0 1 1.1811 2.540 0.0
cylinder 2 1 1.2700 2.540 0.0
cuboid 3 1 1.270 -1.270 1.3970 -1.3970 2.540 0.0
cuboid 4 1 1.270 -1.3970 1.3970 -1.3970 2.540 0.0
unit 56

array 1 3r0.0
unit 57

array 2 3r0.0
unit 58

array 3 3r0.0
unit 59

array 4 3r0.0
unit 60

array 5 3r0.0
unit 61
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Example Input for Rover Calcuiational Model (cont'd)

array 6 3r0.0
unit 62

array 7 3r0.0
unit 63

array 8 3r0.0
unit 64

array 9 3r0.0
unit 65

array 10 -15.367 -15.367 0.0
cuboid 3 1 15.575 -15.575 15.575 -15.575 0.63881 0.0
unit 66

array 11 3r0.0
unit 67

array 12 3r0.0
unit 68

array 13 3r0.0
unit 69

array 14 3r0.0
unit 70

array 15 3r0.0
unit 71

array 16 3r0.0
unit 72

array 17 3r0.0
unit 73

array 18 3r0.0
unit 74

array 19 3r0.0
unit 75

array 20 -15.367 -15.367 0.0
cuboid 3 1 15.575 -15.575 15.575 -15.575 25.07869 0.0
unit 76

array 21 3r0.0
unit 77

array 22 3r0.0
unit 78

array 23 3r0.0
unit 79

array 24 3r0.0
unit 80

array 25 3r0.0
unit 81

array 26 3r0.0
unit 82

array 27 3r0.0
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Example Input for Rover Calculational Model (cont'd)

unit 83

array 28 3r0.0
unit 84

array 29 3r0.0
unit 85

array 30 -15.367 -15.240 0.0
cuboid 2 1 15.367 -15.367 15.575 -15.575 2.540 0.0
cuboid 3 1 15.575 -15.575 15.575 -15.575 2.540 0.0
unit 86

array 31 3r0.0
unit 87

array 32 3r0.0
unit 88

array 33 3r0.0
unit 89

array 34 3r0.0
unit 90

array 35 3r0.0
unit 91

array 36 3r0.0
unit 92

array 37 3r0.0
unit 93

array 38 3r0.0
unit 94

array 39 3r0.0
unit 95

array 40 3r0.0
unit 96

array 41 -15.240 -15.367 0.0
cuboid 2 1 15.575 -15.575 15.367 -15.367 2.540 0.0
cuboid 3 1 15.575 -15.575 15.575 -15.575 2.540 0.0
unit 97

array 42 3r0.0
unit 98

array 43 3r0.0
unit 99

array 44 3r0.0
unit 100

array 45 3r0.0
unit 101

array 46 3r0.0
unit 102

array 47 3r0.0
unit 103
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Example Input for Rover Calculational Model (cont'd)

array 48 3r0.0
unit 104

array 49 3r0.0
unit 105

array 50 3r0.0
unit 106

array 51 -15.367 -15.367 0.0
cuboid 3 1 15.575 -15.575 15.575 -15.575 77.47018 0.0
unit 107

array 52 3r0.0
unit 108

array 53 3r0.0
unit 109

array 54 3r0.0
unit 110

array 55 3r0.0
unit 111

array 56 3r0.0
unit 112

array 57 3r0.0
unit 113

array 58 3r0.0
unit 114

array 59 3r0.0
unit 115

array 60 3r0.0
unit 116

array 61 3r0.0
unit 117

array 62 3r0.0
unit 118

array 63 3r0.0
unit 119

array 64 3r0.0
unit 120

array 65 -15.367 -15.367 0.0
cuboid 3 1 15.575 -15.575 15.575 -15.575 22.5425 0.0
global unit 121
array 66 -15.575 -15.575 0.0
cuboid 3 1 39.370 -39.370 43.4975 -43.4975 150.89 0.0
cuboid 4 1 39.370 -39.370 43.4975 -43.4975 150.89 -3.800
cuboid 3 1 75.000 -75.000 75.000 -75.000 150.89 -32.30
unit 122

cylinder 3 1 1.1811 2.540 0.0
cylinder 2 1 1.2700 2.540 0.0
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Example Input for Rover Calculational Model (cont'd)

cuboid 3 1 1.3970 -1.3970 1.270 -1.270 2.540 0.0
cuboid 4 1 1.3970 -1.3970 1.270 -1.3970 2.540 0.0
unit 123

cylinder 3 1 1.1811 2.540 0.0
cylinder 2 1 1.2700 2.540 0.0
cuboid 3 1 1.3970 -1.3970 1.270 -1.270 2.540 0.0
cuboid 4 1 1.3970 -1.3970 1.3970 -1.270 2.540 0.0
unit 124

1.1811 2.540 0.0
1.2700 2.540 0.0
1.270 -1.270 1.3970 -1.3970 2.540 0.0
1.3970 -1.270 1.3970 -1.3970 2.540 0.0

cylinder 3 1
cylinder 2 1
cuboid 3 1

cuboid 4 1

unit 125

cylinder 3 1
cylinder 2 1
cuboid 3 1

cuboid 4 1

end geom
read array
ara=l nux=l nuy=
ara=2 nux=l nuy=
ara=3 nux=l nuy=
ara=4 nux=l nuy=
ara=5 nux=l nuy=
ara=6 nux=l nuy=
ara=7 nux=l nuy=
ara=8 nux=l nuy=
ara=9 nux=l nuy=

