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Executive Summary 

This criticality safety evaluation report documents the analyses performed to support the 
incredibility of a nuclear criticality involving Shippingport PWR Core 2 blanket fuel assemblies 
by extending the range of applicability to include 6,500 MW,d/MTU and lower fuel exposures. 

This addendum supports the given limits for Shippingport PWR Core 2 blanket fuel of: 
Fissile Mass Limits 
0 For each blanket assembly None 
0 For assembly in the storage pool None 
0 For assembly in canister storage None 
Spacing Limits 

For assemblies in the storage pool None 
For assemblies stored in a canister None 

Other Limits 
0 No other limits or restrictions for criticality safety exist at T Plant for this set of 72 blanket 

assemblies during the loading/unloading and drying process in preparation for shipping to the 
Canister Storage Building (CSB). 

... 
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1.0 INTRODUCTION AND SUMMARY 

1.1 INTRODUCTION 

This evaluation is an addendum to CSER 00-007 (Greenborg and Eberle 2000) and 
extends the incredibility of a criticality for Shippingport PWR Core 2 blanket fuel assemblies to 
lower fuel exposures. This criticality incredibility study extends a previous ORIGEN2 
calculation of isotopic composition for Shippingport PWR Core 2 blanket fuel assemblies 
(Wittekind 1999) below 13,800 MW,d/MTU down to zero MW,d/MTU in ten equal increments. 
The approach to criticality incredibility is the same as used in CSER 00-007. but the conservative 
assumptions are replaced by comparison to experimental measurements on the isotopic 
composition of Shippingport blanket fuel assemblies (Sphar, Leonard and Lacey 1961) 

1.2 SUMMARY 

The addendum supplements the CSER 00-007 analysis for the full range from zero 
exposure to 13,800 MW,d/MTU. CSER 00-007 demonstrated criticality incredibility for the 
range from 13,800 MW,d/MTU up to the maximum exposure, 24,600 MW,d/MTU for the 
Shippingport PWR Core 2 blanket fuel assemblies. That analysis established the global 
criticality safety of this material (i.e. for the current era, it is subcritical in any form, intact, or 
altered in any way). This addendum extends the previous range of applicability in accordance 
with the controlling procedure (FH 2001b). The operation, when conducted according to the 
established limits stated in this document, complies with the incredibility principle. The 
evaluations demonstrated criticality incredibility due to the enrichment of this exposed natural 
enrichment uranium fuel. 

1.3 LIMITS AND CONTROLS 

The limits for Shippingport PWR Core 2 blanket fuel are: 
Fissile Mass Limits 
0 For each blanket assembly None 

For assembly in the storage pool None 
For assembly in canister storage None 

Spacing Limits 
For assemblies in the storage pool None 
For assemblies stored in a canister None 

Other Limits 
0 No other limits or restrictions for criticality safety exist at T Plant for this set of 72 blanket 

assemblies during the loading/unloading and drying process in preparation for shipping to the 
Canister Storage Building (CSB). 

1 
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2.0 METHODOLOGY 

2.1 ANALYSIS PHILOSOPHY 

The statement of work for this safety evaluation requested to extend the previously 
calculated range of applicability (13,800 MW,dMTU to 24,600 MW,d/MTU) down from 
13,800 MW,d/MTU to 6,500 MW,d/MTU. The original analysis (Greenborg and Eberle 2000) 
was reviewed. It was noted that the analysis performed depended on the isotopic analysis 
calculated by ORIGEN2 (Wittekind 1999). Additional ORIGEN2 calculations performed for this 
addendum allowed for a lower range of exposures, to include 6,500 MWtdMTU, and to 
demonstrate criticality incredibility on the basis of the effective 235U enrichment of the 
fissionable material. 

2.2 SUBCRITICALITY LIMIT 

For the purposes of this report, the criticality prevention criterion is the incredibility 
principle based on the effective 235U enrichment of the Shippingport PWR Core 2 blanket 
assemblies. Reference is made to handbooks that demonstrate the 235U enrichment is adequate to 
show incredibility of criticality irrespective of mass, geometry, or neutron reflection. This 
incredibility criterion is based on implementing the applicable DOE Orders, ANS standards, and 
HNF-7098. The subcriticality enrichment is used to judge the incredibility of criticality for the 
Shippingport PWR Core 2 blanket assembly fissionable material. 

2.3 ORIGEN2 CODE 

The isotopic generation and depletion code ORIGEN2 Version S.2, is under software 
configuration control and was certified (Roblyer and Schwinkendorf 2001). The validation, or 
demonstration of applicability to the isotopic calculation of Shippingport PWR Core 2 blanket 
assemblies, is contained in this document. 

2.4 APPLICATION OF THE INCREDIBILITY DETERMINATION 

This analysis must meet the requirements of HNF-7098, Criticality SufeQ Progrum, 
(FH 2001a). HNF-7098 states that before starting a new operation with fissile material or before 
an existing operation is changed, it shall be determined that the entire process will be subcritical 
under both normal and credible abnormal conditions. To demonstrate the Incredibility 
Determination is satisfied, this CSER must show that by form or distribution of the fissionable 
material that a nuclear criticality is incredible. 

2 
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3.0 SHIPPINGPORT PWR CORE 2 MODELING 

The modeling of Shippingport PWR Core 2 blanket assemblies requires data on: 

Irradiation and/or exposure history, 
Decay times, and 
Desired composition quantities. 

