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1. PURPOSE 

The objective of this calculation is to compute gamma and neutron dose rates in order to determine 
the maximum radiolytic production of nitric acid and other chemical species inside the 2 1 -PWR 
(pressurized-waterreactor) waste package (WP). The scope of this calculationis limited to the time 
period between 5,000 and 100,000 years after emplacement. The information provided by the 
sketches attached to this calculation is that of the potential design for the type of WP considered in 
this calculation. 

The results of this calculation will be used to evaluate nitric acid corrosion of fuel cladding from 
radiolysis in the 2 1 -PWR WP. This calculation was performed in accordance with the Technical 
Work Plan for: Waste Package Design Description for LA (Civilian Radioactive Waste Management 
System (CRWMS) Management and Operating Contractor (M&O) 2000a). AP-3.124, Calculations, 
is used to perform the calculation and develop the document. This calculation is associated with the 
total system performance assessment (TSPA) of which the spent fuel cladding integrity is to be 
evaluated. 

2. METHOD 

The integrity of the cladding material of PWR spent nuclear fuel (SNF) is one of the issues of the 
TSPA for the site recommendation (SR) study. It is recognized that chemical species produced by 
ionizing radiation (radiolysis) can have adverse effect on the fuel cladding by nitric acid corrosion. 
Nitric acid is produced in an irradiated air-water vapor system when the hydroxyl radicals, generated 
from water vapor, convert nitrogen dioxides, formed by radiolytic reaction between nitrogen and 
oxygen, to nitric acids. Prior to waste package failure, radiolysis effect is insignificant because of 
the absence of water and air in the waste package. Therefore, it is only after waste package failure 
that radiation-enhanced corrosion of he1 cladding can occur. Typically, the time of waste package 
failure is expected to be 10,000 years or more after emplacement. 

Although radiolytic production of individual chemical species depends on the radiation environment, 
the chemical components present, and the physical conditions of the environment (temperature, 
pressure, and relative humidity), the yield of a chemical species is characterized by a single 
parameter, G value (Reed and Van Konyneburg, 1991). The G value represents the number of 
molecules of a chemical species produced per 100 eV of radiation energy absorbed in the ambient 
environment; it has the dimensions of (molecules/100 eV). 

In this calculation, it is assumed that the 21 -PWR waste package has failed, and air and water are 
present for the time period between 10,000 and 100,000 years after emplacement (Assumption 3.1). 
For the failed waste package, the maximum amount of nitric acid production is determined by the 
total radiation dose absorbed by the moist air in the waste package. For the 21-PWR WP loaded with 
the average SNF (Assumption 3.2), the dose rates outside the fuel rods are calculated at time steps 
within this time period. Then, the rate of nitric acid production is determined for each time step 
based on the dose rate and the G value of unity. Finally, the total maximum amount of nitric acid 
production between 10,000 to 100,000 years is obtained by integrating the production rates over this 
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time period. The average PWR SNF has the following characteristics: 4.0-wt% initial 2 3 5 ~ ,  48- 
GWd/MTU burnup, and 2 1 -year decay time (Assumption 3.2). 

Scoping dose rate calculations is performed for a PWR fuel rod using a one-dimensional cylindrical 
geometry of the SAS 1 module of the SCALE code system (Oak Ridge National Laboratory (ORNL) 
1997). Then, three-dimensional Monte Carlo calculations of the dose rates inside the 2 1 -PWR WP 
for time steps between 5,000 to 100,000 years are carried out using the MCNP program 
(Briesmeister 1997). 

All electronic data are stored on unrewritable compact disk(s) and the control of the electronic 
management of data is accomplished in accordance with the methods specified in the Technical 
Work Plan for: Waste Package Design Description for LA (CRWMS M&O 2000a). 

3. ASSUMPTIONS 

3.1 The 21-PWR WP is assumed to fail, and air and water are present in the WP for the time 
period between 10,000 and 100,000 years after emplacement. The rational for this 
assumption is that air and water must be present for radiolysis to take place and that the 
earliest possible first breach time for a waste package is about 10,000 years (CRWMS M&O 
2000c, p. 80). This assumption is used in Section 5. 

3.2 The PWR SNF having 4.0-wt% initial 235U, 48-GWd/MTU burnup, and 2 1 -year decay time 
is assumed to be the SNF with average characteristics. The rational for this assumption is that 
the source term for the SNF with these characteristics generates conservative (higher) 
radiation dose rates for an average PWR SNF (CRWMS M&O 2000b, Assumption 3.2). This 
assumption is used in Section 5. 

3.3 The chemical composition of the SNF is assumed to be the same as that of the fresh fhel, The 
rational for this assumption is that small weight variations of the elements do not affect the 
accuracy of the gamma dose results, as long as the total weight is maintained. Also, using 

,fresh fuel for SNF results in conservative (higher) neutron dose rates. This assumption is 
used in Section 5. 

