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1. Purpose 

This analysis is prepared by the Mined Geologic Disposal System (MGDS) Waste Package 
I Development Department (WPDD) to provide pressurized water reactor (PWR) isotopic 

composition data as a function of time for use in criticality analyses. The objectives of this 
evaluation are to generate burnup and decay dependant isotopic inventories and to provide these 
inventories in a form which can easily be utilized in subsequent criticality calculations.  

2. Quality Assurance I NF 0 Rt AT 10 N 0 LY 

The work performed for this analysis is covered by a Waste Package Development (WPD) QAP
2-0 work control Activity Evaluation entitled "Perform Criticality, Thermal, Structural, and 
Shielding Analyses" (Ref. 5.1). The QAP-2-0 evaluation determined that such activities are 
subject to Quality Assurance Requirements and Description (QARD) (Ref. 5.2) controls.  
Applicable procedural controls are listed in the activity evaluation. The waste package is on the 
Q-List (Ref. 5.3) by direct inclusion by the Department of Energy (DOE), as an item important to 

safety and waste isolation; because of the direct inclusion of the waste package on the Q-List, a 
QAP-2-3 evaluation is not required to be conducted.  

The work reported in this document is part of the neutronic analysis for the preliminary design; 
thus, design inputs include unqualified data and unconfirmed assumptions. These design inputs 
will require subsequent qualification (or superseding inputs) as the waste package design 

I proceeds. This document will not directly support any construction, fabrication, or procurement 
activity and, therefore, does not require initiation of a TBV (to be verified) number for tracking 
purposes. However, use of any data or output from this analysis for input into documents 
supporting procurement, fabrication, or construction is required to be controlled as TBV in 
accordance with appropriate procedures.  

3. Method 

The SAS2H sequence in SCALE 4.2 (Ref. 5.4) is used to calculate the isotopic composition, as a 
function of time, for the PWR criticality design basis fuel assembly. The prime module of this 
sequence is the ORIGEN-S code. This code does a point depletion of a selected fuel type with 
user specified irradiation conditions. At the completion of the depletion calculation, decay of the 
irradiated fuel with user specified time intervals is computed.  

4. Design Inputs 

The design inputs identified in this document are for preliminary design and shall be treated as 
unqualified data; the design inputs will require subsequent qualification (or superseding inputs) 
as the waste package design proceeds. This document will not support any construction, 
fabrication, or procurement activity and therefore is not required to be procedurally controlled as 
TBV.
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The dimensions listed in this section and throughout this analysis are in the metric units used 

directly in the neutronics codes to facilitate checking and preclude errors in input.

4.1 Design Parameters I1NFOR'41AT 13 ON1 Y

The fuel assembly upon which this calculation is based is the B&W 15 x 15 fuel assembly. The 

mechanical parameters and typical operating parameters for this assembly type are shown in the 

two tables below.  

Table 4.1-1 Mechanical Parameters of B&W 15x15 Fuel Assembly 
Radius 

Parameter Value Units Metric Units (cm) Ref 

Fuel Rods 208 /assbly 208 /assbly 5.5 

Fuel Rods on a Lattice Side 15 /side 15 /side 5.5 

Guide Tubes 16 /assbly 16 /assbly 5.5 

Instrumentation Tubes 1 /assbly 1 /assbly 5.5 

Total Guide + Instrument Tubes 17 /assbly 17 /assbly _ 

Clad/Tube Material ZIRC-4 ZIRC-4 5.5 

Fuel Pellet OD 0.3686 inches 0.936244 cm 0.468122 5.5 

Fuel Stack Height 141.8 inches 360.172 cm 5.5 

Mass of U 1023 lb 464 kg 5.6 

Mass of UO0 1160.64 lb 526.38 kg 5.5 

Percent of Theoretical Density 95 % 95 % 5.5 

Fuel Clad OD 0.430 inches 1.0922 cm 0.5461 5.5 

Clad Thickness 0.0265 inches 0.06731 cm 5.5 

Fuel Clad ID* 0.377 inches 0.95758 cm 0.47879 

Fuel Rod Pitch 0.568 inches 1.44272 cm 5.5 

Guide Tube OD 0.530 inches 1.3462 cm 0.6731 5.5 

Guide Tube Thickness 0.016 inches 0.04064 cm 5.5 

Guide Tube ID* 0.498 inches 1.26492 cm 0.63246 

Instrumentation Tube OD 0.493 inches 1.25222 cm 0.62611 5.5 

Fuel Assembly Envelope 8.536 inches 21.6814 cm 5.5 

The inner diameters (IDs) above are calculated by subtracting 2 X thickness from the outer 
diameter (OD).

Design Analysis

Page 5 of 25
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The values listed in Table 4.1-2 are preliminary and were obtained through a phone conversation 
with Framatome Cogema Fuels (formerly B&W Fuel Company) personnel.  

Table 4.1-2 Typical Assembly/Core rating Parameters for a B&W 15x15 Fuel Assembly 

Parameter Value Units Metric Units Ref 

Pellet Average Fuel 1200 OF 922 K BWFC 
Temperature 

Maximum (peaked) Pellet 
Average Fuel Temperature 

50-75 28-42 
Clad Temperature above ¶F above K BWFC 

moderator moderator 

Average Core Exit Moderator 612 O 595.4 K BWC 
Temperature 
Peak Core Exit Moderator 634 F 607.6 K BWFC 
Temperature 

Core Exit Moderator Density 0.6272 g/cm 3  Sat K 
607.6 K 

Maximum Beginning of Cycle 1050 ppm - BWFC 
Boron Concentration 

Number of Assemblies in the 177 177 BWFC 
Core 

Total Core Thermal Power 2568 MWth BWFC 

Typical Power Peaking Across 1.2 - - BWFC 
Core 

Capacity Factor (lowest 0.6 - -

expected) 

Average Specific Power 31.27 MW/ B 
MW/MTU MTU 

The theoretical density of U0 2 is 10.96 g/cm 3 as indicated in Table M8.2.1 of the SCALE 4.2 

manual (Ref. 5.4).  

The atomic weights of isotopes are listed in Table 4.1-3 below (Ref. 5.7).  

I Avogadro's Number [NA] = 0.602252 (g-mol)Yx 1024 (Ref. 5.7 p. 933). A physical constant is 
taken to be established fact that requires no additional qualification.

C$ 
-''A 

V.
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Table 4.1-3 Atomic Weights (Ref 5.7) 
Tqntnp - MrNP ITh Atnmir Weight

0-16 
nat. Mo 
Mo-95 
Tc-99 
Ru-101 
Rh- 103 
Ag-109 
nat. Cd 
Cs- 133 
Cs- 135 
Nd-143 
Nd-145 
Sm- 147 
Sm- 149 
Sm-150 
Sm- 151 
Sm- 152 
Eu-151 
Eu- 153 
Eu- 154 
Gd- 155 
Gd- 157 
U-233 
U-234 
U-235 
U-236 
U-238 
Np-237 
Pu-238 
Pu-239 
Pu-240 
Pu-241 
Pu-242 
Pu-243 
Am-241 
Am-242m 
Am-243 
Cm-243 
Cm-245

8016.50C 
42000.50C 
42095.50C 
43099.50C 
44101.50C 
45103.50C 
47109.50C 
48000.50C 
55133.50C 
55135.50C 
60143.50C 
60145.50C 
62147.50C 
62149.50C 
62150.50C 
62151.50C 
62152.50C 
63151.55C 
63153.55C 
63154.50C 
64155.50C 
64157.50C 
92233.50C 
92234.50C 
92235.50C 
92236.50C 
92238.50C 
93237.55C 
94238.50C 
94239.55C 
94240.50C 
94241.50C 
94242.50C 
94243.35C 
95241.50C 
95242.50C 
95243.50C 
96243.35C 
96245.35C

15.994915 
95.94 
94.905839 
98.90627501 
100.905576 
102.905511 
108.904756 
112.4 
132.905355 
134.90577 
142.909779 
144.912538 
146.914867 
148.91718 
149.917276 
150.919919 
151.919756 
150.919838 
152.921242 
153.923053 
154.922664 
156.924025 
233.039522 
234.040904 
235.043915 
236.045637 
238.05077 
237.048056 
238.049511 
239.052146 
240.053882 
241.056737 
242.058725 
243.061972 
241.056714 
242.059502 
243.061367 
243.06137 
245.065371

Page 7 of 25
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4.2 Criteria 

This design analysis provides input for criticality analyses which evaluate whether waste package 

designs meet the repository criticality control design criteria from requirement documents. The 
Mined Geological Disposal System Requirements Document (Ref. 5.8) and the Engineered 

Barrier Design Requirements Document (Ref. 5.9) have criteria which pertain to criticality 

analyses. Reference 5.9 is the lower level document and contains all of the criteria listed in 

Reference 5.8. The criteria cited that have bearing on this analysis are the following: 

EBDRD Requirements (Ref. 5.9) 

"3.2.2.6 CRITICALITY PROTECTION ON N 0 ONLY 

A. The Engineered Barrier Segment shall be designed to ensure that a nuclear 
criticality accident is not possible unless at least two unlikely, independent, and 
concurrent or sequential changes have occurred in the conditions essential to nuclear 
criticality-safety. Each system shall be designed for criticality safety under normal and 

accident conditions. The calculated effective multiplication factor 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.  