Initial isotopic and elemental composition, 

3.1 INITIAL ISOTOPIC COMPOSITION 

The isotopic composition of the blanket assemblies is initially natural uranium. 
Documentation from Shippingport (Sphar, Leonard, and Lacy 1961) assumed 0.71 17 wt% 235U at 
the start of irradiation. The ORIGEN2 input file was derived from previous ORIGEN2 
calculations (Wittekind 1999) and used those initial uranium compositions (0.71 1 wt% 235U) and 
impurities. 

3.2 IRRADIATION AND EXPOSURE HISTORY 

The ten incremental Shippingport exposures to cover the range up to 13,800 MW,d/MTU 
are shown in Table 3.1 

Table 3.1 Blanket Power Fractions for Desired Ass1 

wer Fractions for 

nbly Exposures 

3 
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These blanket power fraction values are inserted into the spreadsheet calculation, 
Shippingport Reactor ORIGEN2 Chronology, shown in Table 3.2. 

The first column, “Date,” details blanket fuel assembly power history in simplified steps. 

The second column, “EFPH,” is the effective full power hours (electrical) of Shippingport 
PWR operation, entered from Shippingport data (Wittekind 1999). 

The third column, “Days,” is the increment in days from the date listed in the row above. 

The fourth column, “MWt,” is the average heat generated in one blanket assembly during 
an irradiation period. The 0.4720 blanket power share was used in the Table 3.2 calculations. 
This is the result of calculation: 

(EFPH(2)-EFPH(I)) / ((Days(2)-Days(l)) * 24) * 505 * 0.4720 / 76 = MWt(2) 
or in numbers: (2466.4 - 0.0) / ((245 - 0)*24) * 505 * 0.4720 / 76 =I ,3155 
The “EFPH’ column is effective full power hours (EFPH), so this difference is calculated and 
divided by 24 hours per day to convert to effective full power days. The result is divided by the 
increment of days in the “Days” column to give the fraction of full power that the reactor 
generated during that irradiation period. 

4 
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The 505 MWI multiplication converts full power (electrical) into Megawatts thermal, a 
more useful fuel exposure quantity (WAPD-294 1968, WAPD-332 1973, and WAPD-335 1983). 
The 0.4720 factor is the blanket power fraction to core total. This factor was calculated to yield 
13,800 MW,d/MTU total blanket assembly exposure over the entire irradiation exposure history. 
The 76 is the number of power generating blanket fueled assemblies in the whole Shippingport 
Core 2 blanket. 

The fifth column, “MWtd,” is the product of the power level. “MWt” column, and the 
increment in days of the irradiation cycle, “Days” column. 

The sum of the fifth column, 3 1 1 1.75 MWtd, is the MWld generated in one blanket 
assembly. Division by 0.2255 MTU, the metric tons of initial heavy metal in one blanket 
assembly, yields 13,799.32 MWtd/MTU total exposure. For the 0.4720 power fraction, this is the 
desired 13,800 MWtd/MTU blanket fuel exposure. 

3.3 DECAY DATE 

The decay date to be calculated from ORIGEN2 was chosen to be 1 January 2001. This 
is conservative because later decay times would have more 241Pu decay into 241Am, reducing the 
reactivity. ’ 

3.4 DESIRED ORlGEN2 OUTPUT 

The desired ORIGEN2 results, for 1 January 2001, are: 

Total Bumup (MW,), and 

Composition by isotope (grams) for the Actinides and Daughters, 
Composition by isotope (grams) for ‘37Cs, 

Initial mass of heavy metal (MTU). 

5 
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4.0 SHIPPINGPORT ORIGEN2 CALCULATIONS 

4.1 METHODS VALIDATION 

The ORIGEN2 code has long been used throughout the nuclear industry for isotope 
generation calculations (Croff 1980) for a number of different reactor types and for reprocessing 
facilities. 

The ORIGEN2 code used for this calculation is under configuration control (Roblyer and 
Schwinkendorf 2001) on the Advanced Computer Center (ACC) system at Fluor Federal 
Services, These machines are 933 MHz Dell Precision 620 workstations, running the Microsoft 
Windows NT 4.0 operating system. 

The ORIGEN2 executable used was located at: 
E:\data\snf\cser0007\main.exe 

and is dated 2:48 p.m. on December 22, 1998 and used 827,904 units of memory 

This was copied from the ORIGEN2 executable located at: 
P:\origen2\warren\debughain.exe 

and is dated 2:48 p.m. on December 22, 1998 and used 827,904 units of memory 

The libraries used for the output included in this document were: 
orig21 [Decay Library] dated 1:06 p.m. on December 21, 1998, 
orig22 [PWRU Cross Section Library] dated 1 :06 p.m. on December 21, 1998, and 
orig61 [Photon Library] dated 1:07 p.m. on December 21, 1998. 