3.4 The non-fuel material compositions used in this calculation have elements with allowable 
ranges of weight percentages. For elements with weight percent range, the midpoint value 
is used, and the weight percent of the most abundant element is adjusted. The rationale for 
this assumption is that small weight variations for the affected elements do not affect the 
accuracy of dose results, as long as the total weight is maintained. This assumption is used 
throughout Section 5. 

3.5 The basket assembly, the trunnion collar sleeves, the extended outer shell lid, the lifting 
features of the upper shell lids, and the bottom support ring in the 21-PWR WP are not 
included in the geometry of the MCNP calculations. The rational for this assumption is that 
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excluding the basket assembly and the components yields higher (conservative) radiation 
dose rate. This assumption is used in Section 5. 

3.6 For each PWR SNF assembly, the following items in the active fuel region are not included 
in the MCNP calculations: the guide tubes, instrument tube, incore-spacers, and grid 
supports. The rational for this assumption is the same as that for Assumption 3.5. This 
assumption is used in Section 5. 

3.7 For each PWR SNF assembly, the materials in each of the following regions are 
homogenized within the lateral boundaries of the assembly: the plenum region, top end- 
fitting region, and bottom end-fitting region. The rational for this assumption is that the 
study of source geometry effect (CRWMS M&O 1998b) on the surface dose rates for a 2 1 - 
PWR WP has shown that the detailed representation of each assembly and each assemblies 
homogenized inside its transverse dimensions give essentially the same results. This 
assumption is used in Section 5. 

3.8 It is assumed that the temperature and pressure inside the failed 21-PWR WP for the time 
period between 10,000 and 100,000 years are 25 "C and one atmosphere, respectively. The 
rational for this assumption is that the density of moist air in the WP is needed to calculate 
the energy absorbed in moist air for radiolysis evaluation. Since the density of moist air is 
inversely proportional to the temperature, the assumed ambient temperature of 25 "C would 
yield higher absorbed energy, and provide more conservative (higher) radiolysis effect. This 
assumption is used in Section 5.5. 

3.9 It is assumed that the entire cavity within the active fuel region of the WP is subjected to the 
same radiation dose rate as the space in each fuel cell. The rational for this assumption is 
that for the purpose of evaluating radiolysis effects this assumption will lead to higher (more 
conservative) nitric acid production within the WP. This assumption is used in Section 5.5. 

3.10 It is assumed that the G value for nitrogen dioxide production by gamma radiation is 1.5 
molecules/100 eV. The rational for this assumption is that the G values between 0.5 to 1.5 
molecules/100 eV have been observed in the long-term and lower dose rate gamma studies 
(Reed and Van Konynenburg 199 1, p. 13 99). Since this calculation is for long-term and low 
gamma irradiation conditions, G value of 1.5 is conservative by producing the highest of 
nitric acid. This assumption is used in Section 5.5. 

3.1 1 It is assumed that the internal configuration of the 21-PWR WP remains intact for the time 
period between 5,000 and 100,000 years after emplacement. The rational for this assumption 
is that the intact configuration leads to higher (conservative) radiolytic production of 
chemical species due to higher dose rate in the moist air in the WP. This assumption is used 
in Section 5.5. 
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4. USE OF COMPUTER SOFTWARE AND MODELS 

4.1 SOFTWARE 

4.1.1 SCALE 4.3 

The SASl analysis sequence of the SCALE 4.3 computer code system is used to calculate neutron 
and gamma fluxes on the surface of a fuel rod for dose rate evaluation. 

Program Name: SCALE 
VersionIRevision number: Version 4.3 (addendum) 
Computer Software Configuration Item (CSCI) Number: 30011 V4.3 (addendum) 
(CRWMS M&O 1997a and CRWMS M&O 1999a) 
Computer Type: HP 90001700 Series workstation 
This software was previously obtained from Software Configuration Management (SCM) 
in accordance with appropriate procedures 
Computer Processing Unit Name and Yucca Mountain Project (YMP) Tag Number: 
'Bloom,' YMP Tag 700887. 

The SASl sequence of the SCALE 4.3 computer code system is an appropriate tool to determine the 
dose rate on and near the side of a cylindrical body. The software is appropriate to estimate the dose 
rate outside a fuel rod and is used within the range of validation as described in the qualification 
document. 

The input file for each computer calculation is echoed in the output file of the calculation. The output 
files are described in Section 8. 

4.1.2 MCNP 4B2LV 

The MCNP 4B2LV computer code is used to calculate gamma fluxes inside the WP for dose rate 
evaluations. The software is appropriate to determine the dose rate within a waste package and is 
used within.the range of validation as described in the qualification document. 

Program Name: MCNP 
VersionIRevision number: Version 4B2 
CSCI Number: 30033 V4B2LV (CRWMS M&O 1998a) 
Computer Type: HP 90001700 Series workstation - 
This software was previously obtained from SCM in accordance with appropriate 
procedures 
Computer Processing Unit Name and YMP Tag Number: 'Bloom,' YMP Tag 700887. 

