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1. Purpose

The objective of this analysis is to evaluate accumulations within the thermally altered tuff
surrounding a drift. The evaluation examines accumulation of uranium minerals (soddyite),
plutonium oxide (PuO), and combinations of these materials. A hypothetical model of the tuff is
used to provide insight into the factors that affect criticality for this near-field scenario. The factors
examined include: the size of the accumulation, the fissile composition of the accumulation, the
water or clayey material fraction in the accumulation and the water fraction in the tuff.

2. Quality Assurance

The Quality Assurance (QA) program does not apply to this analysis. The Waste Package
Development Department responsible manager has evaluated this activity in accordance with QAP-
2-0, Conduct of Activities. The Studies Not Supported by OCRWM(Ref. 5.1) activity evaluation has
determined that work associated with the immobilized Pu task is not subject to Quality Assurance
Requirements and Description (QARD; Ref 5.2) requirements.

3. Method

The solution method is to use the MCNP4A computer program (CSCI:30006 V4A) to calculate k-
effective for criticality safety evaluations.

4. Design Inputs

4.1 Material Properties

The five materials considered in this evaluation are Topopah Spring Welded tuff, soddyite,
plutonium oxide, clayey material from degraded HLW glass, and water. The physical parameters
of these materials are listed in Table 4-1. It is noted that the weight percents for the tuff do not sum
to 1.0. However, the difference is small and will have no significant effect on calculational results.
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Table 4-1 Material Properties
[COULD NOT BE CONVERTED TO SEARCHABLE TEXT]

4.2 Criteria

The Engineered Barrier Design Requirements Document (EBDRD; Ref. 5.10) contains several
criteria which relate to criticality control. The "TBD" (to be determined) items identified in these
criteria will not be carried to the conclusions of this analysis based on the rationale that the
conclusions are for preliminary design, and will not be used as input to design documents supporting
construction, fabrication, or procurement. A review of the EBDRD identified the following relevant
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requirements:

The EBDRD requirements 3.2.2.6 and 3.7.1.3.A both indicate that a WP criticality shall not
be possible unless at least two unlikely, independent, and concurrent or sequential changes
have occurred in the conditions essential to nuclear criticality safety. These requirements
also indicate that the design must provide for criticality safety under normal and accident
conditions, and, that the calculated effective multiplication factor (k) must be sufficiently
below unity to show at least a five percent margin after allowance for the bias in the method
of calculation and the uncertainty in the experiments used to validate the methods of
calculation. The latter requirement contains a "TBD" at the end.

Controlled Design Assumptions document (CDA) assumption EBDRD 3.7.1.3.A (Ref. 5.1 1,
p. 4-32) clarifies that the above requirement is applicable to only the preclosure phase of the
MGDS, in accordance with the current DOE position on postclosure criticality. This
assumption also indicates that for postclosure, the probability and consequences of a
criticality provide reasonable assurance that the performance objective of 10CFR60.112 is
met. While the Nuclear Regulatory Commission (NRC) has not yet endorsed any specific
change for postclosure, they have indicated that they agree that one is necessary.

Finally, EBDRD 3.3.l.G indicates that "The Engineered Barrier Segment design shall meet
all relevant requirements imposed by 10CFR60." The NRC has recently revised several parts
of 10CFR60 which relate to the identification and analysis of design basis events (Ref. 5.12)
including the criticality control requirement, which was moved to 60.131 (h). These changes
are not reflected in the current versions of the EBDRD or the CDA. The change to the
criticality requirement simply replaces the phrase "criticality safety under normal and
accident conditions" with "criticality safety assuming design basis events."'

This analysis contributes to satisfying the above requirements by providing k of degraded
MIT and ORR fuel This analysis provides information which will be used in probabilistic
analyses of postclosure criticality as part of Total System Performance Assessment (TSPA)-
Viability Assessment (VA) to demonstrate compliance with the performance objective of
§60.112 (or, as appropriate, other applicable performance objectives in effect or proposed
by the NRC at the time the TSPA-VA analysis is performed).
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43 Assumptions

4.3.1 Based on the inspection of ESF by P. Gottlieb, W. Davis and P. Cloke on July 23, 1997, the
worst case fracture density in the walls of an emplacement drift is assumed to be the
equivalent of parallel plane spacings of -3cm in three dimensions. The entire model volume
is one meter cube.

4.3.2 Only the principle fissile isotopes U and Pu are considered in the composition of the
accumulation due to the scoping nature of this evaluation.