1.1811 2.540 0.0
1.2700 2.540 0.0

1.270 -1.270 1.3970 -1.3970 2.540 0.0
1.270 -1.3970 1.3970 -1.3970 2.540 0.0

nuz= 1 fill 41 9r3 41 end fill
nuz=l fill 10r3 34 end fill
nuz= 1 fill 5r3 2r20 4r3 end fill
nuz= 1 fill 2r3 7r20 2r3 end fill
nuz= 1 fill 3 8r20 2r3 end fill
nuz= 1 fill 3 9r20 3 end fill
nuz= 1 fill 2r3 8r20 3 end fill
nuz= 1 fill 4r3 2r20 5r3 end fill
nuz=l fill llr3 end fill

fill 56 57 58 59 60 61 62 59 63 64 56 end fill
fill 42 9r5 42 end fill
fill 10r5 35 end fill

fill 5r5 2r22 4r5 end fill
fill 2r5 7r22 2r5 end fill
fill 5 8r22 2r5 end fill
fill 5 9r22 5 end fill
fill 2r5 8r22 5 end fill

fill 4r5 2r22 5r5 end fill
fill llr5 end fill

fill 66 67 68 69 70 71 72 69 73 74 66 end fill
fill 123 9x1 122 end fill
fill 49 9r7 36 end fill

fill 49 4r7 2r24 3r7 48 end fill
fill 49 7 7r24 7 48 end fill
fill 49 8r24 7 48 end fill

fill 49 9r24 48 end fill

ara=10 nux= 1 nuy= nuz=

ara=ll nux= nuy=l nuz=

ara=12 nux= nuy=l nuz=

ara= 13 nux= nuy=l nuz=

ara= 14 nux= nuy= 1 nuz=

ara=15 nux= nuy=l nuz=

ara= 16 nux= nuy=l nuz=

ara=17 nux= nuy= 1 nuz=

ara=18 nux= nuy=l nuz=

ara=19 nux= nuy=l nuz=

ara=20 nux= 1 nuy= nuz=

ara=21 nux= nuy=l nuz=

ara=22 nux= nuy=l nuz=

ara=23 nux= nuy=l nuz=

ara=24 nux= nuy=l nuz=

ara=25 nux= nuy=l nuz=

ara=26 nux= nuy=l nuz=
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Example Input for Rover Calculational Model (cont'd)

ara=27 nux=

ara=28 nux=

ara=29 nux=

ara=30 nux=

ara=31 nux=

ara=32 nux=

ara=33 nux=

ara=34 nux=

ara=35 nux=

ara=36 nux=

ara=37 nux=

ara=38 nux=

ara=39 nux=

ara=40 nux=

ara=41 nux=

95 end fill

ara=42 nux=

ara=43 nux=

ara=44 nux=

ara=45 nux=

ara=46 nux=

ara=47 nux=

ara=48 nux=

ara=49 nux=

ara=50 nux=

ara=51 nux=

105 97 end fil

ara=52 nux =

ara=53 nux=

ara=54 nux=

ara=55 nux=

ara=56 nux=

ara=57 nux=

ara=58 nux=

ara=59 nux=

ara=60 nux=

ara=61 nux =

ara=62 nux=

ara=63 nux=

ara=64 nux=

ara=65 nux=

119 111 end

ara=66 nux=

end array
read plot ttl =

nuy=

nuy=

nuy=

nuy=

nuy=

nuy=

nuy=

nuy=

nuy=

nuy=

nuy=

nuy=

nuy=

nuy=

1 nuy

nuy=

nuy=

nuy=

nuy=

nuy=

nuy=

nuy=

nuy=

nuy=

1 nuy

1

nuy=

nuy=

nuy=

nuy=

nuy=

nuy=

nuy=

nuy=

nuy=

nuy=

nuy=

nuy=

nuy=

1 nuy

1 nuz= 1 fill 49 7 8r24 48 end fill
11 nuz= 1 fill 49 3r7 2r24 4r7 48 end fill
11 nuz= 1 fill 49 9r7 48 end fill
= 1 nuz= 1 fill 76 77 78 79 80 81 82 79 83 84 76 end fill
11 nuz=l fill 124 9r50 124 end fill
11 nuz=l fill 10r8 37 end fill
11 nuz= 1 fill 5r8 2r25 4r8 end fill
11 nuz= 1 fill 2r8 7r25 2r8 end fill
11 nuz=l fill 8 8r25 2r8 end fill
Ilnuz=lfill8 9r25 8 endfill

11 nuz= 1 fill 2r8 8r25 8 end fill
11 nuz=l fill 4r8 2r25 5r8 end fill
11 nuz=l fill llr8 end fill
11 nuz=l fill 125 9r51 125 end fill
= 1 nuz= 1 fill 86 87 88 89 90 91 92 89 93 94

11 nuz= 1 fill 45 9rl0 45 end fill
11 nuz=l fill lOrlO 38 end fill
11 nuz= 1 fill 5rl0 2r27 4rl0 end fill
11 nuz= 1 fill 2rl0 7r27 2rl0 end fill
11 nuz= 1 fill 10 8r27 2rl0 end fill
11 nuz=l fill 10 9r27 10 end fill
11 nuz= 1 fill 2rl0 8r27 10 end fill
11 nuz= 1 fill 4rlO 2r27 5rl0 end fill
11 nuz=l fill llrlO end fill
= 1 nuz=l fill 97 98 99 100 101 102 103 100 104