The input file for each computer calculation is echoed in the output file of the calculation. The output 
files are described in Section 8. 
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4.1.3 MICROSOFT EXCEL 97 SR-2 

Microsoft EXCEL 97 SR-2 was used for graphic representation and simple arithmetical 
manipulations in this document. Microsoft EXCEL 97 SR-2 is exempt software application in 
accordance with AP-SI. 1 Q, Section 2.1. 

4.2 MODELS 

No models are used in this calculation. 

5. CALCULATION 

This section provides the radiation source terms, the geometry of the 21 -PWR WP, and the chemical 
compositions of the materials used in the SAS 1 and MCNP calculations. The WP consists of the 
21 -PWR disposal container, 21 PWR SNF assemblies, and a basket assembly. Sketch SK-0175 
REV 02 that is included in Attachment I describes the geometry and material specifications of the 
2 1 -PWR disposal container. 

The number of digits in the values cited herein may be the result of a calculation or may reflect the 
input fiom another source; consequently, the number of digits should not be interpreted as an 
indication of accuracy. 

5.1 21-PWR DISPOSAL CONTAINER 

The 2 1 -PWR disposal container primary consists of an inner reinforcement cylindrical shell, an outer 
shell, top and bottom inner shell lids, a bottom outer-shell lid, two top outer shell lids, upper and 
lower trunnion collar sleeves, and the basket assembly. The details of geometry and material 
specifications of the 21-PWR disposal container are described in sketch SK-0175 REV 02. The 
basket assembly, the trunnion collar sleeves, the extended outer shell lid, the extended lid 
reinforcement ring, the lifting features of the upper shell lids, and the bottom support ring are not 
represented in the MCNP calculations (Assumption 3.5). Table 1 presents the geometry and material 
specifications of the 21-PWR disposal container that are represented in the MCNP calculations. 

The chemical compositions and the associated atom densities of SB-575 NO6022 and SA-240 
S3 1600 are given in Tables 2 and 3, respectively. For elements with weight percent range, the 
midpoint value is used, and the weight percent of the most abundant element is adjusted 
(Assumption 3.4). 

The atom densities (AD) of the element/isotope contents, in atomslb-cm are calculated according to 
the following equation: 
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material den~i t~(~/cm'  ) * weight f r a c t i ~ n ~ , ~ ~ ~ ~ ~  * N A (atoms/mole) 
AD (atomsh - cm) = 

10" (b/cm2 ) * atomic (g/mole) 
In the above equation, NA is the Avogadro constant, whose value is 6.0221 367E+23 atoms per mole 
(Parrington et al. 1996, page 59). 

Table 1. Geometry and Material Specifications for the 21-PWR Disposal Container 

NOTE: 'Represented as void in MCNP calculations (Assumption 3.5). 

Table 2. Chemical Composition of SB-575 NO6022 

Component 
Inner shell 

Top and bottom Inner lids 
Outer shell 

Top and bottom outer lids 
Closure lid to outer lid gap 

Closure lid 
Inner lid to closure lid gap 

Bottom outer lid to inner lid gap 
Fuel basket tube 

Cavity 

SOURCE: 'ASTM (American Society for Testing and Materials) B 575-97, Standard Specitication for Low-Carbon 
Nickel-Molybdenum-Chromium, Low-Carbon Nickel-Chmmium-Molybdenum, Low-Carbon Nickel- 
Chromium-Molybdenum-Copper and Low-Carbon Nickel-Chromium-Molybdenum-Tungsten Alloy Plate, 
Sheet, and Strip, p. 2. 
bParrington et al. 1996. 

NOTE: SA-575 identical with ASTM Specification B 575-97 (ASME 1998, p. 759). 

Material 
SA-240 S3 1600 
SA-240 S31600 
88-575 NO6022 
SB-575 NO6022 

Void 
SB-575 NO6022 

Void 
Void 

SA-516 K02700a 

Void 

Characteristic 
Thickness 
Thickness 
Thickness 
Thickness 
Thickness 
Thickness 
Thickness 
Thickness 
Thickness 

Inner transverse dimension 
Length 

Inner diameter 

Dimension (mm) 
50 
95 
20 
25 
30 
10 
30 
70 
5 

226.4 
4,585 
1,424 
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Table 3. Chemical Composition of SA-240 S31600 

SOURCE: a ASTM A 240lA 240M-97a, Standard Specification for Heat-Resisting Chromium and 
Chromium-Nickel Stainless Steel Plate, Sheet, and Strip for Pressure Vessels, p. 2. 
ASTM G 1-90, Standard Practice for Preparing, Cleaning, and Evaluating Comsion Jest 

Specimens, p. 7. 
'Parrington et al. 1996. 

NOTE: SA-240 identical with ASTM Specification A 240-97a (ASME 1998, p. 363). 

5.2 PWR SNF ASSEMBLIES 

Element 
Carbon 

Mn 
P 
S 
Si 
Cr 
Ni 
MO 
N 
Fe 

Total 

The PWR SNF assembly used in this calculation is a Babcock and Wilcox (B&W) 15x15 PWR SNF 
assembly. The mechanical design parameters for a B&W 15x1 5 PWR fuel assembly are obtained 
from (CRWMS M&O 2000b, Table 7). Table 4 presents these parameters. 