4.4 Codes and Standards

Not Applicable. Neutronic design of the waste package is not controlled by codes and standards.

5. References

5.1 QAP-2-0Activity Evaluations, ID No. WP-30, Perform Criticality, Thermal, Structural, and
Shielding Analyses as Required for DOE Spent Fuel Characterization, Dated 8/3/97, Civilian
Radioactive Waste Management System (CRWMS) Management and Operating Contractor
(M&O).

5.2 Quality Assurance Requirements and Description, DOE/RW-0333P REV 7, U.S.
Department of Energy (DOE) Office of Civilian Radioactive Waste Management
(OCRWM).

5.3 Evaluation of the Potentialfor Deposition of Uranium/Plutonium from Repository Waste
Packages, DI Number: BBAOOOOOO-01717-0200-00050 REV. 00, CRWMS M&O.

5.4 Roberts, W.L, Rapp, G.R., Jr., and Weber, J., Encyclopedia of Minerals, van Nostrad, New
York, 1974.

5.5 Handbook of Chemistry and Physics, 66th Edition, CRC Press, 1985

5.6 Material Compositions and Number Densities For Neutronics Calculations, DI Number:
BBA000000-01717-0200-00002 REV 00, CRWMS M&O.

5.7 Wilson, M.L., et al., Total-System Performance Assessment for Yucca Mountain - SNL
Second Iteration (TSPA-1993), Volume 1, SAND93-2675, April, 1994.

5.8 MCNP-A General Monte Carlo N-Particle Transport Code, Version 4A, LA- 12625-M, Los
Alamos National Laboratory, November 1993.
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5.9 Software Qualification Report for MCNP4A, CSCI: 30006 V4A, DI Number. 30006-2003
REV 02, CRWMS M&O.

5.10 Engineered Barrier Design Requirements Document, YMP/CM-0024, REV 0, ICN 1, Yucca
Mountain Site Characterization Project.

5.11 Controlled Design Assumptions Document, Document Identifier (DI) Number:
B0000000-017174600-00032 REV 04, ICN 01, CRWMS M&O.

5.12 10 CFR Part 60; Disposal of High-Level Radioactive Wastes in Geologic Repositories;
Design Basis Events; Final Rule, U.S. Nuclear Regulatory Commission, Federal Register,
Volume 61, Number 234, pp. 64257-64270, December 4, 1996.

5.13 Electronic Attachments for A00000000-01717-0200-00050 REV 00, Criticality Analysis of
Pu and U Accumulations in a Tuff Fracture Network, Colorado Backup Tape, RPC Batch
Number MOY-980129-02, CRWMS M&O.

6. Use of Computer Software

The calculation of effective multiplication factor was performed with the MCNP4A (Ref. 5.8)
computer code, CSCI: 30006 V4A. MCNP4A calculates k, for a variety of geometric
configurations with neutron cross sections for elements and isotopes described in the Evaluated
Nuclear Data File version B-V (ENDF-B/V). MCNP4A is appropriate for the geometries and
materials required for these analyses. The calculations using the MCNP4A software were executed
on a Hewlett-Packard 9000 Series 735 workstation. The software qualification of the MCNP4A
software, including problems related to calculation of k-effective for fissile systems, is summarized
in the Software Qualification Report for the Monte Carlo N-Particle code (Ref. 5.9). The MCNP4A
evaluations performed for this design are fully within the range of the validation for the MCNP4A
software used. Access to and use of the MCNP4A software for this analysis was granted by
Software Configuration Management and performed in accordance with the QAP-SI series
procedures. Inputs and outputs for the MCNP4A software are included as attachments (see Section
9.2) as described in the following design analysis.

The computation of number densities was performed with Microsoft Excel Version 7.0. Microsoft
Excel 7.0 was executed on an IBM PC compatible personal computer. Microsoft Excel 7.0 was
used simply to provide data manipulation for the analyses and is considered Computational Support
Software. These files are included as attachments (see Section 9.3).
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7. Design Analysis

7.1 MCNP Model Description

Investigations of the thermally altered tuff around a drift indicate fracture spacings of -3 cm (center-
to-center) in three dimensions. The maximum fracture aperture is expected to be about 0.1 cm. This
fracture scenario is approximated with a cubical representation of the fractured tuff. A three-
dimensional array of cubes, 3 cm on a side, will represent the fracture area. The inner cube (a
minimum of 2.900 cm on a side) is filled with porous tuff. The outer cubic shell represents the
fracture filled with an aqueous or clayey material mixture of soddyite, PuO2, or a 50/50 mixture of
soddyite and PuO2. The total fracture region is modeled as a one meter cube of cubic fractures
surrounded by a one meter thick, cubic shell reflector of tuff with the same porosity and water
content as the inner fractured tuff. The MCNP geometry is shown in Figure 7. 1-1.