1 nuz=4 fill 12 15 16 17 end fill
1 nuz=4 fill 29 32 33 17 end fill
1 nuz=3 fill 39 40 17 end fill
I nuz=2 fill 46 47 end fill
II nuz=l fill 110 9r 107 110 end fill
11 nuz=l fill 10rl07 109 end fill
11 nuz=l fill 5rl07 2rl08 4rl07 end fill
11 nuz=l fill 2rl07 7rl08 2rl07 end fill
11 nuz= 1 fill 107 8rl08 2rl07 end fill
11 nuz= 1 fill 107 9rl08 107 end fill
11 nuz= 1 fill 2rl07 8rl08 107 end fill
11 nuz=l fill 4rl07 2rl08 5rl07 end fill
11 nuz=l fill llrl07 end fill
= 1 nuz=l fill 111 112 113 114 115 116 117 114 118

nuy= 1 nuz=8 fill 65 75 85 96 106 85 96 120 end fill

'x-y slice of element' xul = -2.5 yul=2.5 zul = 100.0
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Example Input for Rover Calculationai Model (cont'd)

xlr=2.5 ylr=-2.5 zlr= 100.0 uax= 1.0 vdn=-1.0 nax=260 endpltl
ttl='x-y slice of core ' xul=-20.0 yul=20.0 zul= 100.0 xlr=20.0
ylr=-20.0 zlr= 100.0 uax=1.0 vdn=-1.0 nax=260 endplt2
end plot
end data

end
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Example Output for Rover Calculations
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Example Output for Rover Calculations (cont'd)
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Example Output for Rover Calculations (cont'd)
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Example Output for Rover Calculations (cont'd)
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Example Output for Rover Calculations (cont'd)
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Example Output for Rover Calculations (cont'd)
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Example Output for Rover Calculations (cont'd)

NKV <« «C ^ *0 MfO

>A >A MrAtJ ^ *<0 *0 MMS S MMN ^ SO NO NO MMMnoSnO MMMM 5no5<®nOsOnOnOnO^ MSSy
SO MMMMM NO >0 NO
NO fNjMMMMMtSl '•nOnOnO WWMNJMMM
nmmRmSSRmKmmnwnmmmm^
RRSSKSRKSRSSRS5KKRRRSSSKS
OJMMMMMMMMM . *^S22S2t2!2S

NO KIMMMKIMCSI nOnO« MMMMMMM
«  MMK1KICNJ <« NO NO
sO NO CNJKIMM NO NO NO «0 NO NO MMKjeJ. . -^«.-.====r=VSrrssrSrrssrrskrrrr^^^
«S«,S SRa«S«S2«2S>.2S SR aRRRRRRRRSsKRRRRRRRRRRRRR

aRM-e>oS>«<o««««-«« jjjj ;;'n;;3RR'*R''S ~RR"'*''"R"rRRRRRRRRRRRRRRRR
s S SRa S R S -jjRR R„R":^s-=--~RRRRRRRSRRRRRRRRRRRRRSS5r

ONONO CslMMM nonOnOnOnOnOnO»OnO MMMOJ MMMMMMMMMMMMMMMMMMMMMMMMMM

s :siRRRRRR>-.S.^„KRRRRs„ --^.SSrSrErErRRRRRRRRRSsSrRRRR
RRRRRRRRRRRRRRRRRRRRRkSrRsSRRRSRRRSRRRRRRRRRRRRRRRSSsRsRRRR
"aRRRRRRRRRS^^^aRRRRRRSSS" -- *""RRRSRRRRRRRRRRRR«rSrkssskRRMMMKtKiMN mmwm •'KSSSKS MMMMMMMMMMMMM WMMMMMMMMMMMM

MMMMKi M M m m mmmmmmmmmmmmj2!22!!!2!222S2iKKKi2
NO fsjMMMtsJ ^ w* 0m wmwm JOMMM iTirl K»MMMMMMMMMMMMMMMMMMMMMMK>M1 =-==-=-=- Rrsssrrrrrrrrrrrrrrrrrrrr

NO NO NO NO s„R„„=-=-= BsrrrRRRRRRRRRRRSRRRRRRRR
r". M KRRRRRRRRmminMNimMMmmMiminminn

mMMMMMMMMMMMMMMMMMKIMMMMMM
M 0m0m0m»mt •mm 0^ mmMMMMMMMMMMMMMMWIMMMMMMMM

,.2«'"mRRR s5>Kw''-R—R— ̂ srrrrRRRRRRRRRRRRRRRRRRRR
r-«RRRRK - = =-" KRRRR^" ==-= CkrrRRRRRRRRRRRRRRRRRKRSSKRR

SO NO mm w 0m 0m " L; iji
nO^nonO mmMM ■-■ •-' « •-•-»_ gJ2

MM 0m0m0m mm ^ 0m 0m w* 0m MMNO SO «Sjm 0m TV"
SO NO NO MMM-  -- MMM m m m MMM

MMMM m mrnwm MMMMMM mmmwrnmm _J^22SmMMMMMMMMMMMMMMMMMMMMMMN^ nftfir'Nr-f!KRSRR£!^..>.>.>.«RRRRRRRR>.».»..^~^«ggHgaSSRRRRRRRRRRRRRRRRRRRRI MMMMMM MMMMMMMMMMMMMMMMMMWMMMM ^^j^^^^,^2|IMMMMMMMMMMMMMiMMMMMMMMMMMMMMMMMMMMMMMMMMMMMm^^^^^^^ ^^^jjjjMMMMMMMMM
iMMMMMMM MMMMMMMMMMMM MMMMMMMMMMMMMMMMMMMMMMMMMMMM
IRRRR" "CRRRRR" -R - ""SRRRRRRRRRRRRRRRRRRRRRRRRSMMMM 0m 7m 0m m MMMM ^ 2- MMMMMMMMMMMMMMMMMMMMMMMMMMMM MMMM mmmMMMMMMMMMMMMMMMMMMMMMM
MsMisi ma 0m 0m 0m MMM m mm ^ akiMMMttAtAlAMMMMMMMMMMMMMMMMMM

I R-RR-R-R-~rR!SRRRRRRRRRRRRRRRRRRRRRR
R

mmmmmmmmm
MMMMMMMMMMM
MMMMMMMMMMM
MMMMMMM*^'^'^'^
MMMMMMMr-.r-.r-.