[MGDS-RD 3.2.2.6.A] [ 1OCFR60.131 (b)(7)] 

B. To mitigate the potential for nuclear criticality, the Engineering Barrier Segment 
shall be designed and constructed to comply with the nuclear criticality requirements 
specified by DOE order 6430. 1A, 1300-4.  

[MGDS-RD 3.2.2.6.B] [DOE Order 6430.1A, 1300-43" 

"3.7.1.3 INTERNAL STRUCTURE REQUIREMENTS 

A. The internal structure shall provide separation of the waste forms such that nuclear 

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. The calculated effective multiplication factor (kaf) 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 (TBD). [MGDS-RD 3.2.2.6.A][ i 0CFR60.131(b)(7)]" 

This document provides SNF composition data which may potentially be used in subsequent 
analyses for calculation of kaf values. This document does not directly address the above listed 

I requirements, but provides input for future analyses which may address these requirements. This 

document will not directly support any construction, fabrication, or procurement activity and 
therefore is not required to carry TBV (to be verified) or TBD (to be determined) items
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associated with criteria to design outputs. Y ,_ 

4.3 Assumptions 

All assumptions identified in this section will require verification (or superseding assumptions) 
as the waste package design proceeds and should be treated as unconfirmed items for preliminary 
design. For this preliminary design, that will not be used to support procurement, fabrication, or 
construction, the assumptions are clearly identified and traceable to a source, but are not 
procedurally controlled as TBV.  

4.3.1 Principal Isotope (PI) burnup credit is an acceptable criticality control mechanism for the 
waste package. (CDA Key 009, Ref. 5.10). This assumption is used throughout Section 
7.  

4.3.2 The Reference PWR fuel assembly selected for conceptual development is the B&W 15 x 
15 fuel type, which has been established as one of the more reactive PWR fuel designs 
under intact fuel assembly and fixed Multi-Purpose Canister (MPC) geometry conditions 
(Ref. 5.11 p. II.A.3-35). This assumption is used throughout Section 7.  

4.3.3 It is assumed that the criticality design basis fuel (DBF) characteristics are 3.0% U-235 
enrichment and 20 GWd/MTU burnup. The basis for this assumption is a re-evaluation 
of the DBF in which scoping analysis indicates this DBF bounds (regarding criticality) 
98% of the PWR SNF. This is more appropriate than the previous analysis which 
designated a primary criticality DBF with characterisitics of 3.75% U-235 enrichment and 
32 GWdIMTU and a secondary criticality DBF with characteristics of 3.75% U-235 
enrichment and 18 GWd/MTU providing reactivity coverage of 80% and 96% (Ref. 5.12, 
p. 11), respectively. Re-evaluation of the DBF will be f'malized in early FY97 to verifiy 
these characteristics. This assumption is used throughout Section 7.  

4.3.4 For SNF, the list of "Principal Isotopes" previously established (Ref. 5.13 p 4-4) for long
term criticality control was used. The 29 principal isotopes are shown in Table 4.3-1.  
This assumption is used in Sections 7.3.2 and 7.4.  

Table 4.3-1 Principal Long-Term Burnup Credit Isotopes

- Mo-95 Ru-101 Tc-99 Rh- 103 

Ag-109 Nd-143 Nd-145 Sm-147 Sm-149 

Sm-150 Sm-151 Sm- 152 Eu-151 Eu-153 

Gd-155 U-233 U-234 U-235 U-236 

U-238 Np-237 Pu-238 Pu-239 Pu-240 

Pu-241 Pu-242 Am-241 Am-242m Am-243

I
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4.3.5 The assembly specific power is assumed to be a reasonable "minimum" value of 7.25 
MW/assembly. This assumption should maximize the reactivity of the decayed SNF as 
documented in ORNL/TM-12973 (Ref. 5.14) studies using a similar group of isotopes as 
included in this analysis. The use of this value will require verification through a 
parametric analysis applicable to PI bumup credit. This assumption is used in Section 
7.3.7. F Of "I, 'l-•' 17-1 

4.3.6 The maximum core outlet temperature for B&W 15x15 reactor cores (607.6 K) is used 
and the reactor operating pressure is assumed to be saturation for the purposes of 
calculating moderator density. Minimizing moderator density should result in 
maximizing SNF residual reactivity consistent with DOE/RW-0472, Chapter 4 
assumptions (Ref. 5.15). The use of this value will require verification through a 
parametric analysis applicable to PI burnup credit. This assumption is used in Sections 
7.3.4 and 7.3.5.  

4.3.7 The maximum pellet average temperature is assumed to be 975 K based on personal 
communication with BWFC personnel. This is a volume weighted average. The use of 
this value will require verification through a parametric analysis applicable to PI burnup 
credit. This assumption is used in Section 7.3.2.  

4.3.8 The maximum beginning of cycle, hot full power boron concentration is assumed to be 
1050 ppm based on personal communication with BWFC personnel. This is the 
maximum parts per million boron (ppmb) with Xe and Sm equilibrium buildup. The use 
of this value will require verification through a parametric analysis applicable to PI 
burnup credit. This assumption is used in Section 7.3.5.  

4.3.9 The clad temperature is assumed to be 42 K higher than the moderator temperature based 
on personal communication with BWFC personnel. The use of this value will require 
verification through a parametric analysis applicable to PI burnup credit. This 
assumption is used in Section 7.3.3.  

4.3.10 SAS2H/ORIGEN-S is assumed to provide reasonable predictions of isotopic 
compositions for a low power criticality event in a waste package over several thousand 
years. This assumptions will require future verification. This assumption is used in 
Section 7.5.2.  

4.3.11 The temperature in a waste package during a long term low power criticality event is 
assumed to be an average of 373 K and the water density is assumed to be 1.0 g/cm3.  
SAS2H allows only a single average temperature to be entered as was required for this 
case. This assumption is used in Section 7.5.1.  

4.3.12 The power level in a waste package during a long term low power criticality event is 
assumed to be 2.182 kw (Ref. 5.20, p. 55). This assumption is used in Section 7.5.2.
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4.4 Codes and Standards 

Not Applicable.  

5. References II QKI.TK 

5.1 "Perform Criticality, Thermal, Structural, and Shielding Analyses," Document Identifier 
(DI) Number: BBOOOOOOO-01717-2200-00025 REV 02, Civilian Radioactive Waste 
Management System (CRWMS) Management and Operating Contractor (M&O).  

5.2 Quality Assurance Requirements and Description (QARD), DOE/RW-0333P, REV 5, U.  

S. Department of Energy (USDOE) Office of Civilian Radioactive Waste Management 
(OCRWM).  

5.3 Yucca Mountain Site Characterization Project Q-List, YMP/90-55Q, REV 3, Yucca 
Mountain Site Characterization Project.  

5.4 SCALE 4.2, RSIC Computer Code Collection, CCC-545, Oak Ridge National Laboratory, 
September 1994.  

5.5 Preliminary Waste Form Characteristics Report Version 1.0, UCRL-ID-108314 Rev 1, 
Lawrence Livermore National Laboratory (LLNL), page 2.1.2.2-6, December 1994.  

5.6 Characteristics of Potential Repository Wastes, DOE/RW-0184-Rl, Volume 1, USDOE 
OCRWM, page 2A-8, July 1992.  

5.7 Benedict, Manson, et al., Nuclear Chemical Engineering, Second Edition, McGraw-Hill 
Book Company, New York, 1981.  

5.8 Mined Geological Disposal System Requirements Document, DOEIRW-0404P, DI#: 
BOOOOOOOO-00811-1708-00002 REV 02 ICN 1, USDOE OCRWM.  