Densityb = 7.98 g/cm3 

Weight Percent 
Rangea 

0.08 (max) 
2.00 (max) 
0.045 (max) 
0.030 (max) 
0.75 (max) 
16.00-18.00 
10.00-14.00 
2.00-3.00 
0.10 (max) 

Balance 

Weight Percent 
Used 
0.08 

2 
0.045 
0.03 
0.75 
17 
12 
2.5 
0.1 

65.495 
100 

Fresh fuel is assumed for the PWR SNF (Assumption 3.3). To be consistent with the values used 
in the source term calculations, the mass of uranium and uranium dioxide for each assembly are 
obtained from CRWMS M&O (1 999, Attachment I, p. 1-1) instead of using the values in Table 4. 
The composition of fresh fuel is presented in Table 5. The composition of Zircalloy-4 is given in 
Table 6. For elements with weight percent range, the midpoint value is used, and the weight percent 
of the most abundant element is adjusted (Assumption 3.4). 

In MCNP calculations, each PWR SNF assembly axially consists of four regions: the bottom end- 
fitting region, active fuel region, plenum region, and top end-fitting region. Except for the active 
fuel region, each assembly region is homogenized inside its volume (see Figures 1 through 3), 
resulting in a uniform distribution of the region contents inside each region volume (Assumption 
3.7). For the active fuel region, the content of each cell in the assembly is represented explicitly, but 
the guide tubes, instrument tube, incore-spacers, and grid supports are not included (Assumption 
3.6). The chemical compositions and the associated atomic densities of the three non-fuel regions 
of each PWR assembly are obtained from CRWMS M&O (2000b, Attachment 11) and presented in 
Tables 7, 8, and 9. 

Atomic MassC 
(glmole) 
12.0107 

54.93805 
30.97376 
32.066 
28.0855 
51.9961 
58.6934 
95.94 

14.00674 
55.845 

Atom Density 
(atomslb~cm) 
3.2009E-04 
1.7495E-03 
6.981 9E-05 
4.4960E-05 
1.2833E-03 
1.571 2E-02 
9.8253E-03 
1.2523E-03 
3.431 0E-04 
5.6361 E-02 
8.6961 E-02 
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Table 4. Mechanical Design Parameters of B&W 15x15 Mark B Fuel Assemblya 

SOURCE: "CRWMS M&O 2000b, Table 7. 
NOTES: bCalculated: fuel pin length - fuel pellet length = 390.3472 cm - 360.172 cm. 

"A bottom end-fitting region of 4-in. length provides conservative (higher) dose rates for bottom region of 
the WP. 

Design Component 
Assembly 

Fuel pin 

Fuel pellets 

Cladding 

Table 5. Chemical Composition of Fresh PWR Fuel 

Top nozzle SS CF3M Masslassembly 7.48 kg 

Material 
NIA 

(Not Applicable) 
NIA 

uo2 

Zircaloy-4 

SOURCE: "Parrington et al. 1996. 
bCRWMS M&O 2000b, Table 11-5. 
"CRWMS M&O 1999b, Attachment I, p. 1-1. Mass of UOJmass of U = 539.771475 = 1.1364. 
*CRWMS M&O 1999b, Attachment I, p. 1-1. 

Isotope 
U-235 
U-234 
U-236 
U-238 

0 
Total 

Zone 
NIA 

In core 

Active fuel 

In core 

Densityd = 10.47 glcm3 

Isotopic Massa 
(glmole) 

235.043922 
234.040945 
236.045561 

238.050785 
15.9994 

Characteristic 
Width 
Length 

Number per assembly 
Length 

Masslpin 
Mass Ulassembly 

Diameter 
Stack length 
Thickness 

Fuel-clad gap 

Value 
8.536 in. (21.68144 cm) 

165.625 in. (420.6875 cm) 
208 

153.68 in. (390.3472 cm) 
5.58 Ib. (2.53105 kg) 
0.46363 metric tons 

0.3686 in. (0.93624 cm) 
141.8 in. (360.1 72 cm) 

0.0265 in. (0.06731 cm) 
0.0042 in. (0.01 0668 cm) 

Wt% of Ub 
4.0000 
0.0347 
0.0184 
95.9469 

Wt. Portion of 
uo2 

0.0400 
0.0003 
0.0002 

0.9595 
0.1364 
1 .13Mc 

Wt. Fraction of 
uo2 

0.0352 
0.0003 
0.0002 
0.8443 
0.1200 
1 .OOOO 

Atom Density 
(atomslbecm) 
9.4426E-04 
8.2334E-06 
4.3252E-06 
2.2364E-02 
4.7289E-02 
7.0609E-02 
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Table 6. Chemical Composition of Zircalloy-4 

SOURCE: "ASTM B 81 1-90, Standard Specification for Wrought Zirconium Alloy Seamless Tubes for Nuclear Reactor 
Fuel Cladding, Table 2. 
bASM International 1990, p. 666. 
'Parrington et al. 1996. 