These files were used in E:\data\snf\cser0007 but copied from the directory: 
P:\origen2\libraries 

Different ORIGEN2 cases were run and stored at different times: 
0 E:\data\snf\cser0007\shipOO.out UOz Fuel, Zirc-4, Pyrolytic Carbon 

0,000 MW,d/MTIJ stored at 4:15 p.m. on September IO, 2001. 
E:\data\snf\cser0007\shipOl .out U 0 2  Fuel, Zirc-4, Pyrolytic Carbon 
1,380 MWtd/MTU stored at 1:09 p.m, on September IO,  2001. 
E:\data\snf\cser0007\ship02.out U02 Fuel, Zirc-4, Pyrolytic Carbon 
2,760 MW,d/MTU stored at 1:lO p.m. on September 10,2001. 
E:\data\snf\cser0007\ship03.out U02 Fuel, Zirc-4, Pyrolytic Carbon 
4,140 MW,d/MTU stored at 1:lO p.m. on September I O ,  2001. 
E:\data\snf\cser0007\ship04.out U02 Fuel, Zirc-4, Pyrolytic Carbon 
5,520 MW,d/MTU stored at 1 : 1 1 p.m. on September I O ,  2001. 
E:\data\snf\cser0007\ship05.out U02 Fuel, Zirc-4, Pyrolytic Carbon 
6,900 MW,d/MTU stored at 1 : l l  p.m. on September IO, 2001. 
E:\data\snf\cser0007\ship06.out U 0 z  Fuel, Zirc-4, Pyrolytic Carbon 
8,280 MW,d/MTIJ stored at 1:11 p.m. on September I O ,  2001. 

0 

0 

0 

6 
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E:\data\snRcser0007\ship07.out U 0 2  Fuel, Zirc-4, Pyrolytic Carbon 
9,660 MWtdMTU stored at 1 : 12 p.m. on September 10, 2001. 
E:\data\snt\cser0007\ship08.out U02 Fuel, Zirc-4, Pyrolytic Carbon 
11,040 MW,d/MTU stored at 1:12 p.m. on September IO,  2001. 
E:\data\snf\cser0007\ship09.out U02 Fuel, Zirc-4, Pyrolytic Carbon 
12,420 MW,d/MTU stored at 1:12 p.m. on September 10, 2001. 
E:\data\snf\cser0007\shipl O.out U 0 2  Fuel, Zirc-4, Pyrolytic Carbon 
13,800 MWtd/MTU stored at 1:16 p,m. on September 10, 2001. 

4.2 ORIGEN2 RESULTS 

Table 4.1 tabulated the ORIGEN2 results for decay to 1 January 200 I for all ten 
exposures (0 MWtd/MTU was only listed out) or eleven columns altogether. 

The ORIGEN2 output is assembled into the top 36 rows (1-Jan-01 through MTIHM). 
There is a blank line, then the MWtd/MT is calculated from the “TOTbum” line divided by the 
“MTIHM” line. 

Pu wt%’ lines are calculated from the grams of different isotopes ~h~ ~ 2 3 5 ~  wto,ox and “240 

above in this same table. The uranium, following the Shippingport convention (Sphar, Leonard, 
and Lacy 1961), only considered 234U, 235U, 23hU, and 2381J. The plutonium, following the 
Shippingport convention (Sphar, Leonard, and Lacy 1961), only considered 23yPu, 240Pu, *“Pu 
and 242Pu. These wt% calculations are more explicitly demonstrated in the next ten non-blank 
lines below. 

The highlighted column in Table 4.1 is the ORIGEN2 exposure closest to the 
6,500 MW,d/MTU desired for the criticality incredibility study. The shaded horizontal lines are 
the exposure range of the Shippingport analytical measurements for uranium isotopics and 
plutonium isotopics. It can be clearly seen that the available Shippingport PWR blanket 
assembly analytical measurements cover both sides of the range desired as the low exposure, 
6,500 MW,d/MTU, for the criticality incredibility study. 

These ORIGEN2 results, particularly the uranium isotopes and plutonium isotopes, form 
the basis for the criticality incredibility study that follows. 

The ORIGEN2 input that generated one of these outputs is included in Appendix C, 
ORIGEN2 Computer Code Input and Output, along with a representative page of output. 

2 3 5 ~  The ORIGEN2 cross section library is actually from a different reactor, burnup, and 
enrichment, than the Shippingport PWR. There is a detailed comparison between Shippingport 
PWR isotopic measurements and the ORIGEN2 predictions, and this is documented in 
Appendix D Shippingport Measurements and ORIGEN2 Calculations. 

7 



HNF-8853, Rev. 0 

This comparison between measurement and calculation bounds the Shippingport PWR 
blanket assembly isotopic composition reactivity, for criticality purposes, by multiplying the 
ORIGEN2 239Pu calculated result by 1.065. 

8 
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5.0 EVALUATION AND RESULTS 

This criticality incredibility study performs several steps before justifying the conclusion: 
Conversion of all isotopes, except 235U, to 23yPu fissile gram equivalent (FGE), 
Summation of the all the 239Pu fissile gram equivalents, 
Calculation of the effective 240Pu wt%, 
Calculation of the plutonium critical mass for this effective 240Pu wt%, 
Converting the 239Pu FGE at this 24"Pu wt% to 235U FGE. 
Adding the 235U FGE to the remaining 235U for an effective 235U wt%, 
Comparing the effective 235U wt% on the 235U critical mass vs. 235 U enrichment plot. 

5.1 FISSILE GRAM EQUIVALENT CONVERSION 

The fissile gram equivalent calculation was performed using the spreadsheet shown in 
Table 5.1 Shippingport PWR Assembly Fissile Gram Equivalent and Burnup Enrichment. 

The 239Pu fissile gram equivalent was calculated using tabulated values (Bushore and 
Miller 2000). These tabulated conversion factors are listed in the leftmost column of Table 5.1. 
These equivalents are multiplied times the eleven columns of ORIGEN2 results for actinides 
decayed to 1 January 2001, as shown in Table 4.1, to give the eleven columns of 239Pu FGE 
shown in Table 5.1. 