MMMMMMMM
0m MMMMMM
0m 0m NMMMM

0m 0m MMM m m MMM
0m0mmm0m MMM MM

MMMM
MM MM

0m 0m Oim ^ 0m 0m 0^ 0^.-. r-.rr'-'
MMM MM

M 0m MMM 0m mm 0m 0m MMM
MMM MMM MMMMMMMM»i* mSmM
M M MMMMM 0m 0m mm mm MMMM
M  MMMMMM m mm MMMMMM

MMMMMMMM —
MMMMMMMMMM
MMMMMMMMMM
MMMMMMMMMM
MMMMMMMMMMMM

mmmmmmmmm
mm MMMMMM
mm mm MMMMM mm mm 0m —mm mm mm MMMM S^SCImm mm MMM « ^ MMM
mmm^ mm MMM MMmm mm MM •-mm m mmmm MMmm mm MM p« ^ m JJJgMMCSJmmmmmmmmmmm MM

mm mm MMM m m •- m 5f!2!2

Immmmmmmmmm

^R—R^~ aRRRRRRRR»"»»»""»»"""»aRR
m mm mm m mMMMMMMMMMMMMMMMMMMMMMMMMm mm m _•*. SmmmMMMMMMMMMMMMMMMMMMMMM^mmmmmmmmm yH^i^MMMMMMMMMMMMMMMMMMMMM

mm m m ^ SmMMMMMMMMMMMMMMMMMMMMMMM
m mm m *^^^SaA|AMMMMMMMMMMMMMMMMMMMMMM

I  mm m ^MSammmMMMMMMMMMMMMMMMMMMMMMMIM MMMMMMMMMMmm
mmmmmmmmmmmmmmmmm

~«'«S3RRS!RSS5'^*'~ SSSSSSsKRKRSSSRSSRRSRSSKISKKS**MMMMMM mmrnmmm^ MMMMMMMmmmmmjj^^^^^ ^mm m MMMM m mm m m '^SJrtiOMMMMMMMMMMMMMMMMMMMMMMiMmmm MMMM ^mmmmmmm HSmmMMMMMMMMMMMMMMMMMMMMMm m m m m ^JS^mMMMMMMMMMMMMMMMMMMMMMmmmmmmmm^m JJCH JoMMMMMMMMMMMMMMMMMMMMM
m mm m m S^MMMMMMMMMMMMMMMMMMMMMMMM
m mm m •* mMMMMMMMMMMMMMMMMMMMMMMMM

r-R—R^R rrsSkSsrKRSRRSRRRRRRRRRRRSKR R^R-—-- assst R-RR-R-R-hhsssSSSsKRRRRRRRRRRRRRRRSSKSiK ---- - -'~K»KKRRRRRRRRRRRRrRSSSSSk5
"mRRRRR " R R R'NwRRRRw RR - -SRRRSRSRRRRRRRRRRRRRRRRRRSMMMMMM ^mmmm MMMMMMMM ^^SmmmMMMMMMMMMMMMMMMMMMMMMMM

SRK—-KSRRRRRRRRsrrSsSSSrrrSRRRRRRRRRRRRRRRRRRRRrS
laaaRRRRRRSRRRRRRRRRaaRSRgMfiaaaaaRRRSSRRRRRRRRRRRRR

MMMMMM ISRRRRRRRRRRSRRRRRRRRiiiil^
r

MMMMMMMM
MMMMMMMMMMMMMMMMMMMMMMMM
MMMMMMMMMMMMMMM

ajmsMMWIMHIIiAM
nmmm»»ir»«r'i«»»»'»>'»

MMMMMMMMM;.a:::::mm MMMMMMM
mm mm MMMMM
mmmmmm MMMM

mm mm MMM
mm mm MMM

Mmmm MMM'
mm m MM
mm mm mm mm MMM

mm mm MMM
mtmmm MMM

mm mm MMMM
mm MMMMM
mm MMMMMMM

MMMMMMMMMM
MMM MMM MM M'^'^

~«iiRiRRR5RS|g
R-R-R-R"- RRRSRRRRsSSaaRRSRRKKRKKRRRRRRRRRRRRRRRSa

Lr-R-R-RRR= RRRRSSRsSsSaRRaRRRRRRRSSSSKRRRRRRRRRRRR:^„R-R-R—R- rrrrrrrrrssSrrSrrrrrrrrrsssrrrrrrrrrrrrR„R R-R—-aRRRRRRRRRRSSSSRRRsaSKSRRRRRRRRRRRRRRRRR
L R R R'"R-~RRRaaRRRsSS»5RRRRRRRSSRRSRRRRRRRRRRRRRRRS^, «KKKRRSRK5RSR5WaRRS»RRRRRRRRRRRRRRRRRRRRRSRRRRRRSKRSRRRSiSRSRRRRRSSRSaaR^RRRRSsRRRRRRSSSSSRSRRSSRRRR

RRaRRRRRSRR"R"SRSRRRRRRRRR"SIBssaRaSRKSRSRRRI"!"RSS""SRaaaSSRRKKSKSKKMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMMFnmmmmm^^^^^^^^^^^^^^^
ggSgggsggsaaaRRRRRRRRRRRRRRRRRRRgggggSsaRRRRRRRRRRRRRRRRRRRmmmMMMMMMMMMMMMMMMMMMMMMMMMMMMMMSmmMMMMMMMMMMMMMMMMMMMMMMMM
RRRRRRRRRRRRRRRRR"""«»"""""gEaSRRRRRRRRR"«""«""'""""""""""""""""RRRRRRRRRRRRRRRRRRSRSaRRRRRRRRRRRRRRRRRRRSSRRSSRRRSRRRaRRRRRRRRRRRRRRRRRRRrrrrrrrrrRRRRRRRRRRRRRRRRRRRrSKrrrrr

RRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRgggRRRRRRRRRRRRRRRRRRRRRRRRRRRrrrrrrrrRRRRRRRRRRRRRRRRRRRRrrrrr
iRRRSREEEERRRRERiiRRRSSSSSRgRRRRRRRRRRR^
iRRRRRRRRRRRRRRRRRRRRSSRaaRRRRRRRRRRRRRRRRRRRRRRRRRSRRRR
irrrRRRRRRRRRRRRRRRRRrrrrrrrrrrrRRRRRRRRRRRRRRRRRRRRRRrrSSSSSsSSsBsSSSSmsatasisixsssssssaszsssss
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Example Output for Rover Calculations (cont'd)

RRRRRRRRRRRRRRRRRRRRRRSSRRRRRSSasasRRRRRRRRRRRRRRRRRRRRRRRRRS^RSSSRRRRRR
RRRRRRRRRRRRRRRRRRRRRRRSSSrRRrSSsSRRRS!RRSSRKRRRRRRRRKRRRRRRSSR^k;-.k;kKRRRR
RRRRRRRRRRRRRRRRRRRRRSSaRRRRR^SsSRRRRRRSRRSRRRRRRRRRRRSRRas^aiSSRRRRRRR
RRRRRRRRRRRRRRRRRRRRRRRRRS«»5S5sSSRRRRRRRSKRKSRRRRRRRRRRRR«g«5RSRRRRRRRRRR
RRRRRRRRRRRRRRRRRRRSsKSSsRRSRSSsSsRRRRRRRRSSsSasssRRRRRRRRRsSSRRRRRRRRRRRR
RERRERERRRRRRRRRRRRRRSRSSSSa^RRRRRRRRRRRRRRRRRRRaRRaRR^S^RRRRRRR^
ErrrEErrrrrrrrrrrrrsrRrsrSSSSSrrrrrrssrrrRrRsSEErErrr^rSrrrrrrrrrr
RRRRRRRRRRRRRRRRRRRRRRRsSSSRSsSaSRRRRRRRRRRSRRRRRRRRRRRRRRSSsRSRRRRRRSKRRR
RERRRERERRRRRRRRRRiiiSRaSRSRRRSSRRRRRRR^
HS!;sssKKC!KRHRRRRRaRRRRRRRRRRaS53^HsaHRRRaRa'"'"~"'"SRRRRRRRRa"~~ SRhhshsks-

MKIKIK>
caMMM

MMN ,7|,rrTr-|r-—— — RSIMMN mtmrn

•JMN . iTi. i*T. K?W
RRRRRRRRRRRRRRRRRRRKRSSsSSsRSSsaSSRRRRRR =—=-=2=2=-
RRRRRRRRRRRRRRRRRRRRRRaRRaaaaaaaaaaaRRRR a-=-=a-
RRRRRRRRRRRRRRRRRRRRRRaRRaaRaaaa«aaaaRRR~ = =„=„=
KINiWKlHIWMhINimHIfrtNtHtHtWWIIOyQfOSSSSSKiiAWliSSl'IWWIOf'IIOfniAKllAy .yjJJJJjJ'JKiu Ia«n«-ir-i e>JMMK>K>K> ^

SERRREERRRERRRiRiiassSaaSSSRaRRRRagsK:;;^
EEEREERiiiiRiiiSMSffi-SRRRRRiaSSfSSRiRRiS^
MWK»MK>WI«MK>WWMWWWWMg22K!22iJ|SS52 •••• WKIMfOlO JOHltg 2 2 KK5SS2
WH>K»WK*K»M»O»ON>MM>0WWJ5J«g222!222Ki!J2 ^ NIOK>K)KtOJ 2 2 — kiMMMSj m m ZTT m NfOtOM p»W WMWMKJJOJOMKJJOjnW ^ MfOKIM SrftS r^n.-trt«-ir-——^ NrOKICSl
K»ok»k»k»k>»«mk»wmj5»2jaj222!2!22!22!2SSS 2KJ2 2 S p- wwcsj»rtK1K»K>M»0»0»0K1MMK>K»K>MMWM2222222S 2 2 •< M 2--2_-2—2 n - - —— KIK> P*P*P*P<KKK»N>MK>»rtK»wMMfrtj22MMj2M2K»2«2»»2252 2.ir?iirin— 22 '•22'*2 2 2 -. 5«j 2 2U22 mm

wk»»o>o»o2222222222S{ 2 »* p»p* pp K»2 2 2 2^2 2 —— pp wk» ppp-p*rAlAK»K»»OK>»rtK»K»K»MfON*»AK|J2J2J22222S2£5i2 2jiiii»i ' KIW p***** 2 2 2 SMMK1K>fOKllOKHOMfOK>N>K*»02222222222£j " 2 pppp MJO **2—2 2 2.2 2
r.r-1 -p K>K»
M M NIKIMH»N*»«ww»fl»oK*MMirt»«»o2222222222K2fti 2 •* p*** •-« 22 2222.2.22 mmMMMMMMMMMMMMMMMMMMMMMMMMMM _ ,, Ii-r >... 22j^.*p 2 2 2 2 MMM — . . p« pp mnirw