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

5.10 Controlled Design Assumptions (CDA) Document, DI#: BOOOOOOOO-017 17-4600-00032 
REV 03, CRWMS M&O. (TBV-221-DD) 

5.11 "Multi-Purpose Canister (MPC) Implementation Program Conceptual Design Phase 
Report, Volume II A - MPC Conceptual Design Report", DI#: A20000000-00811-5705
00002 Rev 00, CRWMS M&O, Pages II.A.3-35.  

5.12 "Waste Package Design Basis Fuel Analysis," DI#: BBAOOOOOO-01717-0200-00121 REV
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00, CRWMS M&O. ýG.I j73~ ~~ 

5.13 "Disposal Criticality Analysis Technical Report," DI#: BOOOOOOOO-01717-5705-O0020 
REV 00, CRWMS M&O.  

5.14 DeHart, M. D., Sensitivity and Parametric Evaluations of Significant Aspects of Burnup 

Credit for PWR Spent Fuel Packages, ORNL/TM-12973, Oak Ridge National 
Laboratory, June 1995.  

5.15 Topical Report of Actinide-Only Burnup Credit for PWR Spent Nuclear Fuel Packages, 
DOE/RW-0472, USDOE OCRWM, May 1995.  

I 5.16 "Characteristics Data Base (CDBR)," CSCI#: AOOOOOOOO-02268-1200-20002 VI.1 
REV 01, CRWMS M&O.  

5.17 Bowman, S. M., and 0. W. Hermann, SCALE-4 Analysis of Pressurized Water Reactor 

Critical Configurations: Volume 3 - Surry Unit I Cycle 2, ORNLJTM-12294/V2, Oak 
Ridge National Laboratory, March 1995, page 18.  

5.18 Incropera, F. P., and D. P. Dewitt, Fundamentals of Heat Transfer, John Wiley & Sons, 
NY, 1981, Table A.6, page 783.  

5.19 LaMarsh, J. R., Introduction to Nuclear Engineering. 2nd Edition, Addison-Wesley 
Publishing Company, Reading, MA, 1983, page 34.  

5.20 "Second Waste Package Probabilistic Criticality Analysis: Generation and Evaluation of 

Internal Criticality Configurations," DI#: BBAOOOOOO-01717-2200-00005 REV 00, 

CRWMS M&O.  

6. Use of Computer Software 

6.1 Scientific and Engineering Software 

SCALE 4.2 CSCI 30004 V1.0 Rev 0. Hewlett Packard Apollo 9000, Series 735 Workstations 

The SAS2H sequence of the SCALE 4.2 code system (Ref. 5.4) was used for this analysis. This 

software was designed for PWR fuel depletion calculations to determine spent fuel isotopic 

content, decay heat rates, and radioactive source terms. The application to PWR fuel depletion in 

a reactor is appropriate for the use of this software and falls within the range of validation of this 

software. The application to long term low power depletion in a waste package does not fall 

within the range of validation and must be validated in the future. The associated 

27BURNUPLIB cross section library was used for these calculations.
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A benchmarking and result biasing methodology is in the process of being developed for SAS2H.  

Bias and uncertainties are applied to the MCNP results which are based on input from SAS2H.  

6.2 Computational Support Software [ 

LOTUS 1-2-3, Release 4.01 for Windows was used to calculate the isotopic number densities 
from the g/assembly output per time step provided in the SAS2H/ORIGEN-S output.  

7. Design Analysis 

This analysis is performed to provide the isotopic inventories as a function of time for the design 
basis PWR fuel and to provide the change in activity of the isotopic inventories as the result of a 
long term low power criticality event in a waste package.  

7.1 Background 

Previous analyses have been performed based on spent nuclear fuel (SNF) isotopic compositions 
obtained from the Characteristics Data Base (CDB) (Ref. 5.16). This is a preliminary analysis to 
generate PWR SNF isotopic compositions using SCALE 4.2 (Ref. 5.4). The data in the CDB 
was generated based on nominal fuel and operating characteristics. SCALE 4.2 can utilize 
bounding physical and operating paramaters as input to provide a conservative estimate of 
isotopic inventories.  

7.2 Evaluation Procedure 

The evaluation procedure is broken into three major tasks, with subtasks in each. The general 
procedure is as follows: 

1) Parameter (Input) Identification 
a) Develop physical fuel description - mechanical parameters 
b) Obtain typical operating parameters 

2) Run SCALE 4.2 
a) Calculate/ determine input parameters from task I for burnup calculation 
b) Determine decay time steps required for isotopic inventories 

3) Process Output 
a) Using a spreadsheet, calculate isotopic number densities based upon 

selected output 
b) Format and extract number densities in a form suitable for use in MCNP 

The results of task 1 are listed in Section 4.1. Details of tasks 2 and 3 are presented in Sections
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7.3 and 7.4, respectively.

7.3 Code Input Calculations
7 f- 0 ý7ý

7.3.1 SAS2H Data Block 5 Input 

Table 4.1-1 provides the dimensions required for Data Block 5 in the SAS2H input file. The data 
is shown in the table below. The material numbers are standard (Ref. 5.4, p. S.2.5.10) for 
SAS2H.

Table 7.3.1-1 - Data Block 5 
PITCH 1.44272 
FUELD 0.93244 
ML 
MMOD 3 
CLADOD 1.0922 
MCLAD 2 
CLADID 0,95758 
MCYAP 0,

7.3.2 Fuel Density and Composition Calculations 

The effective density to be used in the calculations is determined by dividing the U0 2 mass in 

Table 4.1-1 by the volume of the fuel in the assembly. The dimensions necessary to calculate the 
volume of fuel in the assembly are available in Table 4.1-1. The density is calculated as follows: 

Pu02 = U0 2 mass / { 3t*(fuel pellet radius)2 * fueled height * # of fuel 
Rods/assembly I 

= 526.38 kg / {(t*(0.468122 cm) 2 * 360.172 cm * 208} = 10.206 g/cm 3 

The theoretical density of UO 2 is listed as 10.96 g/cm 3 in the SCALE 4.2 database (Ref. 5.4).  
Therefore, the effective density of fuel is 93.12% of theoretical.  

The isotopic distribution of the uranium is determined by the given initial enrichment and the 
following emperical relationship (Ref. 5.17).  

wt%,34 = 0.00773 1(wt% 2 35 )1 '0837, 

wt%,, = 0.0046wt%235, 
wt%2 38 = 100% - Wt%234 - wt%235 - Wt% 236 

Using this formulation, the fresh fuel isotopics for 3.00% U235 enrichment was calculated as 
shown in Table 7.3.2-1. The U-234 and U-238 concentrations were found to be in error in the 
check of Rev 00. The wt% used was 0.0240 and 96.9622, for U-234 and U-238, respectively.  
These minor variations compared to the values in Table 7.3.2-1 would have no effect on the
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resulting calculations. For consistency, these concentrations were also used in Rev 01 since only 
variations of the original case were run.

Table 7.3.2-1 Isoto ic Breakdown of Uranium for 3% U23 Enrichment.  

ISOTOPE WT% 
U-234 0.0254 
U-235 3.0000 
U-236 0.0138 
U-238 96.9608

A trace amount of the fission products for which time dependant cross sections are desired are 
input along with the U mass fractions on the U0 2 "standard composition specification data" cards 
as described in Section S2.5.4.1 in the SCALE 4.2 manual (Ref. 5.4). The peak fuel temperature 
(975 K) from Table 4.1-2 is also entered on each of these cards.  

7.3.3 Clad Temperature 

The clad temperature is calculated by adding the maximum of 42 K to the peak moderator 
temperature of 607.6 K, as indicated in Table 4.1-2, giving approximately 650 K. Using the peak 
or maximum is consistent with the temperatures used for the other material regions. This 
information is listed on a zircaloy standard composition card as material 2.  

7.3.4 Moderator Density 

The maximum moderator temperature is assumed to provide a minimum moderator density and 
maximum temperature to result in maximum SNF residual reactivity consistent with Chapter 4-of 
the Burnup Credit Topical Report (Ref. 5.15). A temperature of 607.6 K is used from Table 4.1
2. The corresponding density is interpolated from the values listed for saturated water (Ref. 5.18) 
shown in Table 7.3.3-1. The density for 590 K is also included for trending and estimation of the 
density corresponding to the average exit temperature (595.4 K).  