The evaluation examines material composition effects related to the moderator fraction in both the
tuff and the fissile material. The evaluation also determines the effects of the size of the fracture
aperture which range from 0.001 to 0.100 cm thick.
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Figure 7.1-1. Illustration of Fracture Matrix Model
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7.2 Material Composition Description

The MCNP model used for this analysis assumes that the material specifications are in terms of
elemental mass densities. Thus, the data in Table 4-1 must be manipulated into the correct format
to characterize the addition of moderating material, i.e., water or clayey material, in various
proportions. The generation of the elemental mass densities follows the methodology described in
"Material Compositions and Number Densities for Neutronics Calculations" (Ref. 5.6). Table 7.2-1
lists the elemental mass densities for the compounds listed in Table 4-1, as well as their elemental
weight fraction. The elemental densities in Table 7.2-1 are listed by compound for each material for
both primary elements and oxide components. The elemental densities are obtained with the
following formula:

(pa) (we) (NIamu,)

(Pe~ ~~~0e( Pe) .:E Pe

where,
(pj, is the elemental density of element I in the compound, g/cm3,
pm is the material density, g/cm3 ,

w, is the weight fraction of the compound in the material,
N, is the number of atoms of the element I in the compound,
amu, is the atomic mass of the element I, and

(pe) is the summation of all the elemental densities in the compound c.

For example, for the compound SiO2 in tuff (see Table 7.2-1), the elemental densities are:

(p) = (2.247) (0.76827) (1*28.086) = 0.807062
e Si 128.086 +2*15.994915

(p) = (2.247) (0.76827) (2-15.994915) = o 919240
1*28.086+2*15.994915

The elemental weight fractions for a material are obtained by dividing the elemental density by the
sum of the elemental densities of all compounds in the material, i.e.,

(W.) ( = e)X

P.C m
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where W. is the elemental weight fraction in the material m for element 1. For example, the element
weight fraction of silicon and oxygen in tuff is:

WS,= 0-807062 = 0.359472

WO = 21:105025 = 0.492186,

where the values are obtained from Table 7.2-1. The elemental densities given in Table 7.2-1 are
for pure quantities of the materials listed. For the MCNP evaluation, elemental densities of water
contained in, or mixed with, the materials are desired. These quantities are obtained from the
product of the elemental densities and the volume fractions of the components in the mixture.
Results for tuff are listed in Table 7.2-2. It is noted that tuff is a porous material with a porosity of
0.139 (Ref. 5.7). The water that is mixed with the tuff is assumed to reside in the pores of the
material. Thus, the elemental densities of the tuff remain at a volume fraction of 1.0 and water, up
to a volume fraction of 0.139, can reside in the pores of the tuff. This increases the density of the
tuff to the sum of the densities of tuff and the interstitial water in the pores. For this evaluation four
volume fractions of water are examined: 0.13,0.08,0.04, and 0.00, i.e., dry tuff. For tuff and other
materials, the elemental density is found from:

(p* 1i),,, = (Ps(Vd

where,
(pc)e is the elemental density of element I for compound c in the mixture,
(p,), is the elemental density of the I-th element of compound c,
(V1), is the volume fraction of compound c in the mixture.

The elemental densities are used in the input file for MCNP to characterize the material composition.
It is noted that MCNP sums the elemental densities and normalizes the values to a total sum of 1.0
to obtain an elemental weight fraction. In addition, MCNP requires the specification of the density
of the material. The density of the mixture, p is just the sum of the elemental densities, i.e.,

P (Pe..) M

Elemental densities for the mixtures of soddyite, plutonium oxide, and a 50/50 mixture of soddyite
and plutonium oxide with water or clayey material were determined using Excel spreadsheets
Tuff.Xls and Clay.Xls, respectively. The elemental densities for some configurations are shown in
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Tables 7.2-2 thru 7.2A.