MMMMMMMMMMMMMMMMMMMMMMMMMCSi M ^ ̂  MMM _2_2.2.2 inminCJ . i2i iMn r- MMMM P-P-
MMMMMMMMMMMMMMMMMMMMMMMMMM ^ 2t-ir-T— MMMM **2 2 2 2 mmmmm 2 2 p* pP MMMMM m
MMMMMMMMMMMMMMMMMMMMMMMMMM ^*2 fp MMMM ^_2 2 MMMMMM 2_,—... MMMMMM

RRRRRRRRRRRRRRRRRRRaaRRSsSsR^ «KRRRRR« ~«l?!?RRRa«-~„..-.KaRRRRRR«
aaaaRRRRRRRRRRRRRRRRRRRRaRRaa!!~ pprrrrrrrrrMMMMMMMMMMMM
MMMMMMMMMMMM
MMMMMMMMMMMM
MMMMMMM*^^"""^MMMMMMMMMMMM MMMMMMMMMMMMMMMMMWW ©jmMMMMMM pp WW
MMMMMMMMMMMMMMMMMMMMMMMMMMMMM MMMMMM _ ^ 2 - S
MMMMMMMMMMMMMMMMMMMMMMMMMMMM mm p« MMMM pp ^*^2.2.
MMMMMMMMMMMMMMMMMMMMMMMMMMM MKIMM mppppppmppmppm
MMMMMMMMMMMMMMMMMMMMMMMMMM 2' 2 2 pp pp MMCsI '*_2—2.2
mmmmmmmmmmmmmmmmmmmmmmmmmm 2- . 11 liii —• mm »p^2'^2 2 2 -
MMMMMMMMMMMMMMMMMMMMMMMMMJI '-^-"2' 22 PP MM PPPP pp 2 2 '
MMMMMMMMMMMMMMMMMMMMMMMMMM
MMMMMMMMMMMMMMMMMMMMMMMMMM p»p* . »..w. "- • ^ ^, .. .
KIMMMMMMMMMMMMMMMMMMMMMMMMM ^ pp MM _22.2.2.2. euMW I. IJ ,.| II. 11-1 MM
MMMMMMMMMMMMMMMMMMMMMMMMMM 2 2 2 MMM 2 2 2 pp pp MMM p*

RRRRRRRRRRRRRRRRRRRaRRRRRR -R-'krrk -====r====»,RRR«''R-=-=::'"= RRRR"•"•^"'^'^•'RRRRRRRRRRRRRaaRRRRsir^r^sa -«RRRR~ R = „RRRRRK« "-S" »iS!RRRRR~
RRRRRRRM.2«ssHHHaRRRRR

iMMMMM

KKKM«MiflMMMi<>><>H!3!;!5a2«KSRaaRRR!«S55««~>"'«'""SaaKa"*'*'''''~SRRRRRRR5""~"~"RR"Si«RRR""MMMMMMMMMMMMMMMMMMMMMMMMMMMWPP««-pp MMMMMMMM SmMMMM MMMMMM <«
MMMMMMMMMMMMMMMMMMMMMMMMMMMMM MMMMMM pp^ 2 . 22mmm 5 "O MMMMM >0
MMMMMMMMMMMM MMMMMMMMMMMM pppP pp 2222 .2.2.2.2. MMMM S'«S^>e«'#«0 MMMM >0>0>C
MMMMMMMMMMMM MMMMMM WWJJJJJjJJJSmM 2 *^ 2 2 2 2 MMM 5 >0 MMM 'OMMMMMMMMMMMMMMMMMMMMMMMMMM ^ pp pp 22e^...2.2.2.2 MMM S <A MM

MMMMM MMM MMMMMMMMMMMMMM m fP MM fpmppmmfpppmmfp ^ 5555^ MM
MMMMMMMMMMMMMMMMMMMMMMC^^^;^-' , 'ir-. MMMN ppfppppppppppppp^MMMMMMMMMMMMMMMMMMMMMMMMMM p^WWpp^ ̂  2-2.2.2
RmioMininioMMioMmMaMaMaaaaagaa" r as aaaaa a as-MMMMMMMMMMMMMMMMMMMMMMMMMM pp .^^^pmpppP MM *^22 2 2 2MMMMMMMMMMMMMMMMMMMMMMMMMM ^ .. m MM 22—2—2.2..
MM MMMMM MMMMMMMMMMMMMMMMMMfJ ,,i, ... MM^.2 2 2 2 2
KIMMMMMMMMMMMMMMMMMMMMMMMMJp 2 •• pP pp pP MMMpP ^_2 2 2
MMMMMMMMMMMMMMMMMMMMMMMMMM 2if, mti —— MMMC4 fP.pppPpp^pp^pP
MMMMMMMMMMMMMMMMMMMMMMMMMM PPPJPP^J^ ^ KIKIMM pPpp 2 L*MMMMMMMMMMMMMMMMMMMMMMMMMM^! pp ^ MMMMMN^pP 2.2 .,2
MMMMMM MMMM MMM MMMMMMMMMMMM »p*p mmiMMMMMM i_ijl ̂ ^ijiinijiiAiniilM irf»OMMMTnt^t»iP,*'«.MMMMM MMMMM MMM MMMMM MMMMMMMMMM MMMMMMMMM OJfiJ ^.^SjS222222225L«F..it.MMMMMMMMMMMMM MMM MMMM MMMM MMM MMMMMMMMMMMMMW ^^^^^yyyy2>MMMMMMM MMMM MMMMWVewwi^ ^^^^^^
WMMMMMMMMMMMMMMMMMMMMMMMMMMMMW ^^^^^^y^lMMMMMMMMMMMMMMMMMMW
MMMMMMMMMMMMMMMMMMMMMMMMMMMMmg j^j^j^jjjjjjjj^MWW^IWMMMMMMMMMMMWXLIWPPWI
RRRRRRRRRRRRRRRRRRRRRaRRRRaaa- "RasaRR -S*2"~"SrRRR~" y-S ^RRRRS
RRRRRRRRRRRRRRRRRRRRaaRRRRS =-=-==— sSrS— SRFF-3ra-*s'".-~s!sa -"SMMMMMMMMMMMMMMMMMMMMMMMMMM*! PPPJPP ^ ̂  MMCsJ ^ 5 S S i^2kJ 2 S MM >00 >«