Table 7.3.3-1 Saturated Water Properties from Fundamentals of Heat Transfet (Ref. 5.18) 

Temp (K) Specific Volume (cm 3/g) Calculated Density 
(Inverse Specific 
Volume, g/CM 3) 

590 1.482 0.674764 
600 1.541 0.648929 
610 1.612 0.620347

The density at 607.6 K is determined as shown below: 

{(.648929 - .620347)/(600 - 610)}(607.6 - 600) + .648929 = 0.6272
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The moderator temperature and density are entered on a H20 standard composition card as 
material number 3.  

7.3.5 Boron Concentration V.AT, G , 

As indicated on page S2.5.12 of the SCALE 4.2 manual (Ref. 5.4), the average boron 
concentration is calculated by dividing the beginning of cycle value by 1.9. The beginning of 
cycle value is taken from Table 4.1-2 and the average value is determined to be 552.6 ppm.  

The boron concentration along with the moderator temperature and density are entered on an 
arbitrary material card as described in Table M7.4.5 in the SCALE 4.2 manual (Ref. 5.4) as 
material number 3.  

7.3.6 SAS2H Data Block 8 Input 

This problem is making use of the larger unit cell capability of SAS2H. Therefore, the inputs for 
Data Block 8 must be determined. Four zones are modeled using information from Table 4.1-1.  

Moderator 

Guide tube 

Fuel 

X Moderator

r4 
Figure 7.3.6-1 - Larger Unit Cell Model

The first radius, r1, corresponds to the actual ID of the guide tube (OD of the moderator channel) 
with a material set to that of the moderator. r1 = 0.63246 cm. The second radius, r2, is the actual 
OD of the guide tube with the material set to that of the cladding. r2 = 0.67310 cm. The third 
radius, r 3, is calculated to give an equal area equivalent to the maximum area of the fuel cell (or 
the pitch squared). The fourth radius is calculated to preserve the fuel to moderator ratio with the 
material set to a special number in the code -- 500. The method was determined in consultation 
with the author of the program at the Radiation Shielding Information Center (RSIC) at Oak 
Ridge National Laboratory.  

The third radius is determined by setting the maximum area of the fuel cell equal to the area of
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the equivalent circle.  

2= 2 2S 2 

S=7tXTr3 23 

s _ = s 1.44272 =0.814cm 

where r3 = the third radius of the larger unit cell encompassing the moderator 
s = side of the square (or the rod pitch in this case) 

The fourth radius is calculated by taking a ratio of the number of available positions for' fuel rods 
in the assembly to the number of positions used by the guide tubes and instrumentation tubes.  
For this model, the instrumentation tube is taken as equivalent to a guide tube. This ratio is set 
equal to the ratio of the areas of the fuel and moderator.  

Asitions _ x 2r2 

Nuideues 7t X r3 1r 

r2 2Nsitions 
r guideubes 

2 N .. .1 2x1 I 
r4 = r3 X 0.8142x 1=2.961cm 

Nadetuhe, 17 

where r4 = fourth radius of the larger unit cell encompassing the fuel 
Nositions = total number of available positions in the lattice structure 
Nguidetubes = number of positions taken up by instrument & guide tubes 

To summarize and group these radii and material numbers with the keywords used in the Data 
Block 8 input table in the SAS2H manual, the Table is presented below:



Waste Package Development Desimn Analysis
Title: SAS2H Generated Isotopic Concentrations for B&W 15x15 PWR Assembly 
Document Identifier: BBAOOOOOO-01717-0200-00012 REV 01 Page 18 of 25

Table 7.3.6-1 Data Block 8

MIXES 3 Material No. for the moderator 
RADIUS 0.63246 cm 
MIXES 2 Material No. for the Zircaloy 
RADIUS 0.67310 cm 
MIXES 3 Material No. for the moderator 
RADIUS 0.814 cm 
MIXES 500 Special Material No. for fuel in the larger unit cell 
RADIUS 2.961 cm 

7.3.7 Specific Power and Effective Full Power Days Calculations 

The calculated average assembly specific power is 2568 MW / 177 assemblies, or 14.51 
MW/assembly. The reasonable minimum assembly specific power is calculated as follows:

1. Divide the average specific power by 1.2 (Table 4.1-2) to account for variation in 
assembly power across the core; 14.51/1.2 = 12.09 MW/assembly.

2. Multiply the minimum core assembly specific power by a capacity factor assumption of 
0.6 (Table 4.1-2); 0.6 x 12.09 = 7.25 MW/assembly.  

The Effective Full Power Day (EFPD) input is calculated for the desired burnup assuming the 
minimum assembly power and an assembly uranium loading of 0.464 MTU/assembly (Table 4.1
1): EFPD = Burnup of 20,000 (MWd/MTU) x 0.464 (MTU/assembly) / 7.25 (MW/assembly) = 

1280 days. The power and bum values are entered in Data Block 9.  

The burnup calculation was divided into 8 substeps through use of the nlib/cyc entry in Data 
Block 8.  

7.3.8 Decay Input 

The decay out to 1 million years was run as a separate case from the burnup calculation. The 
decay case is a stand alone ORIGEN-S problem which utilizes the output from the SAS2H 
burnup calculation and decays to a number of specified times.  

The ORIGEN-S case was run immediately after the corresponding SAS2H case and utilized the 
final binary cross section file on unit 21 from the SAS2H case. The case input and output are 
included in Attachment II. The fact that the correct SAS2H generated library is used (unit 21) is 
verified by comparing the final downtime print of concentrations in the SAS2H output with the 
concentrations in the corresponding decay times in the ORIGEN-S output (compositions will 
match). The library contains only the final cycle step (1 position in library). The library unit
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number and data position are entered in the input by the following line: 

3$$ 210 1 e 

The decay times are grouped in 10 steps with the units changing from days to years as 
appropriate. Based on the SAS2H input, the activities and masses listed in the output are per 
assembly.  

7.4 Number Density Calculations Using ORIGEN-S Output 

The grams/assembly output per time step from Attachment II was used to calculate the number 
density of each of the Principal Isotopes using a LOTUS 1-2-3 spreadsheet. The equation for 
number density is shown below (Ref. 5.19).  

N = pNA/M 

where p is the physical density in g/cm3 , 
NA is Avagadro's Number - 0.602252E+24 atoms/mole, 

and M is the gram atomic weight.  

The units of the resulting number density is in atoms/cm3. The required units for subsequent use 
are atoms/b-cm where I barn equals 1024 cm2. The calculations in the spreadsheet drops the 
E+24 from Avagadro's Number to account for the conversion. As a conservatism in the 
criticality calculations which will use these number densities, the values are adjusted up to a 96% 
theoretical density.  

The input and output from these calculations are shown in Attachment III.  

7.5 Effects of Long Term Low Power Criticality in the Waste Package 

An additional set of calculations were performed to demonstrate the effects of a long term low 
power criticality in the waste package per the request of the originators of Ref. 5.20. These 
calculations required minor modifications of the previous SAS2H and ORIGEN-S inputs.  

7.5.1 SAS2H Input Modifications 

Minor changes as indicated below were made to the SAS2H input to facilitate cross section 
production at an appropriate temperature for the criticality effects calculations performed using 
ORIGEN-S. The nlib/cycle entry was changed to I from 8 and ncycles was increased to 9 from I 
in Data Block 8. Instead of I cycle at 7.25 MW/assembly for 1280 days, the Data Block 9 entries 
were changed to eight cycles at 7.25 MW/assembly for 160 days each with 0 down time between 
each cycle. The ninth cycle was set up with an arbitrary low power level (4.976E-5 
MW/assembly) for I day with the addition of the following parameters which are assumed
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representative of the postulated criticality in the waste package (Assumption 4.3.11). 1 

bfrac (boron fraction) - 0.  
h2ofrac (inverse of the density in reactor calculation to bring density= 1 g/cm 3) - 1.594 
temkcyc (modified temperature of all materials in current cycle) - 373 K 

SAS2H is limited to a single average temperature using this method. The input for this case 
(s302Oucf4.in) is included in Attachment IV. The output is essentially the same as that included 
in Attachment I for the original SAS2H case.  

7.5.2 ORIGEN-S Input Modifications 

Four ORIGEN-S cases were run based on the binary output files created by the SAS2H case 
discussed in Section 7.5.1. The data used includes cross sections and isotopic compositions from 
the last cycle run.  