The "Pu239 FGE" row is the sum of all 239Pu FGE, except for 235U 

The "Pu239 FGE adj" row is the sum of all 23yPu FGE, except for 235U, except with an 
additional 0.065 times the 239Pu mass. This bounds the Shippingport PWR blanket assembly 
isotopic composition, for criticality purposes, as explained in Appendix D Shippingport 
Measurements and ORIGEN2 Calculations. 

The "U235 wt%" and "Pu240 wt%" rows are the ORIGEN2 calculations for these 
quantities, according to the Shippingport convention. These are the same values as in Table 4. I .  

The "Pu240 eff wt%' row is calculated by 100*24"Pul(240Pu+23yPu FCE ad;). This 240Pu 
effective wt% is lower than the previous directly calculated 24"Pu wt% row just above. 

Some values were read off Figure B.l in Appendix B (Paxton and Pruvost 1987) for the 
calculated effect of 24"Pu content on the minimum critical mass of plutonium. Minimum critical 
mass values as a function of 240Pu content are taken to be: 

OZ4"Puwt%, 520gPu;  
5 240Pu wt%, 610 g Pu; 
10 240Pu wt%, 750 g Pu; 
15 240Pu wt%, 900 g Pu; 

0 20 24"Pu wt%, 1 120 g Pu. 

9 
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These values are used in a five point Lagrangian Interpolation for the minimum critical 
mass for the particular “Pu240 eff wt%’ in the same column. The five individual terms in the 
five point Lagrangian Interpolation are calculated individually for spreadsheet simplicity. The 
resulting plutonium minimum critical masses are shown in the row “Pu Critical mass (g).” 

The “U235 Crit. Mass (g)” row is 700 grams 235U minimum critical mass. 

10 
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The “U235 FGE’ row is calculated from: 
“Pu239 FGE” * (“U235 Crit. Mass (g)”i”Pu Critical Mass (g)”) 

This 235U FGE is mostly lower than the 239Pu FGE because of the 240Pu content. 

The “Del U235 w t %  row is the effective increase in enrichment due to the 239Pu 
FGE. Note that this contribution from the 239Pu FGE reaches a maximum at 11,040 MW,d/MTU 
and decreases as the exposure increases. 

The “U235 eff wt%’ row is the total effective 235U enrichment, given what is left from 
the initial 235U enrichment, and the 239Pu FGE after taking into account the effect of 240Pu 
content. Note that this effective 235U wt% actually increases to a maximum at 
1,380 MW,d/MTU, and then decreases at higher exposures. 

The significant ORIGEN2 results are shown in the highlighted line “U235 eff wt%.” 

5.2 EFFECTIVE 235U ENRICHMENT 

The ORIGEN2 results shown highlighted in Table 5.1 indicate the effective 235U wt%. 
At 0 MW,d/MTU is the original 0.71 1 235U wt%. At 1,380 MWld/MTU, there is an increase to 
0.828 effective 235U wt%. At 4,140 MW,d/MTU, there is a decrease to 0.805 effective 235U wt%, 
and this decrease continues with the increasing exposure. 

5.3 MINIMUM CRITICAL 235U ENRICHMENT EVALUATION 

The chart for minimum critical mass for uranium metal in water, Figure B.2 in 
Appendix B (Paxton and Pruvost 1987), shows the critical homogeneous limit as a 23’U wt% 
about 1.03%, while the heterogeneous limit is about 0.72 wt% 235U. The Shippingport fuel is 
uranium dioxide. The uranium oxide enrichment limit is higher than the uranium metal limit. 
The chart for uranium metal and uranium oxide 235U enrichment and mass, Figure B.3 in 
Appendix B (ANS 1998), shows the uranium oxide 235U enrichment limit for criticality safety 
versus 2 3 5 ~  mass. 

The total Shippingport special nuclear materials inventory (Johnson 2001) shows 
approximately 120 kg Pu, 84.7 kg 239Pu, and 32 kg 235U. Using 100 kg mass for all the 235U FGE 
in the 76 Shippingport blanket fuel assemblies, read from Mass Limits for Uranium Water 
Lattices, Figure B.4 in Appendix B (ANS 1998), gives the minimum critical enrichment of 
0.80 wt% 235u. 

5.4 SHIPPINGPORT EXPOSURE FOR EFFECTIVE 235U ENRICHMENT 

The Shippingport PWR blanket assembly exposure will now be calculated as a function 
of the effective 235U enrichment. Figure 5.1 shows the effective 235U wt% in the Shippingport 
blanket fuel versus exposure. 

11 
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Observe the linear relationship from 2,760 MW$/MTU to 12,420 MW,d/MTU. 
Interpolation performed between 0.8 and 0.7 wt% 235U, will use the points (4,140 MW,d/MTU, 
0.8047 23iU wt%) and (9,660 MW,d/MTU, 0.6935 235U wt%). The equation is: 

where x is exposure (MW,d/MTU) and y is eff. 235U wt%. Results are shown in Table 5.2. 
((x - 4140)/(9660-4140))*0.6935 + ((x-9660)/(4140-9660))*0.8047 = y 

Table 5.2 Effective 23JU Interpolated to Blanket Assembly Exposure 
Effective 235U wt % Interpolated to 

Blanket Assembly Exposure 

MW&MTU 

0.80 4373 
0.79 

0.72 I 8344 
0.701 9337 
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Table 5.2 shows that for a limiting 235U enrichment of 0.80 wt%, the minimum blanket 
assembly exposure is 4,375 MW,d/MTU. This fulfills the Incredibility Determination safety 
criterion. 