RRRRRRRRRRRRRRRRRRRaaaaRRS S-S-===R-R SK SFSS«Sa5-S«aRa SjSjSSISf.. «a
RRRRRRRRRRRRRRRaaaaaaRRRRa .^-R-ss-R- as aSjSaaSs-s rr«-«--sMMMMMMMMMMMMMMMMMMMMMMMMMM 2^. . pp pp MM « S 2.^ ̂  S S MMM
RRRRRRRRRRRRRRRRRSRsaRRRas R„-„as=as sRRa RRRR * S'-s^^^aRRR^-a""
RRRRRRRRRRRRRRRRRRRSaaaRRRR.. R-RR aR5RRa~ a«S ^aaRRRRa««*"*^*~K.RRRRRRa~
RRRRRRRRRRRRRRRRRRRRRSRRRaaaaa«MMK.aRRRSRRRRa><,NMK.MS!RRRRRRaaaK.jjji|;aaRRRRRRRRRRRRRRRRRRMMMioKiaaaHaaaaaRHRRaaaaaaRSRRRMWM'nHaaasaaaaaRRRRRRaRSSaRRRRRaRR^""'MMMMMMMMMMMMMMMMMMMMMMMMMMMMMM ^^j^^^j^jjjjjrtjrtj^lrtMMMMMMMMMMMMMMMMMMM
MMMMMMMMMMMMMMMMMMMMMMMMMMMMMMM P4MMMMMMMMM *^2222222^ MMMMMM* i
MMMMMMMMMMMMMMMMMMMMMMMMMMMMW mMMMMMM ^*^22222 S 2 MMMMM ¤
MMM MMMM MMM MMMM MMMMMMMMMMMMMM pJ MMMMM ^ . 2222 MMMM

RRRRRRRRRRRRRRRRRRRRRRaaRR^^^^a-RRRR" "SRR aRRVs ll S 5 RRa.o'-t
RRRRRRRRRRRRRRRRRRRRRaaRRS H-S-RR-R-R SR SFFS-S-SFS-aRRMMMMMMMMMMMMMMMMMMMMMMMMMM .^ppppppppp-

146



Example Output for Rover Calculations (cont'd)
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Example Output for Rover Calculations (cont'd)
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Example Input for Honeycomb Calculational Model

#csasn

treat critical configuration 1
27groupndf4 infbommedium
u-235 1 0 1.074459e-5 293 end
u-238 1 0 7.740383e-7 293 end
c  I 0 2.690244e-6 293 end
f  1 0 5.380488e-6 293 end

c  1 0.0 7.681011e-2 293 end
b-10 1 0.0 2.209824e-8 293 end
b-11 1 0.0 8.894820e-8 293 end
ca I 0.0 2.672497e-6 293 end
ai 1 0.0 1.197879e-5 293 end
fe 1 0.0 5.290708e-5 293 end
ti 1 0.0 1.156652e-6 293 end
v-51 1 0.0 8.881575e-7 293 end
ai 1 0.0 9.289343e-4 293 end
end comp
end

#kenova

treat critical configuration 1
read parm run=yes lib=4 plt=yes gen=203 npg=500 tnie=70 nub=yes
end parm
read start nst=l xsm=76.20 xsp= 121.92 ysm=76.20 ysp= 121.92
zsm=76.20 zsp= 121.92 end start
read mixt

mix= 1 92235 4.783682e-2 92238 3.446153e-3 6012 1.19774e-2
9019 2.39548e-2

mix=2 13027 6.023740e-2

mix=3 6012 8.365627e-2 5010 2.406788e-8 5011 9.687624e-8
20000 2.910699e-6 13027 1.304647e-5 26000 5.762274e-5
22000 1.259746e-6 23051 9.673199e-7
end mixt

read geom
unit 1

cuboid 1 1 9.525 -9.525 3.65125 -3.65125 0.0 -.00254
cuboid 0 1 10.160 -10.160 3.65125 -3.65125 0.0 -.00254
cuboid 3 1 10.160 -10.160 3.65125 -3.65125 0.0 -1.27127
unit 2

cuboid 1 1 9.525 -9.525 3.65125 -3.65125 0.0 -.00254
cuboid 0 1 10.160 -10.160 3.65125 -3.65125 0.0 -.00254
cuboid 3 1 10.160 -10.160 3.65125 -3.65125 0.0 -5.0800
unit 3

cuboid 3 1 10.160 -10.160 3.65125 -3.65125 0.0 -0.95123
unit 4

array 1 0.0--3.65125 -3.65125
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Example Input for Honeycomb Caiculational Model (cont'd)

0.0

0

2

cuboid 0 1

cuboid 2 1

unit 5

cuboid 1 1

cuboid 0 1

cuboid 3 1

unit 6

cuboid

unit 7

array 2
cuboid

cuboid

unit 8

cuboid 3

cuboid 0

cuboid 2

unit 9

cuboid 3

cuboid 0

cuboid 2

unit 10

array 3 3r0.0
unit 11

array 4 3r0.0
unit 12

array 5 3r0.0
unit 13

array 6 3r0.0
unit 14

array 7 3r0.0
unit 15

array 8 3r0.0
unit 16

array 9 3r0.0
unit 17

array 10 3r0.0
unit 18

array 11 3r0.0
unit 19

array 12 3r0.0
global unit 20
array 13 3r0.0
end geom
read array
ara=l nux = l

3  1

•

20.320 0.0 3.69062 -3.69062 3.72999 -3.65125
20.320 0.0 3.810 -3.810 3.84937 -3.77063