The first case (s302Oucfol.in) is the same as the case described in Section 7.3.8 with minor 
modification to the time step edits and the addition of activity edits in curies for comparison to 
the long term low power criticality event simulations that follow. The input for this case is 
included in Attachment V and the activity edits from the output are summarized in Attachment 
VI.  

The second through fourth cases (joklo7.in, joklo8.in, and joklo9.in) have depletion at a power 
level of 1.039-4 MW/assembly (2.182 kw/waste package divided by 21 assemblies/package) for 
periods of 10,000, 1000, and 5000 years, respectively, starting 15,000 years after discharge from 
the reactor cycles. The inputs for these cases are included in Attachments VII through IX. The 
summarized activity edits for these three cases are included in Attachment X for times after the 
depletion at a low power level which simulates a criticality event over a long time period.  

The summarized grams/assembly table for the 15,000 year decay point of the decay only case is 
included in Attachment XI. The summarized grams/assembly tables for the criticality cases for 
the 10 decay times immediately following the criticality are included in Attachment XII.  

8. Conclusions 

The number densities calculated as indicated in Section 7.4 are shown in Table 8.1 for each 
isotope for 27 time steps from 1 to 999,999 years.  

The activity tables generated in the cases for long term low power criticality simulations in a 
waste package are included in Attachments VI and X. The neutron flux distribution between the 
fast, epi-thermal, and thermal groups is provided from s302Oucf4.out (summarized in Attachment 
XIII) to demonstrate the components of the total flux indicated in Attachment X.
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Table 8-1 Number Densities as a Function of Time for 3.0% Enriched, 20GWD/MT Bumup B&W 15x15 SNF

MCNP ID 

8016.50C 
42095.50C 
43099.50C 
44101.50C 
45103.50C 
47109.50C 
60143.50C 
60145.50C 
62147.50C 
62149.50C 
62150.50C 
62151.50C 
63151.55C 
62152.50C 
63153.55C 
64155.50C 
92233.50C 
92234.50C 
92235.50C 
92236.50C 
92238.50C 
93237.55C 
94238.50C 
94239.55C 
94240.50C 
94241.50C 
94242.50C 
95241.50C 
95242.50C 
95243.50C 

Tota

1 years 5 years 
NUMBER DENSITY (atoms/b-cm) 

4.6947E-02 4.6947E-02 
2.8413E-05 2.8413E-05 
2.8116E-05 2.8116E-05 
2.6008E-05 2.6008E-05 
1.6846E-05 1.6846E-05 
2.4208E-06 2.4208E-06 
2.2660E-05 2.2660E-05 
1.6864E-05 1.6864E-05 
3.6054E-06 6.0472E-06 
1.1479E-07 1.1479E-07 
6.4561E-06 6.4561E-06 
4.9056E-07 4.7620E-07 
5.0253E-09 1.9942E-08 
2.9636E-06 2.9636E-06 
2.1255E-06 2.1255E-06 
3.7532E-08 1.3132E-07 
5.2691E-11 6.1989E-11 
4.1561E-06 4.2024E-06 
3.2267E-04 3.2267E-04 
7.1910E-05 7.1910E-05 
2.2352E-02 2.2352E-02 
6.5004E-06 6.5512E-06 
1.4969E-06 1.4817E-06 
1.3244E-04 1.3244E-04 
3.3700E-05 3.3700E-05 
1.9277E-05 1.5881E-05 
3.5211E-06 3.5211E-06 
1.8028E-06 5.1438E-06 
2.1385E-08 2.0938E-08 
5.0023E-07 5.0023E-07 

I 7.005442E-02 7.005698E-02

10 years 

4.6947E-02 
2.8413E-05 
2.8116E-05 
2.6008E-05 
1.6846E-05 
2.4208E-06 
2.2660E-05 
1.6864E-05 
6.9977E-06 
1.1479E-07 
6.4561 E-06 
4.5786E-07 
3.7889E-08 
2.9636E-06 
2.1255E-06 
1.9193E-07 
7.2321 E-1 1 
4.2590E-06 
3.2267E-04 
7.1910E-05 
2.2352E-02 
6.6019E-06 
1.4210E-06 
1 .3244E-04 
3.3700E-05 
1.2485E-05 
3.5211E-06 
8.5397E-06 
2.0440E-08 
5.0023E-07 

7.005804E-02

20 years 

4.6947E-02 
2.8413E-05 
2.8116E-05 
2.6008E-05 
1.6846E-05 
2.4208E-06 
2.2660E-05 
1.6864E-05 
7.3255E-06 
1.1479E-07 
6.4561 E-06 
4.2436E-07 
7.1869E-08 
2.9636E-06 
2.1255E-06 
2.3467E-07 
9.3501 E-1 I 
4.3670E-06 
3.2267E-04 
7.1910E-05 
2.2352E-02 
6.7543E-06 
1.3148E-06 
1.3244E-04 
3.3650E-05 
7.6907E-06 
3.5211 E-06 
1.3134E-05 
1.9446E-08 
5.0023E-07 

7.005831 E-02

50 years 

4.6947E-02 
2.8413E-05 
2.8116E-05 
2.6008E-05 
1.6846E-05 
2.4208E-06 
2.2660E-05 
1.6864E-05 
7.3501 E-06 
1.1479E-07 
6.4561 E-06 
3.3661 E-07 
1.5953E-07 
2.9636E-06 
2.1255E-06 
2.4710E-07 
1.6324E-10 
4.6447E-06 
3.2267E-04 
7.2420E-05 
2.2352E-02 
7.5669E-06 
1.0418E-06 
1.3244E-04 
3.3599E-05 
1.8078E-06 
3.5211 E-06 
1.8228E-05 
1.6810E-08 
4.9528E-07 

7.005883E-02

100 years 200 years

4.6947E-02 
2.8413E-05 
2.7994E-05 
2.6008E-05 
1.6846E-05 
2.4208E-06 
2.2660E-05 
1.6864E-05 
7.3501 E-06 
1.1479E-07 
6.4561 E-06 
2.2893E-07 
2.6722E-07 
2.9636E-06 
2.1255E-06 
2.4710E-07 
2.9755E-10 
4.9842E-06 
3.2318E-04 
7.2420E-05 
2.2352E-02 
9.0396E-06 
7.0293E-07 
1.3194E-04 
3.3399E-05 
1.6131E-07 
3.5211 E-06 
1.8378E-05 
1.3129E-08 
4.9478E-07 

7.005849E-02

4.6947E-02 
2.8413E-05 
2.7994E-05 
2.6008E-05 
1.6846E-05 
2.4208E-06 
2.2660E-05 
1.6864E-05 
7.3501 E-06 
1.1479E-07 
6.4561 E-06 
1.0609E-07 
3.9006E-07 
2.9636E-06 
2.1255E-06 
2.4710E-07 
6.3539E-10 
5.3494E-06 
3.2318E-04 
7.2930E-05 
2.2352E-02 
1.1782E-05 
3.2163E-07 
1.3194E-04 
3.3048E-05 
1.2884E-09 
3.5211 E-06 
1.5781E-05 
8.0567E-09 
4.9033E-07 

7.005861 E-02
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Table 8-1 Number Densities as a Function of Time for 3.0% Enriched, 20GWD/MT Bumup B&W 15x15 SNF 
Continued

z

MCNP ID 300 years 400 years 
NUMBER DENSITY (atoms/b-cm) 

8016.50C 4.6947E-02 4.6947E-02 
12095.50C 2.8413E-05 2.8413E-05 
43099.50C 2.7994E-05 2.7994E-05 
44101.50C 2.6008E-05 2.6008E-05 
15103.50C 1.6846E-05 1.6846E-05 
47109.50C 2.4208E-06 2.4208E-06 
30143.50C 2.2660E-05 2.2660E-05 
30145.50C 1.6864E-05 1.6864E-05 
52147.50C 7.3501E-06 7.3501E-06 
32149.50C 1.1479E-07 1.1479E-07 
32150.50C 6.4561E-06 6.4561E-06 
32151.50C 4.9056E-08 2.2733E-08 
33151.55C 4.4669E-07 4.7301E-07 
62152.50C 2.9636E-06 2.9636E-06 
63153.55C 2.1255E-06 2.1255E-06 
64155.50C 2.4710E-07 2.4710E-07 
92233.50C 1.0538E-09 1.5446E-09 
92234.50C 5.5552E-06 5.6066E-06 
92235.50C 3.2369E-04 3.2421E-04 
92236.50C 7.2930E-05 7.3440E-05 
92238.50C 2.2352E-02 2.2352E-02 
93237.55C 1.4118E-05 1.6099E-05 
94238.50C 1.4767E-07 6.8270E-08 
94239.55C 1.3144E-04 1.3093E-04 
94240.50C 3.2697E-05 3.2396E-05 
94241.50C 1.3983E-1 1 3.7655E-12 
94242.50C 3.5211E-06 3.5211E-06 
95241.50C 1.3434E-05 1.1486E-05 
95242.50C 4.9136E-09 3.0088E-09 
95243.50C 4.8537E-07 4.8092E-07 

