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3. THERMAL EVALUATION

The thermal evaluation in this addendum examines the incorporation of plutonium metal as a
new payload for the PAT-1 package. The Pu metal is packed in an inner container (7-Ampoule
Assembly,” Drawing 2A0261, designated the T-Ampoule) that replaces the PC-1 inner container.
The T-Ampoule and associated Pu metal contents packing configurations are described in
Section 1.2.1 and Section 1.2.2 of this addendum, respectively.

The thermal evaluations documented in Chapter 3 of the Safety Analysis Report (SAR)' for the
Plutonium Air Transportation Package, Model PAT-1, NUREG-0361' (SAR') apply to this
PAT-1 Safety Analysis Report Addendum for the T-Ampoule and its contents. The thermal
evaluation of the T-Ampoule contents addressed in this addendum assumes a bounding internal
heating scenario where three plutonium metal samples (25 watts total) from a three-nested
Sample Container-1 (SC-1) Assembly configuration, (Drawing 2A0268, designated SC-1) are
collocated along the seal area of the T-Ampoule to present a concentrated heat source. The other
configurations described in Section 1 of this addendum, which are the 831 g (1.83 lbm) Pu
hollow cylinder, wrapped in tantalum foil or not wrapped based on operational determination,
supported with crushed tantalum foil, and the two-nested sample container configuration (Sample
Container-2 [SC-2] Assembly, Drawing 2A0265, designed SC-2) supported by a titanium /nner
Cradle (Drawing 2A0385, designated Inner Cradle) present a less concentrated heat source
against the seal area. Although the quantity of plutonium metal assumed for the bounding case
has a lower decay heat energy (see Section 4 of this addendum) than the 25 watts (85.3 Btu/hr)
the PAT-1 package is certified for, the 25-watt decay heat limit is conservatively used for this
analysis. The heat absorbed by the components within the T-Ampoule is neglected also for
conservatism. Results from thermal analyses presented in this section demonstrate that the
thermal performance of the PAT-1 with the proposed metal payload will be acceptable under
normal conditions of transport (NCT) as defined in 10 CFR 71.71, under hypothetical accident
conditions (HAC) as defined in 10 CFR 71.73,? and under the accident conditions for air
transport of plutonium as defined in 10 CFR 71.74.> The results also demonstrate that the
T-Ampoule will provide a eutectic barrier for the proposed metal payload under the accident
conditions for air transport of plutonium, as defined in 10 CFR 71.74.> The components of the
PAT-1 packaging not modified by this addendum perform as documented in the SAR."

3.1 Description of Thermal Design

The thermal design description provided in the SAR' remains valid for this addendum, as there
are no alterations to the AQ-1 protective overpack (Overpack AQ, Drawing 1002, designated
AQ-1) or the TB-1 stainless steel containment vessel (Containment Vessel, Drawing 1017,
designated TB-1). The thermal effects of replacing the PC-1 inner container and aluminum
spacer with the T-Ampoule inner container inside the TB-1, with the same 25 watts (85.3 Btu/hr)
maximum heat generation, were conservatively bounded in the computer analyses, as explained
in the next sections. Changing the content form inside the TB-1 has no negative effects on the
thermal performance of the AQ-1 overpack thermal design features or the TB-1 containment
vessel. The thermal performance of the PAT-1 package i1s adequate and will safely contain its

* The drawing titles are in italics and are used interchangeably with the designated names in this addendum. See
Section 1.3.2 in this addendum and Chapter 9 in the SAR' for drawing number, title, and revision.
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contents as described in the-SARL this addendum under the test conditions specified in 10 CFR
71.71,71.73, and 71.74.7

3.1.1 Design Features

The design features of the PAT-1, TB-1 stainless steel containment vessel, and the AQ-1
protective overpack assembly are unchanged and are described in Chapter 3 of the SAR'. The
Ring, Filler (Drawing 2A0262, designated Ring Filler) and the T-Ampoule inner container in the
configurations depicted in Figures 1-3 through 1-5 of this addendum replace the PC—1 inner
container and aluminum spacer documented in the SAR.' The effect of this change was captured
in the thermal computer models described later in this section.

There are three basic configurations for plutonium metal contents within the T-Ampoule. One
configuration consists of two titanium SC-2 sample containers supported and held in position
inside the T-Ampoule by a titanium Inner Cradle (see Figure 1-3 in Section 1 of this addendum).
The plutonium metal content within the SC-2 is a solid plutonium (Pu) cylinder of a diameter
and length of 1.1 inches (0.0279 m). A second configuration consists of three SC-1 sample
containers supported and held in position inside the T-Ampoule by a titanium Inner Cradle (see
Figure 1-4). This configuration is similar to the two SC-2 configuration except it consists of
three SC-1s and the plutonium metal sample packed in an SC-1 is a solid cylinder 0.88 inches
(0.0224 m) in diameter and length. A third configuration consists of a single Pu hollow cylinder
weighing from 731 to 831 grams (1.61 to 1.83 lbm) supported by crushed tantalum foil
surrounding the cylinder (see Figure 1-5). The T-Ampoule, Ring Filler, SC-1, SC-2, Inner
Cradle, and plutonium metal content all have melting temperatures above the 582°C (1080°F)
temperature observed in the TB-1 during the plutonium air transport fire test described in SAR,'
Section 3.6.1.2. Since the maximum total heat generation allowed in the TB-1 is limited to 25
watts (85.3 Btu/hr), a very conservative and bounding case for the application of the internal
heating was used in the evaluation discussed in this section.

3.1.2 Decay Heat of the Contents

The PAT-1 package was assessed for a total decay heat load of its radioactive contents of

25 watts (85.3 Btwhr). Sections 3.3 and 3.4 of this addendum demonstrate that with the 25 watt
(85.3 Btu/hr) decay heat, the overall thermal performance of the PAT-1 package with the T-
Ampoule and its plutonjum metal payload is essentially the same as demonstrated in the SAR.'
For the purpose of the analysis of the PAT—1 with the T-Ampoule and its plutonium metal
content configurations addressed in this evaluation, the decay heat is conservatively assumed to
be 25 watts. A bounding internal heating scenario was assumed in the analyses presented in this
addendum. All 25 watts (85.3 Btu/hr) were assumed to be concentrated in a small region directly
applying heat to the T-Ampoule elastomeric O-ring, as if all the solid plutonium metal cylinders
were to group and transfer all their thermal energy to a small seal region. From the three basic
configurations of plutonium metal contents discussed in Section 3.1.1 of this addendum, the
hypothetical configuration that yields the smallest projected area for heat to flow through and
therefore, provides maximum heat flux into the seal region is one where three plutonium metal
cylinders are close together and aligned along the seal region as illustrated in Figure 3-1.
Assuming the total 25 watts (85.3 Btu/hr) from these three plutonium cylinders are transferred to
the seal region through the small projected area illustrated in Figure 3-2, the total concentrated

heat flux ¢" is: ‘
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Note that this scenario is extremely unlikely because the Pu cylinders will not come out of the
sample containers during NCT or HAC, as documented in Section 2 of this addendum. In
addition, if the three Pu cylinders were to align as described, a portion of the assumed 25 watts
(85.3 Btu/hr) will be transferred by convection and radiation to other regions (and components)
inside the T-Ampoule, and thereby reduce the actual quantity of energy available to be
transferred by conduction through the hypothetical localized heating region described herein.
Since this highly concentrated heat flux is understood to bound all plutonium metal loading
configurations discussed in Section 3.1.1 of this addendum, only this heat flux was used to very
conservatively represent the decay heat inside the T-Ampoule during the NCT and HAC
evaluations.