5.5 CONSERVATIVE ASSUMPTIONS 

Conversion to 239Pu fissile gram equivalents by the logic of minimum critical mass is 
conservative because not all of the minimum critical masses occur at the same neutron 
energy, some are fast neutron systems, while others are thermal neutrons systems. A mixture 
is not as reactive as a single isotope (Bushore and Miller 2000). 
ORIGEN2 results are scaled to be conservative by scaling up the non-conservative isotopes 
and not adjusting the isotopes where ORIGEN2 is conservative with respect to Shippingport 
measurements. This occurred when 23sPu FGE is adjusted to 23yPu FGE adj. 
The 239Pu FGE adj is also used as the basis for conservative change from the 24"Pu wt94 to 
24"Pu eff wt% which is used to infer the plutonium critical mass. 
Comparison with the U02 curve from Figure B.3 (ANS 1998) for uranium in water lattices is 
conservative because an ideal arrangement for 235U and 235U FGE safe enrichment would be 
optimally moderated in spherical geometry with full H20 reflection, not Shippingport blanket 
fuel assembly geometry. 
Calculation of the minimum exposure for 100 kg 235U requires the total inventory of all the 
Shippingport blanket assemblies be at this 235U effective wt%. Many of the Shippingport 
blanket assemblies are much more exposed than this maximum 235U effective wt% (Johnson 
2001). 
Neutron absorption due to fission products, cladding, and blanket assembly structural 
members is ignored. 
24'Pu decay continues to decrease reactivity for times later than 1 January 2001. 

These conservative assumptions fully justify the determination of an incredible risk of 
criticality for the 76 Shippingport PWR Core 2 blanket assemblies. 

5.6 CONCLUSIONS 

This analysis meets the requirements of HNF-7098, Crificulity Safely Program, 
(FH 2001a). HNF-7098 states that before starting a new operation with fissile material or before 
an existing operation is changed, it shall be determined that the entire process will be subcritical 
under both normal and credible abnormal conditions. 'To demonstrate the Incredibility Principle 
is satisfied, this CSER shows that the form or distribution is such that criticality is impossible. 
This evaluation demonstrated, that on the basis of effective 235U enrichment, criticality is not 
possible. 

The minimum blanket assembly exposure is 4,375 MWtd/MTU for fissile material that is 
shown to fulfill the Incredibility Principle safety criterion on the basis of enrichment 
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Reviewer Comments from J. Greenborg - 9/21/2001 

CSER 00-007, Addendum 1, was independently peer reviewed by J. Greenborg, a qualified 
Criticality Safety Specialist in the Criticality And Shielding group of Fluor Federal Services in 
accordance with Fluor Hanford’s Technical Safety Programs Desk Instruction 2.0, Rev 1, 
Technical Peer Review (dated June 15,2001). This technical review covered all aspects of this 
report. As shown in the Independent Review Checklist, this report was reviewed with no gaps. 

The reviewer concurs that this CSER correctly evaluates the safety of the Shippingport core 2 
blanket fuel assemblies at the lower exposures. Editorial comments were incorporated. The 
reviewer concurs with the conservative assumptions and the conclusions of the analysis. 

S. R. Gedeon reviewed the hand calculations, spreadsheets and computer input and outputs. 
Items checked identically in the attached checklists indicate Mr. Gedeon and Mr. Greenborg 
concur. 
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APPENDIX B HANDBOOK FIGURES 

Figure B.l. Calculated effect of 240Pu content on Pu Spherical Critical Mass versus Density of 
Pu, from LA-I0860-MS, Figure 35 page 73. 

Figure B.2. Uranium Spherical Critical Mass versus *% Enrichment, from LA-10860-MS. 
Figure 22 page 52 

Figure B.3 Mass limit for uranium water lattices versus 235U enrichment, from ANSUANS-8.1- 
1998, Figure 1 page 10. 

Figure B.4 Detail of mass limit for uranium water lattices versus *% enrichment, from 
ANSIIANS-8.1-1998, Figure 1 page 10. Detail is 0 to 1.0 wt% and 60 kg 235U to 100 kg 
2 3 5 ~ .  
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Figure B. 1. Calculated effect of 240Pu content on Pu Spherical Critical Mass versus Density of 
Pu, from LA-10860-MS, Figure 35 page 73. 
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Figure B.2. Uranium Spherical Critical Mass versus 235U Enrichment, from LA-10860-MS, 
Figure 22 page 52 
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Figure B.4 Detail of mass limit for uranium water lattices versus 235U enrichment, from 
ANSIIANS-8.1-1998, Figure 1 page 10. Detail is 0 to 1.0 wt% and 60 kg 235U to 300 kg 235U. 
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APPENDIX C ORIGEN2 COMPUTER CODE INPUT AND OUTPUT 

ORIGEN2 Input for case 1,380 MW,d/MTU 

ORIGEN2 Representative page (Actinide mass) of Output for case 1,380 MW,d/MTU 
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ORIGENZ Input for case 1,380 MWrd/MTU 

-1 
-1 
-1 
TIT NOMINAL Shippingport blanket assembly, CORE-2 U02 + Clad, etc 
BAS 225.5 kg U,-30.3-kg 02, 196.1 kg Zr-4, 75.2 g C 
LIB 0 1 2  3 204 205 206 9 3 0 1 1 
LIP 0 0 0 
PHO 
RDA 
INP 
RDA 
INP 
RDA 
INP 
RDA 
ADD 
ADD 
RDA 
BUP 
RDA 
IRP 
IRP 
IRP 
IRP 
IRP 
DEC 
IRP 
IRP 
IRP 
IRP 
IRP 
IRP 
BUP 
OPTA 
OPTF 
OPTL 