Total 7.005827E-02 7.005849E-02

500 years 1000 years 4000 years 8000 years 10000 years

4.6947E-02 
2.8413E-05 
2.7994E-05 
2.6008E-05 
1.6846E-05 
2.4208E-06 
2.2660E-05 
1.6864E-05 
7.3501E-06 
1.1479E-07 
6.4561 E-06 
1.0529E-08 
4.8498E-07 
2.9636E-06 
2.1255E-06 
2.471 OE-07 
2.0973E-09 
5.6580E-06 
3.2472E-04 
7.3950E-05 
2.2352E-02 
1.7825E-05 
3.1556E-08 
1.3043E-04 
3.2045E-05 
3.6556E-1 2 
3.5211 E-06 
9.7882E-06 
1.8401E-09 
4.7646E-07 

7.005870E-02

4.6947E-02 
2.8413E-05 
2.7994E-05 
2.6008E-05 
1.6846E-05 
2.4208E-06 
2.2660E-05 
1.6864E-05 
7.3501 E-06 
1.1479E-07 
6.4561 E-06 
2.2335E-10 
4.9535E-07 
2.9636E-06 
2.1255E-06 
2.4710E-07 
5.4757E-09 
5.7095E-06 
3.2625E-04 
7.5480E-05 
2.2352E-02 
2.3208E-05 
7.7373E-10 
1.2892E-04 
3.0390E-05 
3.5108E-12 
3.5161E-06 
4.3797E-06 
1.5765E-10 
4.5467E-07 

7.005857E-02

4.6947E-02 
2.8413E-05 
2.7751 E-05 
2.6008E-05 
1.6846E-05 
2.4208E-06 
2.2660E-05 
1.6864E-05 
7.3501 E-06 
1.1479E-07 
6.4561 E-06 
2.0580E-20 
4.9615E-07 
2.9636E-06 
2.1255E-06 
2.4710E-07 
3.1150E-08 
5.6580E-06 
3.3701 E-04 
8.3640E-05 
2.2352E-02 
2.7525E-05 
8.4453E-17 
1.1834E-04 
2.2115E-05 
2.7467E-12 
3.4962E-06 
3.5857E-08 
6.2166E-17 
3.4273E-07 

7.005821 E-02

4.6947E-02 
2.8413E-05 
2.7386E-05 
2.6008E-05 
1.6846E-05 
2.4208E-06 
2.2660E-05 
1.6864E-05 
7.3501 E-06 
1.1479E-07 
6.4561 E-06 
8.5350E-34 
4.9615E-07 
2.9636E-06 
2 .1255E-06 
2.471OE-07 
6.6122E-08 
5.6066E-06 
3.4981 E-04 
9.1290E-05 
2.2352E-02 
2.7525E-05 
2.4426E-25 
1.0575E-04 
1.4493E-05 
1.9826E-1 2 
3.4714E-06 
1.2135E-10 
1.7904E-25 
2.3526E-07 

7.005790E-02

4.6947E-02 
2.8413E-05 
2.7142E-05 
2.6008E-05 
1.6846E-05 
2.4208E-06 
2.2660E-05 
1.6864E-05 
7.3501 E-06 
1.1479E-07 
6.4561 E-06 
1.7469E-40 
4.9615E-07 
2.9636E-06 
2.1255E-06 
2.471OE-07 
8.3169E-08 
5.5552E-06 
3.5596E-04 
9.3840E-05 
2.2352E-02 
2.7474E-05 
1.3148E-29 
9.971 OE-05 
1.1735E-05 
1.6830E-12 
3.4614E-06 
5.5433E-1 1 
9.5984E-30 
1.9514E-07 

7.005741 E-02
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Table 8-1 Number Densities as a Function of Time for 3.0% Enriched, 20GWD/MT Bumup B&W 15x15 SNF 
Continued

MCNP ID 14000 years 18000 years 
NUMBER DENSITY (atoms/b-cm

8016.50C 
42095.50C 
43099.50C 
44101.50C 
45103.50C 
47109.50C 
60143.50C 
60145.50C 
62147.50C 
62149.50C 
62150.50C 
62151.50C 
63151.55C 
62152.50C 
63153.55C 
64155.50C 
92233.50C 
92234.50C 
92235.50C 
92236.50C 
92238.50C 
93237.55C 
94238.50C 
94239.55C 
94240.50C 
94241.50C 
94242.50C 
95241.50C 
95242.50C 
95243.50C 

Total

4.6947E-02 
2.8413E-05 
2.6777E-05 
2.6008E-05 
1.6846E-05 
2.4208E-06 
2.2660E-05 
1.6864E-05 
7.3501 E-06 
1.1479E-07 
6.4561 E-06 
0.OOOOE+00 
4.9615E-07 
2.9636E-06 
2.1255E-06 
2.471 OE-07 
1.1675E-07 
5.5037E-06 
3.6672E-04 
9.7920E-05 
2.2352E-02 
2.7474E-05 
3.7877E-38 
8.9135E-05 
7.6727E-06 
1.2135E-12 
3.4365E-06 
3.8254E-1 1 
2.7701 E-38 
1.3373E-07 

7.005714E-02

4.6947E-02 
2.8413E-05 
2.6412E-05 
2.6008E-05 
1.6846E-05 
2.4208E-06 
2.2660E-05 
1.6864E-O5 
7.3501 E-06 
1. 1479E-07 
6.4561 E-06 
0.OOOOE+00 
4.9615E-07 
2.9636E-06 
2.1255E-06 
2.471 OE-07 
1.5032E-07 
5.5037E-06 
3.7645E-04 
1.0098E-04 
2.2352E-02 
2.7423E-05 
1.0923E-46 
7.9063E-05 
5.0650E-06 
8.7894E-13 
3.4067E-06 
2.7567E- 11 
8.0070E-47 
9.2122E-08 

7.005680E-02

22000 years 
I) 

4.6947E-02 
2.8413E-05 
2.6047E-05 
2.6008E-05 
1.6846E-05 
2.4208E-06 
2.2660E-05 
1.6864E-05 
7.3501 E-06 
1. 1479E-07 
6.4561 E-06 
0.OOOOE+00 
4.9615E-07 
2.9636E-06 
2.1255E-06 
2.4710E-07 
1.8287E-07 
5.4523E-06 
3.8515E-04 
1.0251 E-04 
2.2352E-02 
2.7373E-05 
0.0000E+00 
7.0502E-O5 
3.3048E-06 
6.3423E-13 
3.381 8E-06 
1.9926E-1 1 

0.OOOOE+00 
6.2900E-08 

7.005623E-02

26000 years 

4.6947E-02 
2.8413E-05 
2.5803E-05 
2.6008E-05 
1.6846E-05 
2.4208E-06 
2.2660E-05 
1.6864E-05 
7.3501 E-06 
1.1479E-07 
6.4561 E-06 

0.OOOOE+00 
4.9615E-07 
2.9636E-06 
2.1255E-06 
2.4710E-07 
2.1490E-07 
5.4009E-06 
3.9284E-04 
1.0353E-04 
2.2352E-02 
2.7373E-05 

0.0000E+00 
6.2948E-05 
2.1664E-06 
4.5645E-13 
3.3570E-06 
1.4383E-1 1 

0.OOOOE+00 
4.3287E-08 

7.005593E-02

30000 years 

4.6947E-02 
2.8413E-05 
2.5438E-05 
2.6008E-05 
1.6846E--05 
2.4208E-06 
2.2660E-05 
1.6864E-05 
7.3501 E-06 
1.1479E-07 
6.4561 E-06 
0.OOOOE+00 
4.9615E-07 
2.9636E-06 
2.1255E-06 
2.471OE-07 
2.4641 E-07 
5.3494E-06 
3.9949E-04 
1.0455E-04 
2.2352E-02 
2.7322E-05 
0.OOOOE+00 
5.6401 E-05 
1.4192E-06 
3.2960E-13 
3.3321 E-06 
1.0387E-1 1 