3 Pu Metal Cylinders

T-Ampoule
Section

Figure 3-1.  Schematic of Assumed Worst-Case Heating-to-the-Seal Scenario
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Figure 3-2.  Schematic of Approximated Projected Heating Area
[m=0.0254%in.; m*=6.45x10"**in.’]
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3.1.3 Summary Tables of Temperatures

The SAR' describes how design features in the PAT-1 adequately contain the material inside the
TB-1 even after the PAT-1 is exposed to the regulatory conditions specified in 10 CFR 71.71,
71.73, and 71.74.% The results from the thermal evaluation of the AQ-1, TB-1, and the
T-Ampoule assuming the bounding concentrated internal heat described in Section 3.1.2 of this
addendum are summarized in Table 3-1 of this addendum. These results show that the PAT-1
also protects the new components inside the TB-1 described in this addendum and adequately
contains the material inside the TB-1, as the T-Ampoule seal temperatures are within the
manufacturer’s specifications and the T-Ampoule can withstand the pressure buildup during and
after the regulatory specified heating.

Table 3-1. Summary of Temperatures Under NCT and HAC

Component N1 HaL
P Maximum Minimum Maximum
T-Ampoule (Scal) 122°C (251°F) | -40°C (-40°F) | 1237C (308°F) @ 260 minutes

after the fire

TB-1 (and TB-1 seal)*

114°C (238°F)

-40°C (-40°F)

147°C (296°F) @ 260 minutes
after the 30-minute fire

Center of Redwood Between
TB-1 and Load Spreader

99°C (211°F)

-40°C (-40°F)

132°C (270°F) @ 240 minutes
after the 30-minute fire

Aluminum Load Spreader

98°C (208°F)

_40°C (-40°F)

131°C (267°F) @ 190 minutes
after the 30-minute fire

Center of Redwood Between
Load Spreader and Outer Skin

95°C (203°F)

-40°C (-40°F)

164°C (328°F) @ 30 minutes
after the 30-minute fire

Stainless Steel Outer Drum

93°C (200°F)

-40°C (-40°F)

1003°C (1837°F) (@ end of fire

*Maximum seal temperature was conservatively taken as the TB-1 maximum temperature.

3.1.4 Summary Table of Maximum Pressures

Table 3-2 of this addendum summarizes the maximum pressures inside the T-Ampoule for the
NCT, HAC and plutonium air transport accident conditions specified in 10 CFR 71.71,% 71.73,
and 71 .74,2 respectively. As demonstrated in Sections 2, 3.3.2, 3.4.3, 3.4.5, and 4 of this
addendum, the pressures that arise in the container during NCT, HAC, and plutonium air

transport accident conditions do not result in a loss of containment.

Table 3-2. Summary of Maximum Pressures inside the T-Ampoule for NCT and HAC

Regulatory Condition

Maximum Pressure

NCT (or MNOP)

132429 kPa (19-24.2 psig)

HAC

145240 kPa (22-15.8 psig)

Plutonium Air Transport

6-5474.14 MPa (949-5, 600 psig)
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3.2  Material Properties and Component Specifications

3.2.1

A summary of the thermophysical properties of the materials used in PAT-1 is provided in the
SAR,' Section 3.2, Table 3.2. To be consistent with the SAR' the same material properties for
aluminum, ETC copper, stainless steel, and redwood (up to a certain temperature as described
below) were used for the analyses presented in this addendum.

Material Properties

The following was considered for modeling the thermal response of redwood. Slow degradation
(slow pyrolysis) of wood occurs in the temperature range of 200°C to 280°C (392°F to 536°F),
until active pyrolysis begins in the 280°C to 500°C (536°F to 932°F) range. A temperature of
288°C (550°F) is used to locate the base of the char layer. Reference 3 (Application of CMA
Program to Wood Charring) and the references cited therein contain additional information
about temperature-dependent wood properties and wood charring. The thermal conductivity and
specific heat provided in the SAR' are given in expressions that are a function of temperature.
While these expressions are valid for the temperature range used for the their determination,
which was approximately 93°C (200°F) (see Section 3.2 and Appendix 3-A of the SAR'), the
same equations were used to determine properties up to the temperature at which wood starts to
decompose (i.e., 200°C [392°F]). Given that the properties of redwood provided in the SAR' do
not take degradation of wood into account, property values and mathematical expressions from
Reference 3 were used at temperatures greater than 200°C (392°F). For thermal conductivity at
temperatures above pyrolysis, a fixed value within the range in Reference 3 for charcoal was
used. Therefore, the temperature-dependent thermal properties presented in Table 3-3 of this
addendum were specified in the P/Thermal model to adequately represent the state and response
of the redwood. In cases were wood reached pyrolysis temperatures, it was assumed that the
properties would remain those of charred wood throughout the cool-down process. To
corroborate the validity of these modeling assumptions, thermal models discussed in Sections 3.3
and 3.4 of this addendum were completed and results compared with tests of the PAT-1 under
transient NCT and HAC documented in the SAR." These comparisons showed acceptable
agreement as demonstrated by the data presented in those sections. Thus, a computer model that
was calibrated with the test and analysis data presented in the SAR' was developed and used.