101 102 103 10 
VECTOR -1 = FUEL INVENTORIES (225.5 kq natural uranium. 30.3 ks 02) - 
-1 1 -1 -1 1 1 
VECTOR -2 = FUEL CLADDING (196.1 kg of Zr-4) 
-2 1 -1 -1 1 1 
VECTOR -3 = U02 COATING (75.2 g pyrolytic carbon) 
-3 1 -1 -1 1 1 
COMBINE THE FUEL COMPONENTS 
-2 -1 0 1.0 
-3 -1 0 1.0 
1,380 MWd/MTIHM Power irradiation CORE 2 - Seed 1 + Seed 2 

245. 
610. 
975. 
1341. 
1401. 
1528. 
1706. 
2071. 
2436. 
2802. 
3167. 
3202. 

0.1316 
0.1460 
0.1428 
0.0972 
0.0862 

0.1418 
0,0925 
0.0709 
0 . 0 6 0 6  
0.0632 
0.0755 

-1 1 
1 2  
2 3  
3 4  
4 5  
5 6  
6 7  
7 8  
8 9  
9 10 
10 11 
11 12 

30 Apr 65 Seed 1 Init Pwr 
4 2 31 Dec 65 => 2,466.4 EFPH 
4 0 31 Dec 6 6  = >  6,543.1 EFPH 
4 0 31 Dec 67 =>10,532.6 EFPH 
4 0 31 Dec 68 =>13,256.3 EFPH 
4 0  1 Mar 69 =>13,652.0 EFPH 
4 0  6 Jul 69 Seed 2 Init Pwr 
4 0 31 Dec 69 => 1,931.9 EFPH 
4 0 31 Dec 70 = >  4,515.5 EFPH 
4 0 31 Dec 71 = >  6,495.2 EFPH 
4 0 31 Dec 72 => 8,192.7 EFPH 
4 0 31 Dec 73 = >  9,957.7 EFPH 
4 0  4 Feb 74 =>10,160.0 EFPH 

8 8 8  8 8 8  8 8 8  8 8 8  8 8 8  8 8 8  8 8 8  8 8 8  
8 8 8  8 8 8  8 8 8  8 8 8  8 8 8  8 8 8  8 8 8  8 8 8  
8 8 8  8 8 8  8 8 8  8 8 8  8 8 8  8 8 8  8 8 8  8 8 8  

OUT 12 1 -1 0 
DEC 3300. 12 -4 4 0 
DEC 
DEC 
DEC 
DEC 
DEC 
DEC 
DEC 
DEC 
DEC 
DEC 
DEC 
DEC 
DEC 
DEC 
DEC 
DEC 
DEC 
DEC 
HED 
HED 

3502. -4 1 4 0 
3653. 1 2 4 0 
4000. 2 -5 4 0 
4323. -5 3 4 0 
4994. 3 4 4 0 
5.0 4 - 6  5 4 
14.0 - 6  -7 5 0 
20.0 -7 5 5 0 
22.0 5 6 5 0 
25.0 6 7 5 0 
31.0 7 8 5 0 
56.0 8 9 5 0 
131.0 9 10 5 0 
350.0 10 -8 5 0 
995.0 -8 11 5 0 
2000. 11 -9 5 0 
5000. -9 -10 5 0 
9995. -10 12 5 0 
1 1 Dec 74 
2 1 May 75 
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HED 3 1 Mar 77 
HED 4 1 Jan 79 
HED 5 1 Jan 99 
HED 6 1 Jan 2001 
HED 7 1 Jan 2004 
HED 8 1 Jan 2010 
HED 9 1 Jan 2035 
HED 10 1 Jan 2110 
HED 11 1 Jan 2974 
HED 12 1 Jan11974 
CUT 5 l.E-9 7 l.E-25 9 l.E-3 -1 
OPTA 8 8 8  8 7 8  7 8 7  8 8 8  8 8 8  8 8 8  8 8 8  8 8 8  
OPTF 8 8 8  8 7 8  7 8 7  8 8 8  8 8 8  8 8 8  8 8 8  8 8 8  
OPTL 8 8 8  8 7 8  7 8 7  8 8 8  8 8 8  8 8 8  8 8 8  8 8 8  
OUT 12 1 -1 0 
STP 4 
5 920000 2.25535 0 0.0 0 0.0 0 0.0 
4 50000 0.2255 480000 0.11275 260000 33.825 70000 45.100 
4 130000 33.825 270000 2.2550 420000 22.550 80000 3.0334 
0 
4 720000 39.22 260000 529.47 240000 254.93 500000 3922. 
4 10000 9.805 70000 49.025 60000 98.05 80000 352.98 
4 400000 1.910014035 0 0.0 0 0 . 0  0 0.0 
0 
4 60000 75.2 130000 1.27843-3 240000 9.7763-4 10000 3.0083-3 
4 260000 3.0083-3 280000 4.5123-4 140000 1.27843-3 0 0.0 
0 
END 

ORIGEN2 Representative page (Actinide mass) of Output for case 1,380 MWtd/MTU 
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APPENDIX D SHIPPINGPORT MEASURMENTS AND ORIGENZ CALCULATIONS 
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135.21 I 11 134.41 I 

The Shippingport PWR was an experimental reactor, and tests and measurements were 
made that are documented. One very useful measurement was on the burnup isotopics of 
uranium and plutonium. These results are included as the next two pages (reproduced from 
Sphar, C. D., J. H. Leonard and P. S. Lacey, 1961, Isotoppic Analysis ufIrrudiutedNarural 
Uranium Dioxide Fuel Rudsfrom PWR Core I ~ Preliminury Results, WAPD-TM-280, Bettis 
Atomic Power Laboratory, Pittsburgh, Pennsylvania). 