Element 
Sn 
Fe 
Cr 
0 

Fe + Cr 
Zr 

Total 

Table 7. Chemical Composition of the Bottom End-Fitting Regiona 

Densityb = 6.56 glcm3 

Weight Percent 
Rangea 

1.20-1.70 
0.18-0.24 
0.07-0.1 3 
0.09-0.16 
0.28-0.37 
Balance 

SOURCE: "CRWMS M&O 2000b, Attachment 11, Table 11-3. 
bParrington et al. 1996. 
'Briesmeister 1997, Appendix G. 

Elementllsotope 
C 
Mn 
P 

S 
Si 
Cr 
Ni 
N 
Fe 
MO 
Nb 
Ti 
Al 

CO 
CU 
B 

IOB (19.9 at%) 
"B (80.1 at%) 

Total 

Weight Percent 
Used 
1.45 
0.21 
0.115 
0.125 
0.325 
98.1 
100 

Mass (g) 
3.608 
129.95 
0.2625 

0.24 
169.25 
1825.9 

1499.375 
0.15 

5635.81 15 
243.65 
66.625 

11.7 
6.5 
13 
3.9 

0.078 
NIA 
NIA 

961 0 

Atomic MassC 
(glmole) 
118.71 
55.845 
51.9961 
15.9994 

91.224 

Atom Density 
(atomslb.cm) 
4.8254E-04 
1.4856E-04 
8.7374E-05 
3.0865E-04 

4.2483E-02 
4.351 0E-02 

Nuclide 
Identificationc 

6000.01 p 
25055.01 p 
15031.01~ 
16000.01 p 

14000.01 p 
24000.01 p 
28000.01 p 
7014.01~ 
26000.01 p 
42000.01 p 
41093.01~ 
22000.01 p 
13027.01 p 

27059.01 p 
29000.01 p 

NIA 
5010.01 p 
501 1 .O1 p 

NIA 

Atomic Massb 
(glmole) 
12.0107 

54.93805 
30.97376 

32.066 

28.0855 
51.9961 
58.6934 

14.003074 
55.845 
95.94 

92.90638 
47.867 

26.98154 
58.9332 
63.546 
10.81 1 

NIA 
NIA 
NIA 

Atom Density 
(atomslb~cm) 

3.7877E-05 
2.9825E-04 
1.0686E-06 

9.4373E-07 
7.5985E-04 
4.4278E-03 
3.221 1 E-03 
1.3507E-06 
1.2725E-02 
3.2022E-04 
9.0422E-05 
3.0820E-05 
3.0376E-05 
2.781 4E-05 
7.7385E-06 
9.0972E-07 
1.81 03E-07 
7.2869E-07 
2.1981 E-02 
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Figure 1. Source Region Representation in MCNP Calculations 



Waste Package Proiect Calculation 
Title: Gamma and Neutron Radiolysis in the 2 1 -PWR Waste Package 
Document Identifier: CAL-MGR-NU-000006 REV 00 Page 15 of 30 

Fuel Assembly 

Outer Shell (Alloy 22) 

Figure 2. Lateral View of the WP Plenum Region in MCNP Calculations 
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Figure 3. Partial Lateral View of the WP Active Fuel Region in MCNP Calculations 
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Table 8. Chemical Composition of the Plenum Regiona 

SOURCE: aCRWMS M&O 2000b, Attachment 11, Table 11-10. 
bParrington et al. 1996. 
'Briesmeister 1997, Appendix G. 

Table 9. Chemical Composition of the Top End-Fitting Regiona 

Atom Density 
(atomslb-cm) 
3.8865E-04 
1.9742E-04 

1.6624E-04 
2.4356E-05 
1.4036E-05 
8.301 6E-06 
8.1 820E-06 

7.4920E-06 
3.1 073E-06 
5.71 83E-06 
2.0844E-06 
3.041 9E-06 
2.141 1 E-07 
2.2557E-07 
2.4504E-07 

4.8764E-08 
3.9060E-08 
4.9736E-05 
3.1822E-05 
4.3650E-03 
5.7741 E-08 
5.2757E-03 

Elementllsotope 
Ni 

Cr 
Fe 
Nb 
MO 
Ti 
Al 
CO 
Mn 
Si 
CU 
C 
S 
P 
B 

'OB (19.9 at%) 
"B (80.1 at%) 

Sn 

0 
Zr 
N 

Total 

Elementllsotope 
C 

Mn 
P 
S 
Si 
Cr 
Ni 
Nd 

Fe 
MO 
Nb 
Ti 

A1 
CO 

Atomic Massb 
(glmole) 
58.6934 
51.9961 
55.845 

92.90638 
95.94 

47.867 
26.981 538 
58.9332 

54.938049 
28.0855 
63.546 
12.0107 
32.066 

30.973761 
10.81 1 

NIA 
NIA 

118.71 

1 5.99491 5 
91.224 

14.003074 
NIA 

Mass (g) 
537.3145 
241.791 33 

21 8.6757 
53.3 
31.72 
9.36 
5.2 
10.4 

4.021 
3.782875 

3.12 
0.860575 
0.161715 
0.1645725 

0.0624 
NIA 
NIA 

139.0715 

11.988922 
9379.1 735 
0.01905 

NIA 

Nuclide 
IdentificationC 

28000.01 p 

24000.01 p 
26000.01 p 
41093.01 p 
42000.01 p 
22000.01 p 
13027.01 p 
27059.01 p 
25055.01 p 
14000.01 p 
29000.01 p 
6000.01 p 
16000.01 p 
15031.01 p 