Table 3-3. Thermophysical Properties Used to Represent Redwood

. Specitie Bt Thermal Conductivity
Wood State Temperature DeanIty \ J/kg-K W/m-K [Btu/hr-ft-°F]
°C [°F] kg/m” [Ib/ft’] Parallel to Perpendicular
[Btu/lb-F] . :
Grain to Grain

16 [60] 352 [22] 1273 [0.30] 0.330[0.19] 0.117 [0.07]
Before 38 [100] 352 [22] 1591 [0.38] 0.390 [0.22] 0.136 [0.08]
Pyrolysis 93 [200] 352 [22] 2386 [0.57] 0.533 [0.31] 0.190 [0.11]
199 [390] 352 [22] 3898 [0.93] 0.810 [0.47] 0.290 [0.17]
200 [392] 214 [13] 1151 [0.28] 0.073 [0.04] 0.026 [0.02]
During Slow 280 [536] 214 [13] 1314 [0.34] 0.073 [0.04] 0.026 [0.02]
and Active 500 [932] 214 [13] 1657 [0.44] 0.073 [0.04] 0.026 [0.02]
Pyrolysis 800 [1472] 214 [13] 1876 [0.45] 0.073 [0.04] 0.026 [0.02]
1000 [1832] 214 [13] 1861 [0.45] 0.073 [0.04] 0.026 [0.02]
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In addition to the material properties listed in the SAR' and in Table 3-3 of this addendum, the
thermal properties for Ti-6A1-4V used in the computer analysis are presented in Table 3-4 of this
addendum. These values were obtained from the MSC PATRAN Thermal (P/Thermal)
computer code materials database,4 which lists References 5, 6, and 7 as the source. Reference 8
supports the temperature-dependent trend of the data presented in Table 3-4. Materials inside the
T-Ampoule were conservatively neglected for the thermal analysis (no credit was taken for heat
absorbed by components inside the T-Ampoule); therefore, the thermal properties of those
materials are not presented in this section.

Table 3-4. Thermophysical Properties of the Titanium Ampoule (Ti 6Al-4V)

Temperature Thermal Conductivity Specific Heat Density
°C [°F] W/m-K [Btu/hr-ft-°F] | J/kg-K [Btu/Ibm-°F] Kg/m® [Ibm/ft’]
-50 [-58] - 502 [0.120]
0[32] 6.9 [3.99] —
100 [212] — 561 [0.134]
200 [392] 9.0 [5.20] - 4430 [277.8]
300 [572] - 615 [0.147]
400 [752] 11.9 [6.89] -

3.2.2 Component Specifications
The service temperature range for package components inside the TB-1 are presented

in Table 3-5 of this addendum.

Table 3-5. Service Temperatures of Packaging

Components and Content inside the TB-1

Component Bervee Te(r)rep;::lz:]ture Heange Reference
FB-1-and T-Ampoule O-ring [_111—_44’,(.)92(15 :g igg:FC] Appendix 3.5.2'
TB-1 Copper Gasket [jg:ft:’:foggzgg] PAT-1 SAR"

T-Ampoule (as cutectic barrier)iii [:38;? tt)o 1612 55700?:] [89]
Titanium Inner Cradle" [:38;9 ttoo 161255;0(1;] [89]
Ring, Filler" [jg:FC o= 1903;0?:] [910]
Copper Foam [jgflf tt)o 1612 56;0(;] [89]
Pu/Be Content” [jg:f o 151905300% [89]
Tantalum Foil*" [jngth 161480;% [89]

Appendix 3.5.2 of this addendum provides the manufacturer’s specifications;-compound-datasheetand
aging for the O-ring material used in the T-Ampoule and in the SC-1 and SC-2 sample containers.
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1

Based on thermal tests performed and documented in the PAT-1 SAR,' the TB-1 maintained containment
. after experiencing temperatures as high as 582°C (1080°F). Therefore, the copper gasket in the TB-1 can
maintain seal at temperatures above these observed maximums.
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' The melting point of the eutectic that may form when titanium is in contact with gallium is 625°C (1157°F).
™ Ti-6A1-4V has a yield strength of about 331 MPa (48 ksi ) at 593°C (1100°F), which is approximately 40%
of the nominal room temperature value of 827 MPa (120 ksi)* and there are no forces other than
gravitational acting on these components during and after the fire accident condition.

Copper-Plutonium eutectic melting point.

The plutonium/beryllium eutectic represents the lowest melting point eutectic at 595°C (1103°F) in the
system. The Pu/Be is a content, not a component within the TB-1.

Upper temperature assumed to be the Plutonium-Tantalum eutectic melting point. From page 11 of
Reference 89, there is insufficient gallium in the entire mass of plutonium metal for Tantalum-Gallium
eutectic formation and melting to have a negative effect on the system.

3.3  Thermal Evaluation under NCT

The commercially available MSC Patran Thermal (P/Thermal) finite element (FE) computer
code® was used for the thermal evaluation of the PAT-1 package under NCT. P/Thermal is a
well-respected FE code widely used to analyze a variety of thermal issues, including those
related to nuclear transport packages. P/Thermal can solve one-, two-, and three-dimensional
conduction, convection, and radiation heat transfer issues.

A three-dimensional model of the PAT-1 package was built using P/Thermal to demonstrate that
containment is maintained by the TB-1 and that the temperature of the O-ring in the T-Ampoule
does not exceed the manufacturer’s recommended temperature range. The computational mesh
of the PAT-1 model built using P/Thermal is shown in Figure 3-3. The model consists of 31,180
hexahedral finite elements and 34,697 nodes. Package features such as the different wood grain
orientations and the respective anisotropic thermal properties of the redwood, the aluminum
Load Spreader, the copper heat transfer tube, the stainless steel TB-1, and the titanium
T-Ampoule where included in the model. The thin-walled outer drum was conservatively
neglected. As mentioned in Section 3.1.2 of this addendum, the presence of components inside
the T-Ampoule such as the sample containers (SC-1 and SC-2) and the titanium Inner Cradle
were also conservatively neglected, and no other mass was assumed to absorb heat inside the
T-Ampoule. Additionally, the 25-watt (85.3 Btu/hr) power from the Pu was conservatively
applied to a small region on the inner surface of the T-Ampoule to maximize the thermal

affect to the T-Ampoule seal, as explained in Section 3.1.2 of this addendum. The regions of the
T-Ampoule, internal wall that did not receive this localized heat were conservatively assumed to
be perfectly insulated (i.e., no heat transfer was allowed within the T-Ampoule, preventing the
localized heated region from losing heat through convection or radiation to cooler T-Ampoule
surface regions). Therefore, the small heated region was only allowed to transfer heat to the
unheated (solid) regions through conduction.

The simplified temperature- and diameter-dependent correlation for a horizontal cylinder with
laminar flow as employed in the TOPAZ heat transfer code910 was used for the determination of
the natural convection coefficient during NCT. That is:

5

hnatural = ] ~32*[(Tsurfacc - Tumbicnl)/])ian’letercylindcr]O'25 W/mb‘K (3‘2)
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Assuming

Taurface = 176°F (80°C) (value obtained from NCT solution in the SAR")
Tambient = 100°F (38°C) (ambient temperature in 10 CFR 71.712)
Diametercyiinger = 20 1n. (0.5588 m) (PAT-1 approximate external diameter)

hnawral = 1.32*[(80°C — 38°C)/0.5588 m]"* W/m*-K (3-3)
hnawral = 3.9 W/m*-K or 0.69 Btw/hr-ft*-°F (3-4)

This value of hpawral 1S On the low end of typical natural convection heat transfer coefficients for
gases™®'!. Ultimately, a more conservative value of hpatura = 3.5 W/m*-K (0.62 Btu/hr-ft’-°F )

was used for the NCT calculation in this addendum.