0.OOOOE+00 
2.9717E-08 

7.005584E-02

36000 years 

4.6947E-02 
2.8413E-05 
2.4951 E-05 
2.6008E-05 
1.6846E-05 
2.4208E-06 
2.2660E-05 
1.6864E-05 
7.3501 E-06 
1.1479E-07 
6.4561 E-06 

0.OOOOE+00 
4.9615E-07 
2.9636E-06 
2.1255E-06 
2.4710E-07 
2.9238E-07 
5.2465E-06 
4.0820E-04 
1.0506E-04 
2.2352E-02 
2.7271 E-05 

0.0000E+00 
4.7287E-05 
7.5223E-07 
2.0176E-13 
3.2973E-06 
6.3923E-1 2 

0.OOOOE+00 
1.6889E-08 

7.005463E-02

u: O"ATOIN ONLY

45000 years 

4.6947E-02 
2.8413E-05 
2.4221 Eý05 
2.6008E-05 
1.6846E-05 
2.4208E-06 
2.2660E-05 
1.6864E-05 
7.3501 E-06 
1.1479E-07 
6.4561 E-06 

0.0000E+00 
4.9615E-07 
2.9636E-06 
2.1255E-06 
2.471 OE-07 
3.5902E-07 
5.1437E-06 
4.1896E-04 
1.0557E-04 
2.2352E-02 
2.7170E-05 

0.OOOOE+00 
3.651OE-05 
2.9136E-07 
9.6883E-14 
3.2426E-06 
2.9265E-12 

0.OOOOE+00 
7.2311E-09 

7.005373E-02
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Table 8-1 Number Densities as a Function of Time for 3.0% Enriched, 20GWD/MT Bumup B&W 15x15 SNF 
Continued

4 
4 
4 
4 
4 
6 

6 

6

MCNP ID 60000 years 70000 years 
NUMBER DENSITY (atoms/b-cm) 

8016.50C 4.6947E-02 4.6947E-02 
42095.50C 2.8413E-05 2.8413E-05 
43099.50C 2.3004E-05 2.2274E-05 
44101.50C 2.6008E-05 2.6008E-05 
45103.50C 1.6846E-05 1.6846E-05 
17109.50C 2.4208E-06 2.4208E-06 
50143.50C 2.2660E-05 2.2660E-05 
50145.50C 1.6864E-05 1.6864E-05 
i2147.50C 7.3501E-06 7.3501E-06 
62149.50C 1.1479E-07 1.1479E-07 
62150.50C 6.4561E-06 6.4561E-06 
82151.50C 0.OOOOE+00 0.OOOOE+00 
63151.55C 4.9615E-07 4.9615E-07 
32152.50C 2.9636E-06 2.9636E-06 
33153.55C 2.1255E-06 2.1255E-06 
34155.50C 2.4710E-07 2.4710E-07 
)2233.50C 4.6389E-07 5.3208E-07 
92234.50C 5.0048E-06 4.8968E-06 
32235.50C 4.3176E-04 4.3791E-04 
92236.50C 1.0557E-04 1.0557E-04 
92238.50C 2.2352E-02 2.2352E-02 
93237.55C 2.7068E-05 2.6966E-05 
34238.50C 0.OOOOE+00 0.OOOOE+00 
94239.55C 2.3719E-05 1.7827E-05 
94240.50C 5.9677E-08 2.0761E-08 
94241.50C 2.8516E-14 1.2635E-14 
94242.50C 3.1531E-06 3.0934E-06 
95241.50C 8.5896E-13 3.8054E-13 
95242.50C 0.OOOOE+00 0.0000E+00 
95243.50C 1.7681 E-09 6.8844E-10 

Total 7.005206E-02 7.005135E-02

100000 years 

4.6947E-02 
2.8413E-05 
2.0205E-05 
2.6008E-05 
1.6846E-05 
2.4208E-06 
2.2660E-05 
1.6864E-05 
7.3501 E-06 
1.1479E-07 
6.4561 E-06 

0.OOOOE+00 
4.9615E-07 
2.9636E-06 
2.1255E-06 
2.471 OE-07 
7.0771 E-07 
4.5984E-06 
4.4815E-04 
1.0557E-04 
2.2352E-02 
2.6713E-05 
0.OOOOE+00 
7.5034E-06 
8.7258E-1 0 
1.0937E-15 
2.9293E-06 
3.2910E-14 
0.0000E+00 
4.1108E-11 

7.004864E-02

250000 years 

4.6947E-02 
2.8413E-05 
1.2293E-05 
2.6008E-05 
1.6846E-05 
2.4208E-06 
2.2660E-05 
1.6864E-05 
7.3501 E-06 
1. 1479E-07 
6.4561 E-06 
0.OOOOE+00 
4.9615E-07 
2.9636E-06 
2.1255E-06 
2.471OE-07 
1.2966E-06 
3.4360E-06 
4.5532E-04 
1.0506E-04 
2.2352E-02 
2.5443E-05 
0.OOOOE+00 
1.0072E-07 
1.1735E-16 
5.2936E-21 
2.2181E-06 
1.5981E-19 

0.0000E+00 
7.5282E-16 

7.003743E-02

500000 years 

4.6947E-02 
2.8413E-05 
5.4285E-06 
2.6008E-05 
1.6846E-05 
2.4208E-06 
2.2660E-05 
1.6864E-05 
7.3501 E-06 
1.1479E-07 
6.4561 E-06 

0.OOOOE+00 
4.9615E-07 
2.9636E-06 
2.1255E-06 
2.471 OE-07 
1.6324E-06 
2.3198E-06 
4.5532E-04 
1.0455E-04 
2.2352E-02 
2.3462E-05 
0.OOOOE+00 
7.6041E-1 1 
3.8163E-1 8 
7.3911 E-30 
1.3925E-06 
2.3472E-28 

0.OOOOE+00 
7.1320E-16 

7.002636E-02

0 

C) 
=-, 

C> 
C) 

6 

6 
C>

999999 years 

4.6947E-02 
2.8413E-05 
1.0516E-06 
2.6008E-05 
1.6846E-05 
2.4208E-06 
2.2660E-05 
1.6864E-05 
7.3501 E-06 
1.1479E-07 
6.4561E-06 

0.0000E+00 
4.9615E-07 
2.9636E-06 
2.1255E-06 
2.4710E-07 
1.5756E-06 
1.4968E-06 
4.5532E-04 
1.0251E-04 
2.2352E-02 
1.9958E-05 

0.OOOE+00 
2.3215E-15 
5.1653E-18 

0.OOOOE+00 
5.5204E-07 
4.5645E-46 
0.OOOOE+00 
6.9834E-16 

7.001472E-02
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9. Attachments 

The following attachments are case input and output files and spreadsheets as listed. The name 
of the file is listed in parenthesis. The first three attachments are included in Revision 00 of this 
document and are unchanged by Revision 01.  

I. SAS2H Burnup Case Output (s302Oucf.out) 2/16/96 825 pages 
II. ORIGEN-S Decay Case Output (s3020ucfo.out) 2/16/96 122 pages 
Im-. Spreadsheet for Number Density Calculation 3/31/96 18 pages 
IV. Modified SAS2H Burnup Case Input (s3020ucf4.in) 3/7/96 2 pages 
V. Modified ORIGEN-S Decay Case Input (s3020ucfol.in) 3/12/96 1 page 
VI. Modified ORIGEN-S Decay Case Output Summary (decay.sum) 3/29/96 

93 pages 
VIL. Modified ORIGEN-S 10,000 year Criticality Case Input (joklo7.in) 3/14/96 

1 page 
VIII. Modified ORIGEN-S 1000 year Criticality Case Input (oklo8.in) 3/14/96 1 page 
IX. Modified ORIGEN-S 5000 year Criticality Case Input (joklo9.in) 3/14/96 1 page 
X. Modified ORIGEN-S Criticality Cases Output Summary (joklo8.sum) 3/14/96 

95 pages 
XI. Modified ORIGEN Decay Case Output Summary of grams/assembly tables 

(s3020ucfO 1.sum) 8/8/96 19 pages 
XII. Modified ORIGEN Criticality Cases Output Summary of grams/assembly tables 