NIA 
5010.01p 
501 1.01 p 
50000.01 p 

8016.01 p 
40000.01 p 
7014.01 p 

NIA 

Mass (g) 
4.158 
143.55 
0.5265 
0.441 

178.525 
2044.4 
1822.55 

0.57 

61 59.671 5 
264.65 
92.25 
16.2 

9 
18 

Nuclide 
Identificationc 

6000.01 p 
25055.01 p 
15031.01 p 
16000.01 p 
14000.01 p 
24000.01 p 
28000.01 p 
7014.01~ 

26000.01 p 
42000.01 p 
41 093.01 p 
22000.01 p 
13027.01 p 
27059.01 p 

Atomic Massb 
(glmole) 
12.01 07 

54.93805 
30.97376 
32.066 

28.0855 
51.9961 
58.6934 

14.003074 

55.845 
95.94 

92.90638 
47.867 

26.98154 
58.9332 

Atom Density 
(atomslb-cm) 
2.1 977E-05 
1.6587E-04 
1.0791 E-06 
8.7305E-07 
4.0352E-04 
2.4960E-03 
1.9712E-03 

2.5840E-06 

7.0020E-03 
1.751 1 E-04 
6.3033E-05 
2.1485E-05 
2.1 1 75E-05 
1.9389E-05 
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SOURCE: "CRWlvlS M&O 2000b, Attachment II, Table 11-13. 
bParrington et al. 1996. 
'Briesmeister 1997, Appendix G. 

CU 
B 

'OB (19.9 at%) 
I1B (80.1 at%) 

Total , 

5.3 RADIATION SOURCES 

Neutron and gamma radiation sources for the time period between 5,000 and 100,000 years are 
obtained from CRWMS M&O (1 999b, Att. IV), and presented in Tables 10 and 1 1, respectively. 
The neutron source spectrum per assembly is presented in seven energy groups, starting from 20 
MeV and descending to 0.1 MeV. The total neutron source intensity per assembly, which is the sum 
of the group spectrum, is also provided. The neutron source density per fuel rod is given in the last 
column of Table 1. The gamma source spectrum per assembly is provided in 18 energy groups, 
starting from 0.01 MeV and ascending to 10 MeV. The total gamma source intensity per assembly 
and the source density per fuel rod are also given. Finally, the total gamma source intensity in the 
2 1 -PWR WP is included in the last column of the table. 

5.4 
0.108 
NIA 
NIA 

10760 

The neutron and gamma sources per fuel rod are used in the SAS 1 calculations, and the total gamma 
source intensities per waste package are used in MCNP calculations. The neutron and gamma source 
intensities per volume of a fuel rod are calculated by dividing the source intensities per assembly by 
the number of rods in an assembly and by the volume of a fuel rod. There are 208 fuel rods in an 
assembly. The volume of a fuel rod is: 

7~ D~ HI4 
= 7 ~  (0.93624)2(360. 172)/4 cm3 
= 247.956 cm3 

Table 10. Neutron Source Spectra (111s) of the Average PWR SNF Assembly 

29000.01 p 
NIA 

5010.01 p 
501 1.01 p 

NIA 

63.546 
10.81 1 

NIA 
NIA 
NIA 

5.3945E-06 
6.341 7E-07 
1.2620E-07 
5.0797E-07 
1.2371 E-02 
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Table 11. Gamma Source Spectra (pls) of the Average PWR SNF Assembly 

Table 11. Gamma Source Spectra (pls) of the Average PWR SNF Assembly (Continued) 
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Table 11. Gamma Source Spectra (pls) of the Average PWR SNF Assembly (Continued) 

5.4 GAMMA ENERGY ABSORPTION RESPONSE FUNCTIONS 

This section compares the gamma energy absorption response function of water computed from the 
water mass-energy-absorption(MEA) coefficient to that derived from the ANS-6.1.1-1977 flux-to- 
dose-rate factors (ANSIIANS-6.1.1-1977). The purpose of this section is to show that using the 
ANS-6.1.1- 1977 flux-to-dose-rate factors leads to higher gamma energy absorption in the 2 1 -PWR 
WP, which in turn provides higher (more conservative) yield for nitric acid production rate. 