The PAT-1 package model was subjected to the thermal conditions specified in 10 CFR 71.71% to
evaluate if the TB-1 can maintain containment during NCT. It was assumed that the package
will be transported horizontally as specified in Section 1 of this addendum. The boundary
conditions used in the model to simulate the “heat” conditions specified in 10 CFR 71.71(c)(1)*
are summarized in Table 3-6 of this addendum. Note that the temperature of the environment
was increased to 54.4 °C (130°F) as in the SAR.' Also note that the insolation data presented in
this table represents a 24-hour average of the values as specified in 10 CFR 71.71,% as is typically
assumed when a steady-state simulation is used to evaluate packages under the prescribed
environment. For example, for curved surfaces, 10 CFR 717 specifies a 12-hour—period, total
insolation energy of 400 g-cal/cm® (16,747 kJ/m* or 1,475 Btw/ft?). In order to more adequately
model the NCT in a computer code running in steady-state mode, the total energy per unit area is
spread over 24 hours:

2 —
400 g - cal/cm” ~4635° L 0015193_8K or 614 Biu

(24hr)(3600sec/ hr) cm® —s m? hr — 12

Insolation .., supuces =

(3-5)
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Figure 3-3.

Finite Element Mesh of the PAT-1 Half-Symmetry Thermal Model and

Enlarged Load Spreader, Copper Cylinder, TB-1, and T-Ampoule

Table 3-6. Boundary Conditions Used for the “Heat” NCT Thermal Evaluation

Boundary Condition

heat)

addendum

Application Region Value Used
Environment Temperature Extemz;lnril(i)?:nrnel;;;etsentlng (514 3?)01%
Convection Entire outer surface of the 3.5 W/mz-l§
package (0.62 Btu/hr-ft"-°F)
o Entire outer surface of the Package surface emissivity of 0.2,*
Radiation : UL
package Environment emissivity of 1
. Curved surfaces 193.83 W/m’ 2
Insolation (Solar Flux (61.44 Btu/hr-ft")
averaged over 24 hours) Flat surfaces transported 96.92 W/m’
vertically (package ends) (30.72 Btu/hr-ft%)
Small region described in 5
Internal heat Flux (Decay Section 3.1.2 of this 16,680 W/m

(5287.5 Btu/hr-ft?)

* From Table 3.2 in the SAR'

Rev. 0, September 2009

In addition to the “heat” NCT analysis, the package has to be able to maintain containment when
exposed to an ambient temperature of -40°C (-40°F) in still air and shade as specified in 10 CFR

71.71(c)(2).? The results of exposing PAT-1 to these conditions are discussed in Section 3.3.1 of
this addendum.
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3.3.1 Heat and Cold

The finite element model described above was used for the NCT analysis. First, the model was
verified by simulating both the steady-state test and the transient NCT analysis described in the
SAR'. These models evenly distributed the 25W (85.3 Btu/hr) internal heat load and applied it
to the inside wall of the TB-1. The results from this validation exercise are presented in Section
3.3.1.1 of this addendum. Once the model was verified against the results in the SAR,' the
concentrated internal heat load described in Section 3.1.2 of this addendum was applied to the
inner wall of the T-Ampoule. These results are presented in Section 3.3.1.2. of this addendum

3.3.1.1 Model Verification

The FE model described in Section 3.3 of this addendum was verified by simulating both the
steady-state test and the transient NCT analysis described in the SAR.' The intent of this
exercise was to verify the computer model against the data available in the SAR.' The validated
model was then used to analyze the thermal response of the package with the plutonium metal
content. These models evenly distributed the 25W (85.3 Btu/hr) internal heat load and applied it
to the inside wall of the TB-1, as was the case for the models in the SAR.!

First, the computer model was verified against a low-temperature thermal test that was
performed and presented in the SAR." This test was performed to empirically determine the
effective thermal resistance values for PAT-1 components. While boundary conditions are not
well known, it is understood that a PAT-1 package was placed in a temperature-controlled
chamber maintained at approximately 93°C (200°F). An internal heater was maintained at

25 watts (85.3 Btu/hr) using a variable resistance power supply. Transient response was
measured with thermocouples placed at key locations within and outside the package. These
data are documented in Sections 3.4.1.2 and Appendix 3-A of the SAR.! The results of the
verification analysis are presented in Figure 3-4. Temperature results after 50 hours favorably
compare with those reported in Table 3-A.1 of Appendix 3-A in the SAR,' as illustrated in Table
3-7 of this addendum. Figure 3-4 also favorably compares with Figure 3.4 in the SAR.! The
results from this validation exercise demonstrate that the geometry representation, material
properties, and finite element representation are adequate to predict the performance of the
PAT-1 package when exposed to similar thermal loads.

Second, the computer model was verified against the transient NCT analysis results presented in
the SAR." This included variable insolation heating (over time and position) as described in
Section 3.4.1.2 in the SAR.' All boundary conditions were applied as described in that section of
the SAR." In order to model those conditions adequately, the half-symmetry model was
mirror-copied to make a full three-dimensional model of the package. The results from this
verification exercise, presented in Figures 3-5 and 3-6, compare favorably with the results
presented in the SAR.! The data documented in Figure 3-6 is in agreement with the data shown
in Figure 3.5 of the SAR." This indicates proper three-dimensional modeling of the package.
The three-dimensional temperature distribution of the package at the time just before sundown
(the most severe case) is shown in Figure 3-7. This temperature distribution shows a peak outer
skin temperature of 116°C (241°F), which is approximately 9°C (17°F) hotter than the maximum
surface temperature reported in SAR,' Section 3.4.1.2.
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Figure 3-4. Low-Temperature Thermal Test Simulation Results. (°C=[°F-32]/1.8)

Table 3-7. Comparison of Test and Analysis Temperatures — Low Temperature Test

: Steady-State Temperature —
Location Steady-State Temperature — Analysis Data at Package Mid-
Test Data .
Height
Cu Tube 105°C (221°F) 105.6°C (222°F)
Al Tube 100°C (212°F) ' 101°C (214°F)
Outer Skin 93°C (200°F) 96.6°C (206°F)