Description of Tuff.XIs (spreadsheet for fissile mixtures in water)

l) determine no. of atoms of each element in each compound (soddyite, water and PuO2 )

2) multiply no. of atoms of each element by the atomic weight

3) determine atomic weight for each compound

4) determine volume fraction and density for each compound

5) calculate fractional density for each element in each compound:
vol. fraction x density x weight percent of element in compound

6) sum fractional densities for each element - No - MCNP input is in g/cc

Description of Clay.Xls (spreadsheet for fissile mixtures in clayey material)

1) determine no. of atoms of each element in clayey material

2) determine mass of each compound in clayey material

3) determine total volume of clayey material

4) determine atomic weight of each compound in clayey material

5) determine fractional density for each element in clayey material:
(no. of atoms x mass of compound / total vol. / atomic weight of compound x Avogadros

number) for each compound containing that element

6) using Tuff.Xls, determine fractional densities for each element in 100% volume fraction
soddyite and PuO2 (no. of atoms x Avogadros number x density / atomic weight)

7) determine volume fraction for clayey material, soddyite and PuO2

8) multiply volume fractions by fractional densities for each element - Note - MCNP input is in
atomic units

In addition to the base fissile fractions of 0. 1, 0.5. and 0.9, additional fractions are included that were
necessary to estimate the fraction that would result in a kff of 0.93 for various mixtures.
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Table 7.2-1 Elemental Weight Percents

[COULD NOT BE CONVERTED TO SEARCHABLE TEXT]
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Table 7.2.2 Soddvite/Water Mixture Elemental Densities[COULD NOT BE CONVERTED TO SEARCHABLE TEXT]
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Table 7.2.3 Plutonium Oxide/Water Mixture Elemental Densities[COULD NOT BE CONVERTED TO SEARCHABLE TEXT]
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Table 7.2.3 (cont.) Plutonium Oxide/Water Mixture Elemental Densities

[COULD NOT BE CONVERTED TO SEARCHABLE TEXT]
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Table 7.2-4 (cont.) Soddyite, Plutonium Oxide, Water Mixture Elemental Densities

[COULD NOT BE CONVERTED TO SEARCHABLE TEXT]
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Table 7.24 (cont) Soddyite. Plutonium Oxide, Water Mixture Elemental Densities

[COULD NOT BE CONVERTED TO SEARCHABLE TEXT]
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7.3 MCNP Results for Fissile Mixtures with Water

The results for various fracture contents and widths are provided in this section for fissile mixtures
with water. The results are categorized by fracture width and fracture content.

7.3.1 Results for 0.1 cm Fracture Width

Tables 7.3-1, 7.3-2, and 73-3 list the results for soddyite, plutonium oxide, and a 50/50 mixture of
soddyite and plutonium oxide for fracture widths of 0.1 cm. The evaluation of the 50/50 mixture
of soddyite and plutonium oxide in water provides results bracketed by those of soddyite and
plutonium oxide. The tables cover a range of water volume fractions in the tuff for the fissile
volume fractions required for a k,,, of 0.93. The results are fairly consistent for each fissile material
with the volume fraction increasing as the amount of water in the tuff decreases. For soddyite they
range from 3.1% to 3.8%, for plutonium oxide they range from .57% to .64% and for the 50/50
mixture of soddyite and plutonium oxide they range from .96% to 1.08%.
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Table 7.3-1 Soddyite MCNP Results in 0.1 cm Wide Fracture
[COULD NOT BE CONVERTED TO SEARCHABLE TEXT]
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Table 7.3-2 Plutonium Oxide MCNP Results In 0.1 cm Wide Fracture

[CO ULD NOT B E CONVERTED TO SE A
RC

H

ABLE T EXT ]



Waste Package Development Design Analysis
Title: Criticality Analysis of Pu and U Accumulations In a Tuff Fracture Network
Document Identifier: A00000000-01717-0200-00050 REV 00 Page 23 of 58

Table 7.3-3 50/50 Mixture of Soddyite and Plutonium Oxide
MCNP Results in 0.1 cm Wide Fracture

[COULD NOT BE CONVERTED TO SEARCHABLE TEXT]
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7.3.2 Results for 0.01 cm Fracture Width

Tables 7.3-4, 7.3-5, and 7.3-6 list the results for soddyite. plutonium oxide, and a 50/50 mixture of
soddyite and plutonium oxide for fracture widths of 0.01 cm. The tables cover a range of fissile
mixtures with water and water in the tuff matrix.