9.525 -9.525 3.65125 -3.65125 0.0 -.00254
10.160 -10.160 3.65125 -3.65125 0.0 -.00254
10.160 -10.160 3.65125 -3.65125 0.0 -3.81127

10.160 -10.160 3.65125 -3.65125 0.0 -3.49123

3.65125 -3.65125

20.320 0.0 3.69062 -3.69062 3.72999 -3.65125
20.320 0.0 3.810 -3.810 3.84937 -3.77063

30.480 0.0 3.65125 -3.65125 3.65125 -3.65125
30.480 0.0 3.69062 -3.69062 3.72999 -3.65125
30.480 0.0 3.810 -3.810 3.84937 -3.77063

20.320 0.0 3.65125 -3.65125 3.65125 -3.65125
20.320 0.0 3.69062 -3.69062 3.72999 -3.65125
20.320 0.0 3.810 -3.810 3.84937 -3.77063

nuy= 1 nuz=3 fill 1 2 3 end fill
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Example Input for Honeycomb Calculational Model (cont'd)

ara=2 nux= 1 nuy= 1 nuz=2 fill 5 6 end fill
ara=3 nux=8 nuy=l nuz=l fill 8 6r4 8 end fill
ara=4 nux=8 nuy= 1 nuz= 1 fill 8 6r7 8 end fill
ara=5 nux=8 nuy= 1 nuz= 1 fill 8 6r9 8 end fill
ara=6 nux=8 nuy= 1 nuz= 1 fill 8 3r7 3r4 8 end fill
ara=7 nux=l nuy=l nuz=24 fill 5rl2 11 12 11 12 II 12 11 12
11 12 11 12 11 12 11 4rl2 end fill
ara=8 nux=l nuy=l nuz=24 fill 4rl2 10 12 10 12 10 12 10 12
10 12 10 12 10 12 10 5rl2 end fill
ara=9 nux=l nuy=l nuz=24 fill 4rl2 13 12 10 12 10 12 10 12
10 12 10 12 10 12 10 5rl2 end fill
ara=10 nux=l nuy=l nuz=24fill 4rl2 13 12 10 12 13 12 10 12
13 12 10 12 13 12 10 5rl2 end fill
ara= 11 nux= 1 nuy= 1 nuz=24 fill 24rl2 end fill
ara=12 nux=l nuy=l nuz=24fill 4rl2 13 12 10 12 10 12 10 12 13 12 10
12 10 12 10 5rl2 end fill
ara=13 nux=l nuy=24 nuz=l fill 4rl8 14 15 14 16 14 15 14
19 14 15 14 16 14 15 14 17 4rl8 end fill
end array
end data

end
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Example Output for Honeycomb Calculations (cont'd)
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Example Output for Honeycomb Calculations (cont'd)
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Example Output for Honeycomb Calculations (cont'd)
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Example Output for Honeycomb Calculations (cont'd)
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Example Output for Honeycomb Calculations (cont'd)
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Example Output for Honeycomb Calculations (cont'd)

treat critical ccnfiguration 1
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Example Output for Honeycomb Calculations (cont'd)
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Example Output for Honeycomb Calculations (cont'd)
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Example Output for Honeycomb Calculations (cont'd)

Itrnt critical configuration 1
0  frequency for generations 4 to 203
.8401 to .8580 *
.8580 to .8759 *
.8759 to .8937 *
.8937 to .9116

.9116 to .9295

.9295 to .9474

.9474 to .9653

.9653 to .9832

.9832 to 1.0011
1.0011 to 1.0190
1.0190 to 1.0369 >««««««■««■■«««■««««««««««
1.0369 to 1.0547
1.0547 to 1.0726 *'*'***"
1.0726 to 1.0905
1.0905 to 1.1084
1.1084 to 1.1263 *

0  frequency for generations 54 to 203
.8401 to .8580 *
.8580 to .8759 *
.8759 to .8937 *
.8937 to .9116 —
.9116 to .9295
.9295 to .9474
.9474 to .9653
.9653 to .9832
.9832 to 1.0011

1.0011 to 1.0190
1.0190 to 1.0369
1.0369 to 1.0547
1.0547 to 1.0726
1.0726 to 1.0905
1.0905 to 1.1084
1.1084 to 1.1263

0  frequency for generations 104 to 203
.8401 to .8580 *
.8580 to .8759
.8759 to .8937
.8937 to .9116
.9116 to .9295 ••
.9295 to .9474 •*
.9474 to .9653 **•**•**•
.9653 to .9832 ««««««««««««««<««■»
.9832 to 1.0011

1.0011 to 1.0190
1.0190 to 1.0369
1.0369 to 1.0547
1.0547 to 1.0726
1.0726 to 1.0905 •«
1.0905 to 1.1084
1.1084 to 1.1263

Itreat critical configuration 1
0  frequency for generations 154 to 203

.8401 to .8580 *

.8580 to .8759

.8759 to .8937

.8937 to .9116 •

.9116 to .9295

.9295 to .9474

.9474 to .9653

.9653 to .9832

.9832 to 1.0011
1.0011 to 1.0190
1.0190 to 1.0369
1.0369 to 1.0547
1.0547 to 1.0726
1.0726 to 1.0905
1.0905 to 1.1084
1.1084 to 1.1263
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