Third, the boundary conditions in the computer model were changed to reflect those specified in
10 CFR 71.71% in a steady-state simulation and to verify how the package response under these
conditions compares to the transient method used in the SAR.! The intent of this exercise was to
determine if the new analysis for this addendum is still bounding when using the steady-state
method. The results from this exercise are presented in Figures 3-7 and 3-8. A comparison of the
results in these two figures with those obtained from the transient simulation described above
indicate that while the outer temperatures (maximums and distributions) are different, the steady-
state analysis thoroughly envelops the transient response of the TB-1 and its surrounding regions.
Therefore, it was decided to run a steady-state NCT analysis of the PAT-1 with the new contents

configuration. The results from the steady-state analysis for this addendum are presented in
Section 3.3.1.2.
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Figure 3-5. Seven-day Thermal Cycling for Quasi-Steady-State Analysis — Package
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Figure 3-6. NCT Daily Thermal Cycle (Quasi-Steady-State NCT Solution) — Package
Mid-Height Response (°C=[°F-32]/1.8)
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Max 241 @Nd 74840
Min 136 @Nd 2684

Figure 3-7. Temperature Distribution of PAT-1 Just Before Sundown — Most Severe
Case of Transient NCT SAR' Analysis (Plot of % of Package, °C=[°F-32]/1.8)
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Figure 3-8. Temperature Distribution of PAT-1 — Steady-State NCT SAR' Analysis (Plot
of 4 of Package, °C=[°F-32]/1.8)
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3.3.1.2 Addendum Analysis

The results from the NCT steady-state analysis of the package with the conservative internal heat
load configuration of the new plutonium metal contents are presented in Figure 3-9. Note that
the scale of the temperature distribution for this figure (and others in this section) is different
from those previously shown. The temperature distribution shown in Figure 3-9 clearly
illustrates the effect of the very concentrated heat applied to the seal region as described in
Section 3.1.2 of this addendum. The T-Ampoule seal temperature was conservatively

assumed to be the inside wall temperature of the T-Ampoule. This is conservative because the
T-Ampoule closure was not explicitly modeled; instead the wall thickness of the T-Ampoule was
assumed to be constant everywhere and therefore, that seal region had less thermal mass. This
allows for more direct heating of the T-Ampoule seal, as energy that would be absorbed by the
additional titanium in the vicinity of the seal is neglected and the heat path from the heated
surface to the seal is shorter. The maximum T-Ampoule “seal” temperature is approximately
122°C (251°F) even in the very conservative internal heat load scenario. Therefore, the
performance of the elastomeric O-ring in the T-Ampoule 1s not degraded and maintains product
quality, as this temperature is within the operating range specified by the manufacturer. The
maximum seal region temperature of the TB-1 was 114°C (238°F). This temperature is within
the operating temperature range of both-the-elastomeric-and the metallic seals seal. Therefore, the
TB-1 is able to maintain containment.

L
s
default_Fringe :
Max 251 @Nd 1629
Min 173 @Nd 9209

Figure 3-9. NCT Steady-State Temperature Distribution (°C=[°F-32]/1.8)

Regulatory requirements in 10 CFR 71.71(c)(2)* specify that the package must be capable of
maintaining containment when it is exposed to an ambient temperature of -40°C (-40°F) in still
air and shade. If one assumes no internal heating, the minimum temperature any PAT-1 package
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component could reach is -40°C (-40°F). As discussed in Section 3.4.6 of the SAR,' the copper
seal used in the TB lis unaffected at thls low temperature ﬂqeﬁpeaﬁea&em—gweﬁ%y—%he

4@—C—te—2@4—€—é49~5—te«4—9&—5} Therefore the PAT 1 can mamtam contamment at this low

temperature extreme even without taking credit for any decay heat of the contents, which will
definitely heat the seal region of the TB-1 to above -40°C (-40°F).

Since the results in Figure 3-9 show parts of the outer surface at temperatures above 85°C
(185°F), an additional analysis was performed assuming the package is in the shade (no
insolation), still air, and exposed to the conservative amblent temperature of 55°C (130°F). This
was done to demonstrate compliance with 10 CFR 71. 43(g),> which specifies that any accessible
surface of a package must not exceed 85°C (185°F) in an exclusive use shipment. The results
from this analysis are presented in Figure 3-10. Compliance with 10 CFR 71.43(g) is
demonstrated, since the maximum outer surface temperature of the package is less than 58°C
(137°F). The somewhat “skewed” temperature distribution seen in Figure 3-10(b) is the result of
the concentrated internal heating of the package.

30,4 oF

I8
S

130

default_Fringe :| default_Fringe ©
Hax 192 @Nd 1629 Hax 138.1 @Nd 5280
Hin 130 @ 41070 Hin 1304 @Nd 4107

(a) Internal Temperatures (b) Outer Surface Temperatures
Figure 3-10. Steady-State Analysis in the Shade — 10 CFR 71.43(g) (°C=[°F-32]/1.8)

3.3.2 Maximum Normal Operating Pressure

The maximum normal operating pressure (MNOP) that may occur within the TB-1 is estimated
to be 132429 kPa (419:24.2 psig) (see Section 4 of this addendum). This was calculated using the
average internal surface temperature of the T-Ampoule as the average temperature of the gas
inside the TB-1, which is 103.3°C (218°F) and the contribution to the internal pressure over time
due to alpha decay. The MNOP was then estimated as Pgauge = (Pinitial + Paipha_decay) *(T2/T1) -
latm = [+-80+-atm (1 atm + 0.005 atm) * (678°R / 530°R) -1 atm] = +3040.286 atm or ~
132429 kPa
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(#9-24.2 psig), assuming initial fill of the TB-1 is done with gas at a room temperature of 21°C
‘ (70°F) and in an environment with an atmospheric pressure of one.
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3.4 Thermal Evaluation under HAC

The P/Thermal FE model that was used for the NCT analysis was also used for the HAC
analysis. Since the deformations shown in the SAR' after the package was dropped from 30 feet
are minimal, the computer model used for the HAC thermal evaluation represents an undamaged
package. Boundary conditions were modified to meet those specified in 10 CFR 71.73(c)(4).” In
addition, the same model was used in a model verification exercise to simulate the 52-minute fire
test documented in the SAR."

In the SAR,' a description of a longer-than-regulatory fire test and results are presented. The
PAT-1 package used for the test did not have internal heating. The SAR' does not indicate the
temperature distribution or overall temperature of the package prior to the test. For the purpose
of model verification, an initial uniform temperature of 27°C (80°F) was assumed within the
PAT-1 package and no internal heating was applied. The boundary conditions used are
summarized in Table 3-8 of this addendum. The estimation for the convection heat transfer
coefficients in this table is presented following the table. Note that for the purpose of this model
verification exercise, the average temperature of 982°C (1800°F) on the thin-walled AQ-1 drum
reported in Table 3.4 in the SAR' was used as the effective fire temperature.