The results for soddyite, Table 7.3-4, show a range of k values from about 0.48 to 1.20 as the
amount of soddyite increase from a volume fraction of 10% to 90% for a water volume fraction of
13% in the tuff. A similar range is seen for 8% and 4% water volume in the tuff with slightly lower
k values. For no water in the tuff, the k are considerably lower, but the general trend is the
same. To obtain a value of k of 0.93, volume fractions about 0.355,0.438 and 0.722 are required
for tuff with 13%, 8% and 4% volume fraction water, respectively. For no water in the tuff, the
maximum value of k is about 0.705.

For plutonium oxide, the general trend is the same (see Table 7.3-5); however, the values of k are
significantly higher. They range from about 0.92 to 1.37 for 13% water, 0.91 to 1.28 for 8% water
and 0.90 to 1.15 for 4% water. For no water in the tuff, the results are significantly lower. Volume
fractions of about 0.062, 0.074 and 0.113 are required to produce a k of about 0.93 for tuff water
volume fractions of 13%, 8% and 4%, respectively. The case with no water in the tuff has a k
below 0.93 with a maximum k of about 0.923 for 92% plutonium oxide volume fraction in the
fracture.

For 50/50 mixture of soddyite and plutonium oxide (see Table 7.3-6) the k values range from about
0.91 to 1.34 for a tuff water volume percent of 13% with slightly smaller values for 8% and 4%. For
no water in the tuff, the k is significantly lower. The fissile mixture volume percent required for
a 0.93 k are about 0.105, 0.125 and 0.195 for 13%, 8% and 4% tuff water volume fractions,
respectively. Without water in the tuff, no values approaching 0.93 are possible.

The trend of decreasing k with decreasing water in the tuff could be caused by leakage through the
reflector in the model. To assess this possibility, an additional evaluation examined the effect of
water in the reflector. Models with a 50/50 mixture of soddyite and Pu0 2 fissile volume fraction of
11% and a tuff water volume fraction of 13% in the reflector were evaluated. The results are shown
in Table 7.3-7. As is noted, there is no significant kff change over the cases with 8% and 0% water
in the reflector. The small change is about what would be expected for the slight change in fissile
volume fraction for the 8% and 0% tuff water fractions. Thus, the trend is controlled by the water
content of the tuff within the fracture zone rather than leakage from the region.
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Table 7.3-4 Soddyite MCNP Results in 0.01 cm Wide Fracture
[COULD NOT BE CONVERTED TO SEARCHABLE TEXT]
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Table 7.3-5 Plutonium Oxide MCNP Results in 0.01 cm Wide Fracture[COULD NOT BE CONVERTED TO SEARCHABLE TEXT]
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Table 7.3-6 50150 Mixture of Soddyite and Plutonium Oxide
MCNP Results In 0.01 cm Wide Fracture

[COULD NOT BE CONVERTED TO SEARCHABLE TEXT]
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Table 7.3-7 50/50 Mixture of Soddyite and Plutonium Oxide
in 0.01 cm Wide Fracture with ll% Fissile Volume Fraction (7.37 kg Fissile Material)

[COULD NOT BE CONVERTED TO SEARCHABLE TEXT]
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733 Results for 0.005 cm Fracture Width

The results for soddyite, plutonium oxide, and a 50/50 mixture of soddyite and plutonium oxide
mixtures filling a 0.005 cm fracture are listed in Tables 7.3-8. 7.3-9. and 7.3-10. The general trend
of the data is similar to that for the 0.01 cm wide fracture with higher fissile volume fractions for the
same k

Table 7.3-8 Soddyite MCNP Results in 0.005 cm Wide Fracture
[COULD NOT BE CONVERTED TO SEARCHABLE TEXT]
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Table 7.3-9 Plutonium Oxide MCNP Results In 0.005 cm Wide Fracture
[COULD NOT BE CONVERTED TO SEARCHABLE TEXT]
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Table 7.3-10 50/50 Mixture of Soddyite and Plutonium Oxide
MCNP Results In 0.005 cm Wide Fracture

[COULD NOT BE CONVERTED TO SEARCHABLE TEXT]
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7.3.4 Results for 0.002 cm Fracture Width

For the 0.002 cm fracture width only plutonium oxide and a 50/50 mixture of soddyite and
plutonium oxide cases were evaluated. Further, for these cases only the conditions for a tuff water
fraction of 0.13, 0.08 and 0.04 and fissile volume fractions of 0.5 and 0.9 were evaluated. Results
for these cases are listed in Tables 7.3-11 and 7.3-12. Due to lower possible fissile mass in the
fracture, a significant reduction in k is noted.