For gamma interaction with matter, the amount of energy deposition in a material by gamma rays 
is characterized by the MEA coefficient of the material. The MEA coefficients for gamma energy 
from 10 keV to 10 MeV for dry air and water are presented in Table 12 (Chilton et al. 1984). It can 
be seen from the last column of Table 12 that the MEA coefficient of water is approximately 12% 
higher than that of air. Therefore, using the water MEA coefficient to determine gamma energy 
absorption in water-air mixture would give higher (conservative) energy deposition. 

Table 13 provides a comparison of the gamma flux-to-energy-absorption response function of water 
computed from the MEA coefficient of water to that derived from Table 4 of the ANS-6.1.1-1977 
flux-to-dose-rate factors. The gamma flux-to-energy-absorption response function for water is 
obtained by multiplying the water MEA coefficient by 3600 to account for the factor between hour 
and second. The ANS-6.1.1-1977 gamma flux-to-dose-rate factor is converted to the gamma flux-to- 
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flux-to-dose-rate factors. The gamma flux-to-energy-absorption response function for water is 
obtained by multiplying the water MEA coefficient by 3600 to account for the factor between hour 
and second. The ANS-6.1.1-1977 gamma flux-to-dose-rate factor is converted to the gamma flux-to- 
energy-absorption response function by converting the dose unit from rad to eV/g with the factor 
6.241 5E+13. This value is obtained from three conversion factors starting from one rad equals 0.01 
gray, which is the energy per unit mass of one joule per kilogram imparted to matter by ionizing 
radiation (Parrington et a1 1996, p.58). Since one joule equals (l.602177E-19)" eV (Parrington et 
a1 1996, p.58) and one kilogram equals 1000 gram, the product of these two values and 0.01 yields 
the factor 6.2415E+13. 

The response functions are graphically presented in Figure 4 for gamma energy from 10 keV to 10 
MeV. It is clear that the ANS-6.1.1-1977 flux-to-dose-rate factor leads to higher gamma energy 
absorption in the 21-PWR WP, which, in turn, yields higher (more conservative) nitric acid 
production rate. 

Table 12. Mass Energy-Absorption Coefficients of Air and Water 

SOURCE: 'Chilton et al. 1984, pp. 424-425 
NOTE: bMEA coefficient in (cm2 g-') multiplied by gamma energy in eV. 
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Table 13. Comparison of Gamma-Ray Energy-Absorption Response Functions 

SOURCE: "ANSIIANS-6.1 .I-1977, Table 4. 

1.00E+09 

1 .WE+05 1 .WE+08 

Gamma Energy (eV) 

Figure 4. Plot of Gamma-Ray Energy-Absorption Response Functions 
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5.5 NITRIC ACID PRODUCTION RATE IN THE 21-PWR WP 

Radiolytic production of nitric acid by gamma radiation in the failed 21-PWR WP over the time 
period between 10,000 and 100,000 years can be determined fiom the dose rates inside the WP, 
provided that the G value for nitrogen dioxide and the mass of the moist air being irradiated are 
known. In this calculation, the internal configuration of the 21-PWR WP is assumed to be intact 
(Assumption 3.1 I), and the dose rates in the WP at different times are calculated by MCNP. The 
mass of moist air is computed fiom the density. and volume of the moist air in the WP while the G 
value of 1.5 is assumed for nitrogen dioxide (Assumption 3.10). 

Since it is assumed that the temperature and pressure inside the WP are 25 "C and one atmosphere, 
respectively (Assumption 3.8), the density of moist air is 1.1 845 d l  (Weast 1979, Table IV, p. F- 10). 
Furthermore, based on Assumption 3.9, the volume of the moist air equals to the volume of the WP 
cavity within the active fuel region subtracted by the volume of the fuel rods. 

The volume of the WP cavity in the active fuel region is: 
n; (71 .2)2(360.172) cm3 
= 5736.141 liters. 

The volume of fuel rods is: 
(21) (208) n; (0.5461)2(360.172) cm3 
= 1473.964 liters. 

Therefore, the volume of the moist air is 
5736.141 - 1473.964 
4262.177 liters, 

and the mass of the moist air is 
(1.1 845 d l )  (4262.1 77 1) 
= 5048.549 g. 

The amount of nitric acid produced by gamma radiation per year is calculated as follows: 
(Dose Rate rad/h) (6.2415E+13 eV/g/rad) (1.5 molecules/100 eV) (5048.549 g) (8760 h/y) 

= (Dose Rate) (4.14E+19) molecules/y. 

6. RESULTS 

This document may be affected by technical product input information that requires confirmation. 
Any changes to the document that may occur as a result of completing the ~ o ~ r m a t i o n  activities 
will be reflected in subsequent revisions. The status of the technical product input information 
quality may be confirmed by review of the DIRS database. 
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6.1 SASl DOSE RATES OF A PWR SNF ROD 

Dose rates of a PWR SNF rod calculated by the SASl module of the SCALE code system are 
presented in Table 14. Gamma and neutron dose rates are determined on the mid-plane of the fuel 
rod at the surface and at 0.17 cm from the surface between 5,000 and 100,000 years after 
emplacement. Gamma dose rate accounts for over 99 percent of the total dose rate. Hence, the dose 
contribution by neutrons is negligible. Gamma dose rates for the time period between 10,000 and 
100,000 years are depicted in Figure 5. 