Table 3-8. Boundary Conditions Used for the Transient Model Verification Exercise

. C o . Value Used During Value Used After
Boundary Condition Application Region 52-Minute Fire Fire (Cool-down)
Environment External node representing 982°C 27°C
Temperature environment (1800°F)* (80°F)**
Convecti Entire outer surface of the 11.5 W/m*-K 3.5 W/m*-K
veetion package (2.03 Btwhr-f*-°F) | (0.62 Btwhr-f*-°F)
Entire outer surface of the Package surface Ifac.kgge surfaci o
.. . .o emissivity of 0.2,
Radiation package (exchange with emissivity of 0.8, Envi
” . Lo nvironment
environment node) Fire emissivity of 1 R
. emissivity of 1
Internal Heat Flux
(Decay Heat) N/A 0 0

*From Table 3.4 in the SAR'
** Assumed ambient temperature
***From Table 3.2 in the SAR'

Values for convection heat transfer coefficients were estimated using correlations and verified
with typically used values. For the convection heat transfer coefficient applied to the package
surface during the fire (hgy.), a simplified temperature-only dependent correlation for a horizontal
cylinder with turbulent flow as employed in the TOPAZ heat transfer code®'® was used. That is,

hﬁre = 1-24*(Tambient - Tsurface)l/3 W/mz"K

where Tambicn 1 the temperature of the environment around the package and Tyrface 1 the outer
surface temperature of PAT-1, with both temperatures in °C or Kelvin.
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Assuming
Tambient = 1475°F (800°C) (fire temperature in 10 CFR 71.73)
Teurface = 176°F (80°C) (value obtained from NCT solution in the SAR")

hare = 1.24%(800°C — 80°C)"* W/m*-K
hee = 11.11 W/m*-K or 1.96 Btu/hr-ft>-°F

This value of forced convection coefficient was corroborated using a more complex correlation
proposed by Churchill and Bernstein**'* and experimental open-pool fire velocity measurements
in Reference +213. In calm wind conditions for open-pool fires, vertical gas velocities are
typically in the range of 5-10 m/s (16.4-32.8 ft/s) approximately 2 meters (6.56 ft) above the
pool, but decrease to about 1 m/s (3.28 ft/s) near the surface of the pool.)’;” Table 3-9 of this
addendum presents typical values of the Grashof number (Grp) and the Reynolds number (Rep)
using a 5 m/s (16.4 ft/s) vertical gas velocity. To obtain these values, the temperature of the fire
was assumed to be 800°C (1475°F) and air properties were used.

When GrD/(ReD)2 is less than 1, forced convection dominates. Therefore, the correlation
suggested by Churchill and Bernstein for forced convection applies and was used to obtain an
average convection coefficient:

o 1/2 p.1/3 : 5187743
Mooy il 0o 8p £ ’ 1+[ Bes (3-6)
[1+0.4/Pr)"] 282,000

where Nup is the Nusselt number and Pr is the Prandtl number. The convective coefficient, h, is

equal to Nupk/ D, where k is the thermal conductivity of air and D is the diameter of the
package. As demonstrated in Table 3-9 of this addendum the convection heat transfer coefficient
is highest at the beginning of the fire when the temperature difference between the flame and the
external wall of the cylinder is highest.

Table 3-9. Grashof, Reynolds, Nusselt Numbers for Calm Wind, Open-Pool Fire

Conditions
Convection
Tems:::i‘ﬁe Te Grp Rep | Gro/Rep’ N‘;gr(';;;” Coefficient, h_
’ W/m*K [Btu/hr-ft’-°F]
80°C [176°F] 2.39E+08 32870 0.22 106.1 10.0 [1.76]
527°C [981°F] 2.39E+07 21166 0.06 81.8 9.5[1.67]
800°C [1472°F] 0 15102 0 67.4 8.7 [1.53]

Given that the value of hg, using the correlation suggested by Churchill and Bernstein is
between 8.7 and 10 and the simplified correlation from Shapiro and Edwards™'is 11.11, a
conservative heat transfer coefficient of hgre= 11.5 W/m*-K (2.03 Btu/hr-ft*-°F) was used in
the model.
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The same simplified temperature- and diameter-dependent correlation for a horizontal cylinder
with laminar flow that was used to calculate the natural convection coefficient for NCT in
Section 3.3 of this addendum was used to estimate the natural convection coefficient for the
modeling of the cool-down process after the fire. That is:

hnatural = 1~32*[(Tsurfacc - Tambicnl)/[)iarnetercylindcr]OA25 W/mz'K (3'7)

Assuming

Tsurface = 1475°F (800°C) (assuming outer surface at prescribed regulatory fire temperature for
bounding, maximum value calculation)

Tambient = 100°F (38°C) (ambient temperature in 10 CFR 71.712)

Diametercyiinger = 20 in. (0.5588 m) (PAT-1 approximate external diameter)

hpatural = 1.32*[(800°C — 38°C)/0.5588 m]*** W/m*-K (3-8)
hatrat = 8 W/m*-K or 1.4 Btu/hr-ft*-°F (3-9)

This estimated maximum value of hyawra 15 1n the mid range of typical natural convection heat
transfer coefficients for gases.””'' However, a more conservative value of hyatural = 3.5 W/m*-K
(0.62 Btu/hr-ft>-°F) (the same value used in the evaluation of NCT) was assumed for the cool-
down calculation.

The results from the verification model are presented in Figures 3-11 through 3-15. Figures 3-11
and 3-12 show the temperature distribution of the overall package and the internal components at
the end of the 52-minute fire. Figures 3-13 and 3-14 are similar to the previous two, but show
the temperature distribution at the time when the internal temperature of the TB-1 peaked (300
minutes after the fire). The plot in Figure 3-15 illustrates the temperature history of the package
at selected locations.