Table 7.3-11 Plutonium Oxide MCNP Results In 0.002 cm Wide Fracture[COULD NOT BE CONVERTED TO SEARCHABLE TEXT]
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Table 7.3-12 50/50 Mixture of Soddyite and Plutonium Oxide
MCNP Results in 0.002 cm Wide Fracture[COULD NOT BE CONVERTED TO SEARCHABLE TEXT]
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7.3.5 Results for 0.001 cm Fracture Width

For a further reduction in the fracture width, 0.001 cm. with 13%, 8% and 4% water in the tuff a
further reduction in k is noted as shown in Tables 7.3-13 and 7.3-14.

Table 73-13 Plutonium Oxide MCNP Results in 0.001 cm Wide Fracture
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Table 7.3-14 50/50 Mixture of Soddyite and Plutonium Oxide
MCNP Results in 0.001 cm Wide Fracture

[COULD NOT BE CONVERTED TO SEARCHABLE TEXT]



Waste Package Development Design Analysis
Title: Criticality Analysis of Pu and U Accumulations in a Tuff Fracture Network
Document Identifier: A00000000-01717.0200-00050 REV 00 Page 36 of 58

7.3.6 K as a Function of Fracture Width

The results listed in the previous tables allow trending of the k as a function of fracture width for
plutonium oxide and a 50/50 mixture of soddyite and plutonium oxide for 90 volume percent fissile
material in water and 13 volume percent water in the tuff. Table 7.3-15 lists the k as a function of
the fracture width. The trend of the data is illustrated in Figure 7.3-1. For the 50/50 mixture of
soddyite and plutonium oxide, a fracture width of about 0.0013 cm is required to obtain a k of 0.93.
Due to the slope of the PuO2 curve no estimate is made for the thickness required for a k of 0.93
for plutonium oxide.

Table 73-15 Plutonium Oxide and 50/50 Mixture of Soddyite/PuO2
MCNP Results As a Function of Fracture Width for

90 Volume Percent Fissile Material and 13 Volume Percent Water in Tuff
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Figure 7.3-1 K as a Function of Fracture Width



Waste Package Development Design Analysis
Title: Criticality Analysis of Pu and U Accumulations In a Tuff Fracture Network
Document Identifier: A00000000-01717-0200-00050 REV 00 Page 38 of 58

7.3.7 Fissile Weight Evaluations for a k of 0.93

The criticality safety criterion can be satisfied with a maximum k from MCNP of about 0.93. This
section presents an evaluation that determines the k of fissile masses of both plutonium oxide and
a 50/50 mixture of soddyite and plutonium oxide for a total fissile mass equal to the mass of soddyite
that produces a k of 0.93.

Table 7.3-16 lists results from a series of cases that examined an equivalent mass of fissile material.
The fissile mass of plutonium oxide and the 50/50 mixture of soddyite and plutonium oxide was set
equal to the mass of U required to give a k of 0.93 (from linear interpolation) in tuff with both
13 and 8 volume percent interstitial water. As seen from the table, the equivalent mass of plutonium
oxide is more reactive by about 19% or 16% for tuff with 13 and 8 volume fraction interstitial
water, respectively. The 50/50 mixture of soddyite and plutonium oxide has values about 3%
less than for the plutonium oxide mixture. Based upon these results, plutonium oxide mixtures
provide the bounding material for the three fissile mixtures examined in this evaluation.

Table 73-16 K for Equal Fissile Masses, 0.01 cm Fracture Width
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7.4 MCNP Results for Fissile Mixtures with Clayey Material

The results for various fracture contents and widths are provided in this section for fissile mixtures
with clayey material. The results are categorized by fracture width and fracture content.