The isotopic data measurements include: 
Total uranium, 
Total plutonium, 

Cs quantity, 
Uranium isotopics, and 
Plutonium isotopics. 

137 

I 

The ORIGEN2 calculations were converted to the same quantities as were used in the 
Shippingport PWR isotopic data measurements. The main difference is that the quantity of 
uranium that was analyzed. The ORIGEN2 quantity is scaled to 134.096 grams of uranium 

I Mass in Grams 

134.15 
134.06 
133.18 
133.62 

134.096 
0.75 1 

0.2375 

Average 
Std. Dev. 

Std. Dev. of the Mean 

The total measured uranium differs so much from the initial uranium loading 
manufacturing data that it was not taken seriously in the original documentation. 

There is no exposure indicated, so the 23sU will be used as the exposure tracking quantity. 
Actually the burnout of 23sU could also be used here, but the choice is to use 235U wt%. Detailed 
discussion of individual Shippingport measurements to ORIGEN2 calculations is made with 
Figure D.l through D.8. The Shippingport PWR measurements are plotted with the ORIGEN2 
calculations on the same graphs for visual comparison purposes. There is a discussion with each 
graph. 
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Highlighted column is the ORIGEN2 exposure closest to 6,500 MW,d/MTU. The 
horizontal highlighted areas are the low exposure to high exposure range of Shippingport 
measurements. Only exposures at or below 13,800 MW,d/MTU are considered in this report. 
The ORIGEN2 results in Table D.2 are for comparison to Shippingport measurements. 
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This graph demonstrates the inconsistency of the measured '37Cs quantity with the 
ORIGEN2 calculation, and with itself. Absolute measurements, such as total quantity 137Cs, are 
difficult measurements to make. It is noteworthy that all of the i37Cs quantities fell on or below 
the ORIGEN2 calculated values. It appears that the 13'Cs quantity measurements, except for one, 
are inconsistent with ORIGEN2 and with other Shippingport data. 
which increases with MW,d/MTU exposure. 

137 Cs is a fission product 

The i37Cs quantity would form the basis for exposure determination. Without reliable 
Shippingport measurements for MWtd/MTU exposure, the Shippingport measurements can only 
be plotted relative to 23sU wt%, which will suffice for exposure tracking. ORIGEN2 results will 
be plotted on the same graphs for a comparison. The lowest exposure is at 0.7108 wt% 23sU and 
increasing exposure toward lower wt% 235U. 

No other conclusions can be drawn from this graph of 137Cs quantity. 
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Figure D.2 Shippingport Burnup Total Plutonium 

Shippingport Burnout Total Plutonium 

AMersuremenrs ~ 

DORIGEN2 ~ 

This graph demonstrates the inconsistency of the measured plutonium quantity with the 
ORIGEN2 calculation, and with itself. Absolute measurements, such as total quantity plutonium, 
are difficult measurements to make. It is noteworthy that all of the plutonium quantities fell 
below the ORIGEN2 calculated values. 

There is no reliable standard from Shippingport measurements for the total quantity of 
plutonium as a function of exposure. Reliance will have to be placed on the relative wt% of 235U 
to the relative wt% of plutonium isotopes to infer Shippingport absolute plutonium mass. 

No other conclusions can be drawn from this graph of total plutonium quantity. 
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This comparison demonstrates reasonable agreement between ORIGEN2 calculated 
239Pu wt% and the Shippingport measured 239Pu wt%. Two points help set bounds on how much 
more 239Pu is in the Shippingport PWR blanket fuel assemblies. 

Shippingport measurements: 
0.4397 wt% 235U, 79.84 wt% 239Pu, and 
0.3059 wt% 235U, 69.71 wt% 23yPu. 

ORIGEN2 calculations: 

At 0.45 wt% 235U, the measured 239Pu is +3.816 wt% 239Pu higher, or a factor of 1.0442. 

0.4408 wt% 235U, 76.4584 wt% 23yPu, and 
0.3033 wt% 235U, 65.5556 wt% 239Pu. 

At 0.3 1 wt% 235U, the measured 23yPu is +4.154 wt% 230Pu higher, or a factor of 1.0634. 

We bound the Shippingport 239Pu by multiplying the ORIGEN2 239Pu results by 1.065. 
Then all of the Shippingport wt% 239Pu is bounded by 1.065 times the ORIGEN2 239Pu results. 



25 

20 

I 5  

;i. 

0 " 
2 

i n  

5 

0 

HNF-8853, Rev. 0 

Figure D.4 Shippingport Burnup 240Pu wt% 

Shippingport Burnup Pu-240 wt% 
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This graph demonstrates a reasonable consistency of the 240Pu wt% versus the 2351J wt% 
between Shippingport measured data and the ORIGEN2 calculation. Relative measurements, 
such as uranium and plutonium isotopic ratios are more reliable measurements to make. The 
ORIGEN2 calculation at 6,900 MW,d/MTU (0.400 wt% 235U, 18.537 wt% 240Pu) is the closest to 
the desired 6,500 MW,d/MTU lower exposure for the criticality incredibility study. 