When the simulated temperature response was compared to the results of the 52-minute fire test
discussed in the SAR,' it was found that the computer prediction overestimated the thermal
response of the package. The spatial average temperature of the TB-1 at the time the peak
temperature occurred was 100°C (212°F). This is 7°C (12°F) hotter than the average TB-1
temperature reported in the SAR." Since the model in this verification exercise overestimated
the TB-1 average temperature, the simulation of the package response to the HAC with the
concentrated heat is also overestimated. Therefore, it is conservative to use this model to
estimate the thermal response of the package configuration for this addendum. The results are
presented in the following sections.
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Figure 3-11. Temperature Distribution of the Verification Model at the End of the
52 Minute Fire — Complete Model (°C=[°F-32]/1.8)
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Figure 3-12. Temperature Distribution of the Verification Model at the End of the
52 Minute Fire — T-Ampoule, TB-1, Heat Transfer Cu Cylinder, and Aluminum Load
Spreader (°C=[°F-32]/1.8)
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Figure 3-13. Temperature Distribution of the Verification Model at t=352 Minutes
(300 Minutes after the 52 Minute Fire) — Complete Model (°C=[°F-32]/1.8)
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Figure 3-14. Temperature Distribution of the Verification Model at =352 Minutes
(300 Minutes after the 52 Minute Fire) — T-Ampoule, TB-1, Heat Transfer Cu Cylinder, .
and Aluminum Load Spreader (°C=[°F-32]/1.8)
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3.4.1 Initial Conditions

The initial condition for the transient thermal analysis described in 10 CFR 71.73% is the
temperature distribution calculated for the NCT. This initial temperature distribution is shown in
Figure 3-9.

3.4.2 Hypothetical Accident Conditions (HAC)

The PAT-1 package model was subjected to the thermal transient conditions specified in 10 CFR
71.73% to evaluate whether the TB-1 can maintain containment and the T-Ampoule maintain seal
(for product quality, not regulatory purpose) during and after a HAC fire event. The boundary
conditions that were used in the model are summarized in Table 3-10 of this addendum. Note
that only two boundary conditions were changed between this model and the one that was run for
the 52-minute fire test verification exercise. That is, the fire duration was set to 30 minutes, and
the same concentrated internal heat load applied to the NCT model was also used. As in the
SAR,' the fire temperature was conservatively assumed to be 1010°C (1850°F) and the
environment temperature for the cool-down period was conservatively assumed to be 54.4°C
(130°F).

For the simulation of the HAC, the effect of a vertical and a horizontal package orientation in the
fire were considered to determine the most damaging configuration. The calculations presented
in Section 3.5.4 show that the package would receive more heat during HAC if it is positioned
horizontally in the fire. Thus that conservative configuration was assumed for the fire analysis
summarized in this section of the Addendum. Section 3.5.4 also shows that the value used for the
cool-down is bounding.

The results from the simulation of the 10 CFR 71.73(c)(4)* environment are presented in Figures
3-16 through 3-20. Figures 3-16 and 3-17 show the temperature distribution of the overall
package and the internal components at the end of the 30-minute regulatory fire. Figures 3-18
and 3-19 are similar to the previous two but show the temperature distribution at the time when
the internal temperature of the TB-1 peaked (260 minutes after the fire). The plot in Figure 3-20
illustrates the temperature history of the package at selected locations.
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Seal / T-Ampoule
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Figure 3-15. Temperature History at T-Ampoule Seal Height for
the 52-Minute Fire Model Verification Exercise (°C=[°F-32]/1.8). Note: In the schematic
above the plot, the reference yellow line crosses the cask at the T-Ampoule-seal height and
the white dots are the approximate locations of the temperature history lines in the plot.
The “T-Ampoule (Seal)” curve is completely covered by the “TB-1" curve.
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Table 3-10. Boundary Conditions Used for the HAC Thermal Evaluation

s " ; Value Used During Value Used After
Boundary Condition Application Region 30-minute Fire Fire{Col-dowai)
Environment External node representing 1010°C 54°C
Temperature environment (1850°F) (130°F)
Consction Entire outer surface of the 11.5 W/m*-K 3.5 W/m*-K
package (2.03 Btu/hr-ft*-°F) (0.62 Btu/hr-ft>-°F)
Pl i Package surface
o Entire outer surface of the  ackag . emissivity of 0.2,*
Radiation emissivity of 0.8, Fire .
package o Environment
emissivity of 1 e
emissivity of 1
Internal Heat Flux Smsaélcifogri‘;“ ldgsg;‘&‘;‘: i 16,680 W/m’ 16,680 W/m’
(Decay Heat) 2ddendum (5287.5 Btu/hr-ft) (5287.5 Btu/hr-ft*)

* From Table 3.2 in the SAR!

194
default_Fringe
Max 1847 BNd 40368|
Min 194 @Nd 11444

Figure 3-16. Temperature Distribution at the End of the 30-Minute Regulatory Fire —
Complete Model (°C=[°F-32]/1.8)
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Figure 3-17. Temperature Distribution at the End of the 30-Minute Regulatory Fire —
T-Ampoule, TB-1, Heat Transfer Cu Cylinder, and Aluminum Load Spreader
(°C=[°F-32]/1.8)
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Figure 3-18. Temperature Distribution at t=290 Minutes (260 Minutes after the
30-Minute Fire) — Complete Model (°C=[°F-32]/1.8)
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Figure 3-19. Temperature Distribution at t=290 Minutes (260 Minutes after the
. 30-Minute Fire) — T-Ampoule, TB-1, Heat Transfer Cu Cylinder, and Aluminum Load
Spreader (°C=[°F-32]/1.8)

3.4.3 Maximum Temperatures and Pressure

Results from the hypothetical accident conditions evaluation of the AQ—1, TB-1, and the
T-Ampoule, assuming the bounding concentrated internal heat described in Section 3.1.2 of this
addendum and using the conservative transient computer model described in Section 3.4 of this
addendum, are summarized in Table 3-11 of this addendum.

The components listed in this table did not reach temperatures of concern. Only the redwood
reglons closer to the outer skin of the package are expected to degrade-as-woed-chars-at

- (see Section 3.2.1 of the Addendum). Nevertheless, PAT-1
protects the package contents during and after the exposure to a severe fire environment, as
required by 10 CFR 71.73.

The HAC evaluation indicated a peak T-Ampoule seal temperature of 153°C (308°F) and a peak

TB-1 (and seal) temperature of 147°C (296°F). This TB-1 seal temperature is 38°C (69°F)

higher than that reported as the TB-1 temperature in Section 3.5.1.1 of the PAT-1 SAR' and is,

once again, considered to be overestimated (or conservative) due to the concentrated heat loadmg

assumptlon Nevertheless thrs temperature does not exceed the-manufae s
' (—4—9—(—@—2@4—6—{—4@—%—%4@0-1‘3—}}9{—the limit

temperature of the copper seal%%&temper&tare Therefore, the TB-1 is able to maintain
‘ containment. In addition, the T-Ampoule is also able to maintain a seal for product quality.
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Figure 3-20. Temperature History at T-Ampoule Seal Height for the 30-Minute
Regulatory Fire (°C=|°F-32]/1.8). Note: In the schematic above the plot, the reference
yellow line crosses the cask at T-Ampoule-seal height and the white dots are the
approximate locations of the temperature history lines in the plot.
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Table 3-11. Summary of Maximum Temperatures and Times for the HAC

HAC Maximum Temperature

Companent and Time to Reach Temperature

T-Ampoule (Seal 153°C (308°F) (@ 260 minutes after the fire
p

TB-1 (and TH-1 seal)* 147°C (296°F) (@ 260 minutes after the
30-minute fire

132°C (270°F) @ 240 minutes after the
30-minute fire

131°C (267°F) @ 190 minutes after the
30-minute fire

Center of Redwood between TB-1 and Load Spreader

Aluminum Load Spreader

Center of Redwood between Load Spreader and Outer 164°C (328°F) @ 30 minutes after the
Skin 30-minute fire
Stainless Steel Outer Drum 1003°C (1837°F) @ end of fire

*Maximum seal temperature was conservatively taken as the TB-1 maximum temperature.