7.4.1 Results for 0.1 cm Fracture Width

Tables 7.4-1, 7.4-2, and 7.4-3 list the results for soddyite, plutonium oxide, and a 50/50 mixture of
soddyite and plutonium oxide for fracture widths of 0.1 cm. The tables cover a range of water
volume fractions in the tuff for the fissile volume fractions required for a k of 0.93. The results
for each fissile material show the volume fraction increasing as the amount of water in the tuff
decreases. For soddyite they range from 3.89% to 27.1 %. for plutonium oxide they range from .67%
to 9.7% and for the 50/50 mixture of soddyite and plutonium oxide they range from 1.15% to 14.3%.
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Table 7.4-1 Soddyite Results in 0.1 cm Wide Fracture
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Table 7.4-2 Plutonium Oxide MCNP Results in 0.1 cm Wide Fracture
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Table 7.4.3 50/50 Mixture of Soddyite and Plutonium Oxide
MCNP Results In 0.1 cm Wide Fracture
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7.4.2 Results for 0.01 cm Fracture Width

Tables 7.4-4,7.4-5. and 7.4-6 list the results for soddyite, plutonium oxide, and a 50/50 mixture of
soddyite and plutonium oxide for fracture widths of 0.01 cm. The tables cover a range of fissile
mixtures with clayey material and water in the tuff matrix.

The results for soddyite (Table 7.44) show a range of k values from about 0.47 to 1.20 as the
amount of soddyite increases from a volume fraction of 10% to 90% for a water volume fraction of
13% in the tuff. A similar range is seen for 8% and 4% water volume in the tuff with slightly lower
k values. For no water in the tuff, the k are considerably lower, but the general trend is the
same. To obtain a value of k of 0.93, volume fractions about 0.359, 0.455 and 0.7598 are required
for tuff with 13%, 8% and 4% volume fraction water, respectively. For no water in the tuff, the
maximum value of k is about 0.703.

For plutonium oxide, the general trend is the same (see Table 7.4-5); however, the values of k are
significantly higher. They range from about .91 to 1.37 for 13% water, 0.90 to 1.28 for 8% water
and 0.86 to 1.15 for 4% water. For no water in the tuff, the results are significantly lower. Volume
fractions of about 0.064, 0.079 and 0.143 are required to produce a k of about 0.93 for tuff water
volume fractions of 13%, 8% and 4%, respectively. The case with no water in the tuff has a k
below 0.93 with a maximum k of about 0.928 for 98% plutonium oxide volume fraction in the
fracture.

The evaluation of the 50/50 mixture of soddyite and plutonium oxide in clayey material provides
results bracketed by those of soddyite and plutonium oxide (see Table 74-6). The k values range
from about 0.90 to 1.34 for a tuff water volume percent of 13% with slightly smaller values for 8%
and 4%. For no water in the tuff, the k is significantly lower. The fissile mixture volume percent
required for a 0.93 k are about 0.109, 0.134 and 0.2403 for 13%, 8% and 4% tuff water volume
fractions, respectively. Without water in the tuff, no values approaching 0.93 are possible.
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Table 7.4-4 Soddyite MCNP Results In 0.01 cm Wide Fracture
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Table 7.4-5 Plutonium Oxide MCNP Results In 0.01 cm Wide Fracture[COULD NOT BE CONVERTED TO SEARCHABLE TEXT]
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Table 74-6 50/50 Mixture of Soddyite and Plutonium Oxide
MCNP Results in 0.01 cm Wide Fracture
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7.4.3 Results for 0.005 cm Fracture Width

The results for soddyite, plutonium oxide, and a 50/50 mixture of soddyite and plutonium oxide
mixtures with clayey material filling a 0.005 cm fracture are listed in Tables 7.4-7, 7.4-8, and 7.4-9.
The general trend of the data is similar to that for the 0.01 cm wide fracture with lower k values,
as expected due to smaller possible masses of fissile material.

Table 7.4-7 Soddyite MCNP Results in 0.005 cm Wide Fracture
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Table 7.4-8 Plutonium Oxide MCNP Results In 0.005 cm Wide Fracture
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Table 7.4-9 50150 Mixture of Soddyite and Plutonium Oxide
MCNP Results In 0.005 cm Wide Fracture[COULD NOT BE CONVERTED TO SEARCHABLE TEXT]
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7.4.4 Results for 0.002 cm Fracture Width

For the 0.002 cm fracture width only plutonium oxide and a 50/50 mixture of soddyite and
plutonium oxide cases were evaluated. Further, for these cases only the conditions for a tuff water
fraction of 0.13, 0.08 and 0.04 were evaluated. Results for these cases are listed in Tables 7.4-10
and 7.4-11. Due to lower possible fissile mass in the fracture, a significant reduction in k is noted.