It is noted that the gamma dose rates decrease and then begin to rise after 45,000 years. After 
examination of the time dependencies of both the concentrations of radionuclides that contribute to 
the gamma source and the energy-dependent dose rates, it is believed that the dose rate increase is 
mainly due to the Bi-214 isotope. This isotope, produced fiom the decay chain of U-234, emits 
energetic gamma rays with energy ranging from 0.6 to 3 MeV. The dose rate due to the Bi-214 
gamma rays increases slowly and eventually dominates the total dose rate after 45,000 years. 

Table 14. SASl Dose Rates (remlh) of a PWR SNF Rod 
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Figure 5. Gamma Dose Rates of a PWR SNF Rod Calculated by SASl 

6.2 MCNP GAMMA DOSE RATES IN THE 21-PWR WP 

Gamma dose rates are calculated for three locations in the 21-PWR WP with detailed three- 
dimensional geometry using MCNP program. Table 15 provides the dose results for the twelve time 
steps between 5,000 and 100,000 years. For the cavity wall, the dose rates represent the average 
values over the middle one-third of the active fuel height. For the fuel cells and vacant cells, the dose 
rates areobtained by tallying inside the respective cells over the active fuel height within the nine 
central assemblies in the WP. Dose rates for the cavity wall and the fuel cells for the time period 
between 10,000 and 100,000 years are plotted in Figure 6.  

Similar to the SAS 1 results, the dose rates start to increase after 30,000 years. Again, this behavior 
is a result of the gamma rays from the Bi-2 14 isotope. 

Table 15. MCNP Gamma Dose Rates (radlh) in the 21-PWR WP 

Note: aRelative error. 
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t Fuel Cell 

I0000 20000 30000 40000 50000 60000 70000 80000 90000 100000 

Years after Emplacement 

Figure 6. Gamma Dose Rates in the 21-PWR WP Calculated by MCNP 

6.3 NITRIC ACID PRODUCTION IN THE 21-PWR WP 

The gamma dose rates in the fuel cell calculated by MCNP in the previous section is used to 
determine the radiolytic production rate of nitric acid in the failed 21 -PWR WP for the time period 
between 10,000 and 100,000 years. The dose rates in the fuel cells given in Figure 6 are converted 
to number of nitric acid molecules produced per year using the conversion factor of 4.14E+19 
derived in Section 5.5. The nitric acid production rate is then integrated over time to obtain the total 
yield of the entire time period. Table 16 presents the production rate and cumulative yield of the 
nitric acid as a function of time and Figure 7 depicts the cumulative amount of nitric acid produced 
as a fkction of time. 

The results for nitric acid production can be extended to determine the production of other chemical 
species so long as G values are known. As a matter of fact, the yield of any particular chemical 
species is equal to its G value divided by 1.5 and multiplied by the yield in Table 16. 
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Table 16. Nitric Acid Production in the 21-PWR WP over Time 

Years after Emplacement 

Years after 
Emplacement 

I0000 
20000 
30000 
40000 
50000 
60000 
70000 
80000 
90000 
I00000 

Figure 7. Cumulative Nitric Acid Production over Time 

Dose Rate 
(Radlh) 

3.2124 
2.9773 
2.9590 
3.0055 
3.1 034 
3.2193 
3.3309 
3.4462 
3.5432 
3.6436 

Yield Rate 
(Moleculesly) 

1.330E+20 
1.233E+20 
1.225E+20 
1.244E+20 
1.285E+20 
1.333E+20 
1.379E+20 
1.427E+20 
1.467E+20 
1.508E+20 

Cumulative Yield 
(Molecules) 

0 
1.281 E+24 
2.51 0E+24 
3.745E+24 
5.009E+24 
6.31 8E+24 
7.674E+24 
9.077E+24 
1.052E+25 
1.201 E+25 
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8. ATTACHMENTS 

The list of attachments is presented in Table 17. Electronic output files are provided on a compact 
disk that is Attachment I11 of this calculation. The files' attributes of the output files are listed in 
Table 18. Each file is identified by its name, size (in bytes), and the date and time. The files can be 
read using Word-Pad application in Microsoft Windows Explorer. It should be noted that the date 
and time reflect the time of transfer from the HP to the personal computer. The actual date and time 
of each run completion can be found in its corresponding file. 

Table 17. List of Attachments 

Table 18. SASl and MCNP Output Files 

Description 

SK - 01 75 REV 02 
21-PWR Waste Package Configurations for Site Recommendation 

SK - 0191 REV 00 
21-PWR Waste Package Weld Configuration 

Compact Disk of SASl and MCNP Output Files 

Attachment Number 

I 

II 

Ill 

No. of Pages 

2 

1 

NIA 
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* *  REFER TO S K - 0 1 9 1  REV 0 0  '21-PWR WASTE PACKAGE WELD CONFIGURATION' I SK-0175 REV W 1 SHEET 2 OF 2 I 
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