It is noteworthy that, between 0.40 wt% 235U (17.5 wt% 24"Pu) and 0.7108 wt% 235U 
(0 wt% 240Pu), there is scatter among the Shippingport measurements, some are below and some 
are above the ORIGEN2 calculation. This may be due to neutron spectrum changes between the 
different analyzed pin locations. 

The dominant isotopes contributing to fission are 235U, 239Pu, and 24'Pu. Because of a 
difference in the neutron spectrum between Shippingport P WR and the ORIGEN2 modeled 
PWR, there could be a difference between the relative burnout rates of 235U and 239Pu. This 
comparison demonstrates that below 17.5 wt% 240Pu, there is consistency between 23sU and 240Pu 
for Shippingport measurements and ORIGEN2. Above 17.5 wt% 240Pu, there is an increase in 
240Pu for Shippingport compared to ORIGEN2. 

Below 17.5 wt% 240Pu, the ORIGEN2 calculations are a very reasonable prediction for 
240Pu in Shippingport PWR blanket assemblies. At higher exposures, Shippingport will have 
more 240Pu than calculated by ORIGEN2. It is conservative to ignore any increase in 24"Pu for 
Shippingport PWR blanket assemblies compared to ORIGEN2. 
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Figure D.5 Shippingport Burnup 241Pu wt% 

Shippingport Burnup Pu-241 wt% 
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This graph demonstrates a reasonable consistency of the 241Pu wt% versus the 235Ll wt% 
between Shippingport measured data and the ORIGEN2 calculation up to only about 
2,760 MW,d/MTU (0.5431 wt% 235U, 2.8163 wt% 241Pu). At higher exposures, the ORIGEN2 
predictions for 24'Pu are higher than the Shippingport measurements. The 24'Pu isotope is 
counted as 9/4 times the 239Pu isotope for FGE calculations. It is conservative to ignore the 
overprediction of 24'Pu by ORIGEN2 compared to Shippingport measurements. 

There is decay of 241Pu that needs to be taken into account. The Shippingport 
measurements were approximately one year after the blanket fuel rods were removed from the 
core (page 18 in Sphar, C. D., J. H. Leonard and P. S. Lacey, 1961, Isotopic Analysis of 
Irradiated Natural Uranium Dioxide Fuel Rods,from PWR Core I - Preliminary Results, 
WAPD-TM-280, Bettis Atomic Power Laboratory, Pittsburgh, Pennsylvania). The ORIGEN2 
calculations were decayed from 4 February 1974 to 1 December 1974 (300 days or 0.821 years). 
This shorter decay time would have increased the ORIGEN2 result for 24'Pu quantity by 
EXP(ln(2)*(65/365)/14.15) = 1.00876, or less than 1%. This is not enough by itself to explain 
the ORIGEN2 overprediction of 241Pu for the Shippingport PWR. This effect is reduced because 
approximately 26 years have passed since 4 February 1974, reducing all 241Pu by a factor of 
EXP(-In(2)*(2001-1974)/14.15) = 0.2798. 

Conservatively, the overprediction of 241Pu by ORIGEN2 compared to Shippingport 
measurements will be ignored. 
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Figure D.6 Shippingport Burnup 242Pu wt% 

Shippingport Burnup Pu-242 nt% 
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This graph demonstrates a reasonable consistency of the 242Pu wt% versus the 235LJ wt% 
between Shippingport measured data and the ORIGEN2 calculation up to only about 
4,140 MW,d/MTU (0.4877 wt% 235U, 0.4329 wt% 242Pu). At higher exposures, the ORIGEN2 
predictions for 242Pu are higher than the Shippingport measurements. The 242Pu isotope is 
counted as 9/1200 times the 239Pu isotope for FGE calculations. 

It is conservative, and insignificant, to ignore the overprediction of 242Pu by ORIGEN2 
compared to Shippingport measurements. 
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This graph demonstrates a reasonable consistency of the 236U wt% versus the 235U wt% 
between Shippingport measured data and the ORIGEN2 calculation with the measurements 
falling above and below the ORIGEN2 calculations. 

236 . The U isotope is not counted as 239Pu for FGE calculations. This does show that the 
235U(n,y)236U absorption cross section in ORIGEN2 is reasonable for Shippingport PWR blanket 
assemblies. This increases confidence in the 235U fission cross section from ORIGEN2 being 
applied to the Shippingport PWR. 

It is insignificant to ignore any differences in the ORIGEN2 calculation of 236U compared 
to Shippingport measurements. 
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Figure D.8 Shippingport Burnup 234U wt% 
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This graph demonstrates a reasonable consistency, on an absolute 234U wt% basis, of 
234U wt% versus 235U wt% between Shippingport measurements and ORIGEN2 calculations. 

234U is a minor uranium isotope and is not counted as 239Pu for FGE calculations. This 
shows that 235U (n,2n)234U cross section in ORIGEN2 are reasonable for Shippingport PU'R 
blanket assemblies. This increases confidence in the 2351J fission cross section from ORIGEN2 
being applied to the Shippingport PWR. The difference between ORIGEN2 and measuements 
would be between burnout of 239Pu and 24'Pu. This is compensated by scaling the 239Pu mass by 
1.065. 

It is insignificant, to ignore the any differences in the ORIGEN2 calculation of 2341J 
compared to Shippingport measurements. 

CONCLUSIONS 

ORIGEN2 calculations bound the Shippingport PWR blanket assembly isotopic 
composition reactivity for criticality purposes by multiplying the ORIGEN2 239Pu calculated 
result by 1.065. 
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