(joklo8.grams) 8/9/96 51 pages 
XIII. Modified SAS2H Burnup Case Flux Output Summary (flux) 3/12/96 1 page
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~a~sty wid cycle pwamters: 

rpirvANmaS fuetrUtiM.172 rxyvLe& ntib/cjv;S 
pintevet-S irptewet=2 rwtotaL4 eri 
3 O. 66 2 0.&310 3 0.814 500) 2.961 

puoor=7.25 hixr-128 dxFMZ 
ard 

socmthy nedite ho m t cat lec.  
,mode dkflM is fin Ws1. iametimcro - 0. cpui tine used 
Sexrky mxie has1 big l cat ted.  
nixiAe cdo is f inidiec. campteim cok 0. cpu tine tow 
Weoxty nrd~e W=~D has bee catled& 
nrdAe c~d1 is finWi. ca1Fletimco* 0. cpu titie we~d 
mm ds y minrie hasf tim n catlled.  
nedAe is finishie. cal~teticn ol 0. CPUtim tur ed 

se ~ ie~ him beei catlled.  
mmo"Ae isfinidmd. cooyetim czr- 0. qii tin? Wed 

seixrdayrrdeav a timnk~ catlLed.  
mx~eAM isfinidv. caiieticncm 0. cpi tine? ute 

secuky mxtAe hOX urn lmn catl~edL 
mx$.Ae diB Is finidieed. caipteticnam 0. qii till? teed 
seci~wy nudiie d) has bun calledt.  
mod~te c)M is finidwA cinetim oxi 0. qu tin? Loed 
mmrdrcy nedle T ha him cat Led.  
mod~le is finided. ciptetim ob 0. qxi tine wsed 
swmcknrr[Jdec tes 1w, catled& 

md~e MW isfinidd. cxnpietim axcb 0. qii tim c um 
secmky mxUie cOM has been catledt.  
eciLte cW1 is finidud cxnpetlm cc 0. epu tine wed 
secmhy mriAe Btim been called., 
iir4Ae is finiied cxwpetim oo 0. Mpi tie wged 
awayby mxbedA has bxn called.  
NxLdJe cf(Qis finidmi caipeticn coc 0. qit tine und 

smnxiy rcAed W5 tm bun~ caled.  
=de OM isfinidud. coipletkioco 0. qsi tine wed 

mmedaiy nedAe has~ timbn ca Led.  
mdi~e G0'. is finidul. cmrpletio ml 0. CPU tine umi 
swumfry nxitle cO has bomi catLaed 
extdiLe d)AKB is finvidowi.capetia, cocb 0. CPU tine wed 
gemmrky exie No~ bimlim catllet.  
mxiite cff2 is finidaed cmpleticn om 0. CPU tine Lowt 
seca~dy nrAeaD h1 tim encalled.  
=Mlte coaO is finigmed caipleticnai 0. qiz timfe umd 
secutk nxAeLOI tim has en catla& 

mxbt c~o isfinided caipteticn cocb 0. CPU tin LWe 
secirry ffouie has timtn called.  
rnrbte &M is finded. capietionax 0. cpu tine wged 
secmrdry nedie D1has tarn cat Led.  
NoaiLe ~1 is finidud. coieticri co*~ 0. CPU tim LWe 
maxbry ~Ale coon has bie catLlai 

ffcde cW isfinfdul. ca~pietimambcr 0. qia tinfe umd 
seca~h nixll C has tim n colled 

;=tie bM. is finidmi caqAeticn =L 0. cpa time Led 

swmxrry nrrlAe him bmn catLled

1.0:3 (seccr*i).  

20.00 (axrc).  

3.00 (Sc-) 

1.00 (secar).  

1.00 (sexrds).  

2.00 (sea=*d).  

1.00 (9803T).  

2.00 (serds).  

1.00 (socadi).  

10.00(scat 

2.00 (sec'r~).  

2.03 (secalb).  

1.00 (SwaTIS).  

2.00 CSemd).  

3.0:3 (sectnt).  

2.00 (mCis).  

2.03 (38cmh) .  

22.00 Csaeccrc).  

.00 (amoc) 

3.00 (secats).
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nxtdce I8is f Inished. onpItetianch, 
seoxrd~y nmdiaLe has bFmben catLed.  
rmzAe ~2 is f in~iehd carptetigcol 
seorxtwy nedale cOW has bern cat Led.  
irriL~e cO1 is fin~ised. wijpLati, cod 
senx~ymLted has been cat Led.  

mod~e O isf inwi.i cxnjAeicn oi 
seaxN~y ixLile dh2 F birn cat Led.  
uxtite ca is finished oiptetkic cixk 
seoomr mit~e cD1 he& bern catlled.  
on~jie AO is finised. omptetion oxi 
swxr~y noisie has F bBen cat Lad.  
mxed~e cff5 is finished. cripietici, ccxh 

sex Wraecdr Fm bemncattLed 
mod~e isfinised. wqipetinon* 

samnfry mdrAe dbM has bun cal Led.  
nedAe I is fin~ised. cmpieticncd 
seowriry mrdle cOX has been cal Led.  
nrx±Ae c~~is findshed. caiptetia, oc 

s HgynrAe cOD hm bern CalLed.  
nrIAte cO1 is finised. cmptietionmd!!r 
secxnlar .AedI has bean cal Lai 

mod~e MM isfinishe. caipletla, oxb 
se~~tbyF =" hs ee catlei.  

rm~e cOM isfinished. curpteticn oc 
siamnry mulie d).ID has bBw cal led.  
m~Aie c~1W is finished. carLetictia, 
m=ndy exile dn Fms been cal Led.  

modAe is finished. cmoieticn coc 
orcke .ioe4 has been catlLei.  

ýýe oN isfinishdw cocptetimn ccub 
smaty mxtie d(haFm been cat Led.  

m od ~ is fini'she. crnptetion cueb 
secxx*iy mAe~O has be catLe&.  

mod~ A0 isfinished. compieticn cub 
mzrchy mIrAe WW Fms been cal Led.  
mxiAe cOM is finishdw craptetia, ark 

mod~e OM isfinished. caipletiaoc
swmrary mrdle FmMha ben catLaid 
exi~e is finished. ccnpteticsi cx 

"Cue cOM ha bern cal led.  
md~e 01 isfinished. coiptetilnam 

sa* iyier)3 FmM hasbu catLled.  
isfinished. caipleticn oc 

soodrkyandAecOM FoemnLicalled.  
midle DUM is finidigi. caietlacm 
sommok ffUIe chas bunL called.  

mA~ecOMis finished. caipletla, ark 
sswon-kynAe~ he bern cal Led.  

n1A~ dk isfindvd. crnpLeticnaxLcu 
s=rdwy mxii~e cIUYI has bun cal Led.  
mxlle c1 is finlished. caviletiawc 

swcnbiyndAleO Fm Lw, calted.  
mod~eAM isfinished. c~aipeticn co* 

mmd- ftFmcO o bern cal Led.  
m~e cý isfinished. caipletlaco 

secarky ffrale has been called.

0. cpa tina used 

0. cpLa tine used 

0. CPU tine wed 

0. CPU time wed 

0. cpa time used 

0. CPU timf Used 

0. CPA tipm LWe 

0. cpa tire used 

0. CPaJ tim Led 

0. cpj tine wed 

0. CPU time LmeI 

0. cpm tine wed 

0. cpu tin. wed 

0. cpa tine wsed 

0. cpa tineumwd 

0. cpu tine use 

0. cpa tim tini 

0. qil time used 

0. cpa tltineue 

0. qp inetLoad 

0. qij tim use 

0. qia tlimused 

0. cpa tine wsed 

0. cpa tie Loaed 

0. Cp O tiMwed 

0. cpu ti. wsed 

0. cpa tine wsed 

0. CPA tiar wsed 

0. qujtineugedn 

0. cpu tine used

.OD (~Id) 

20.O (sacud).  

2.00 (seocrrd).  

.OD (soank).  

1.03 (muart).  

2.03 (scack).  

1.00 (secadis).  

2.00 (rcrr) 

1.03 (sexnk).  

2D.00 (swcard).  

2.03 (secork).  

1.03 (secmk).  

1.003 (s n).  

2.03 (sembr).  

1.03(ur) 

2.00 (swank).  

1.03 (smark).  

3L0.0(mr) 

2.03 (mmc) 

1.0 (mr) 

1.03 (Swonck).  

2.03 (sexc) 

.OD (swmxb).  

3.3 wik) 

.03 s0 n) 

2D.00 (secrnk).  

2.03 (seark) 

.00 (ur) 

1.03 (mwar) 

2.03 (sxn)
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