Table 7.4-10 Plutonium Oxide MCNP Results in 0.002 cm Wide Fracture
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Table 7.4-11 50/50 Mixture of Soddyite and Plutonium Oxide
MCNP Results in 0.002 cm Wide Fracture
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7.4.5 Results for 0.001 cm Fracture Width

For a further reduction in the fracture width. 0.001 cm. with 13%, 8% and 4% water in the tuff, a
further reduction in k is noted as shown in Tables 7.4-12 and 7.4-13 for these cases.

Table 74.12 Plutonium Oxide MCNP Results In 0.001 cm Wide Fracture
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Table 7.4-13 50/50 Mixture of Soddyite and Plutonium Oxide
MCNP Results in 0.001 cm Wide Fracture
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7.4.6 K as a Function of Fracture Width

The results listed in the previous tables allow trending of the k as a function of fracture width for
plutonium oxide and a 50/50 mixture of soddyite and plutonium oxide for 90 volume percent fissile
material in clayey material and 13 volume percent water in the tuff. Table 7.4-14 lists the k as a
function of the fracture width. For the 50/50 mixture of soddyite and plutonium oxide, a fracture
width of about 0.0013 cm is required to obtain a k of 0.93. Due to the slope of the PuO2 curve no
estimate is made for the thickness required for a k of 0.93 for plutonium oxide.

Table 7.4-14 Plutonium Oxide and 50/50 of Mixture Soddylte/PuO
MCNP Results As a Function of Fracture Width for

90 Volume Percent Fissile Material and 13 Volume Percent Water In Tuff
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8. Conclusions

The tables in the previous sections provide the k results for the fissile material as a function of
fracture width or fissile concentration. In addition. an estimate of the fissile volume fraction and
weight that would produce a k of 0.93 is tabulated based on linear interpolation. These interpolated
values are gathered and listed in Tables 8-1 and 8-2 as a function of spacing and material. The trend
of the data indicates that the volume fraction of fissile material is inversely proportional to the
fracture width by almost a constant factor, i.e. the volume fraction approximately doubles for a
reduction in the width by a factor of 2. Stated another way, the fissile mass to produce a K of 0.93
essentially remains constant for a given material. For uranium, the required weight seems almost
constant with small deviations probably due to the statistical nature of the results and linear
interpolation. However, for the materials containing plutonium, there seems to be a slight increase
in mass as the fissile volume fraction increases. This may also be due to statistics and interpolation.
However, since the trend is followed for four sets of data, it is probably related to either the fissile
mass increase or the decrease in the hydrogen content of the fissile material.

Other observations that can be made from this data are:

1) soddyite is the least reactive fissile material and plutonium oxide is the most reactive
2) the results for fissile mixtures with water and fissile mixtures with clayey material are very

similar
3) the fissile volume fraction increases as the amount of water in the tuff decreases
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Table 8-1 0.93 K Fissile Volume Fractions and Weights
MCNP Results for Fissile Mixtures with Water
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Table 8-2 0.93 Fissile Volume Fractions and Weights
MCNP Results for Fissile Mixtures with Clayey Material
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9. Attachments

The following is a list of attachments. Electronic attachments are provided on Colorado DT-350
backup tapes (Ref. 5. 13) and listed in Attachment II.

Attachment Description Number of Date
Pages

I Sample MCNP input file listings 6 11/17/97

II List of MCNP output files supporting results 10 11/17/97

III Listing of EXCEL spreadsheet Tuff.xls,Sheetl 4 11/17/97

IV Listing of EXCEL spreadsheet Tuff.xls,Sheet2 2 11/17/97

V Listing of EXCEL spreadsheet Tuff.xls,Sheet3 1 11/17/97

VI Listing of EXCEL spreadsheet Clay.xls,Sheetl 6 11/17/97

VII Listing of EXCEL spreadsheet Clay.xls,Sheet2 1 11/17/97
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A listing of three typical MCNP input files is provided in this section. The files represent a fracture
width of 0.01 cm for 10% soddyite, plutonium oxide, and soddyite/PuO2 mixtures in tuff with 8%,
13%, and 0% interstitial water, respectively. Note that the titles in the input files refer to the fracture
thickness at the edge of a fracture cube. The fracture width, twice this value, is used in previous
sections to distinguish among the fracture width evaluations.
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A list of the MCNP output cases that are referenced in this document are listed in the following sub-sections.

Results for 0.1 cm Fracture Width[COULD NOT BE CONVERTED TO SEARCHABLE TEXT]
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Results for 0.01 cm Fracture Width
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