The average T-Ampoule internal surface temperature was 136°C (276°F). Assuming the gas
inside the TB-1 is at this average temperature, the maximum internal pressure that the TB-1
could experience under HAC can be estimated. When calculating this pressure, it was also
assumed that the TB-1 was initially loaded at a room temperature of 21°C (70°F) and in a
pressure environment of 1 atmosphere. Additionally, pressure generation due to alpha decay as
calculated in Section 4 of this addendum was included in the total pressure calculation. Thus:

Prs.1@276°F-gauge = (Pinitial T Patpha decay)*(T2/T1) - 1atm =H-80-atm*(736°R/530°R)}—tatm]
= (1 atm + 0.005 atm) * (736°R/530°R) - latm
=450.4 atm or ~ 5240 kPa (22-15.8psig) (3-10)

In summary, these results show that the PAT—1 provides containment for the proposed new
payload inside the TB-1 and adequately contains the material inside the T-Ampoule, as
maximum seal temperatures are within manufacturer s-speetfications the service temperature
range specified in Table 3-5 and the TB-1 can withstand the pressure that would arise during and
after the HAC fire event. Additionally, the eutectic prevention barrier is retained because the T-
Ampoule is constructed of titanium 6Al-4V alloy and can withstand the temperatures and
pressures observed under the 10 CFR 717 HAC, as documented in Section 2 of this addendum.

3.4.4 Maximum Thermal Stresses

The maximum thermal stresses are determined from results of the differential thermal expansion
analysis conducted and documented in Section 2.7.4.2 of this addendum. Since the American
Society of Mechanical Engineers (ASME) Boiler and Pressure Vessel (B&PV) code does not
provide the coefficient of thermal expansion (&) for Ti-6Al-4V, the value listed in the
MIL-HDBK-5E"" (9.18x10° m/m/°C [5.1x10°® in/in/°F]) was used in this analysis.

A conservative estimate of the T-Ampoule maximum expansion can be calculated by assuming

the T-Ampoule is a 0.2 m (7.418 in.) long cylinder (the actual T-Ampoule is capped) with a
diameter of 0.11 m (4.22 in). Assuming a temperature increase of (153°C —21.1°C) = 132°C
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([308°F — 70°F] = 238°F), the expansion produced equals aATL, or 0.23 mm (0.009 in.) in the
longitudinal direction and 0.41 mm (0.0161 in.) in circumference (or 0.13 mm [0.0051 in.] in .
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diameter). Since the gap between the T-Ampoule and the TB-1 1s 0.381 mm (0.015 in.) around
the entire perimeter, the T-Ampoule will not expand enough to induce any stress on the TB-1,
even if thermal expansion of the TB-1 1s ignored.

3.4.5 Hypothetical Accident Conditions for Fissile Material Packages for Air
Transport

Thermal tests that meet the specifications in 10 CFR 71.64% were conducted on the PAT-1 and
are documented in Chapter 3 of the SAR'. Physical tests were the primary means used to
demonstrate that the PAT-1 package met the requirements of the NRC Qualification Criteria

(10 CFR 71.74%). The purpose of the assessment documented in Section 3.6 of the SAR' was to
demonstrate that the maximum TB-1 temperature (reported in Section 3.6.3 of the SAR") used in
Section 4.4.2 of the SAR' was a reasonable upper limit for bounding the results.

The package temperatures cited in Section 3.6.3 of the SAR stated the following: “Based on the
analysis and test results in Sections 3.6.1.1 and 3.6.1.2, the TB-1 is estimated to have attained a
maximum temperature of approximately 582°C (1080°F) during the thermal test specified in the
NRC Qualification Criteria.” This maximum temperature is not affected by any of the packing
or content modifications presented in this addendum. That 1s, the maximum internal heat
generation of the content remains the same (25 watts [85.3 Btu/hr]) and the design of the TB-1
and the rest of the packaging outward of the TB-1 is the same as evaluated in the SAR.'
Therefore, the maximum temperature of the TB-1 used for this addendum, for the calculation of
loads due to internal pressure and thermal expansion during the plutonium aircraft fire
environment is 582°C (1080°F). ‘

At the maximum temperature of the TB-1 after the plutonium aircraft accident fire, there is a
potential for plutonium metal to form eutectics with certain metals such as iron in the TB-1. The
materials that were selected for the components within the TB-1 were based on the resistance to
eutectic formation with plutonium. The melting temperatures for different material combinations
are presented in Section 3.5.3 of this addendum. Given that the melting point of the plutonium-
iron eutectic 1s lower than the maximum TB-1 temperature in the plutonium air transport thermal
evaluation, the titanium T-Ampoule is used as a barrier between the plutonium metal and the
PH13-8Mo material in the TB-1. The structural analysis documented in Section 2 of this
addendum demonstrates that the T-Ampoule wall will not be breached as a result of NCT, HAC,
or the accident conditions for air transport of plutonium. Thus, the formation of a Pu-Fe eutectic
as a result of the thermal conditions resulting from a 10 CFR 71.74 specified fire is not possible
because of the separation between the Pu content and the Fe in the TB-1 provided by the
T-Ampoule wall. The service temperatures of all components (T-Ampoule and its packing within
the TB-1) shown in Table 3-5 in this addendum, which were derived in part from the eutectic
evaluation in Section 3.5.3 in this addendum, are all above 582°C (1080°F).

In addition to the Pu-Fe eutectic potential discussed above, a plutonium-beryllium eutectic may
also form. The melting point of this Pu-Be eutectic is 595°C (1103°F) (see Section 3.5.3 in this
addendum). This is 13°C (23°F) higher than the highest temperature excursion that occurs in the
system.
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The maximum internal pressure that may occur within the TB-1 during the air transport thermal
evaluation is estimated to be 6-547 4.14 MPa (949-5 600 psig) (see Section 4 of this addendum). ‘
This was

3-28a



PAT-1 Safety Analysis Report Addendum Docket No. 71-0361 Rev. 1, September 2010

calculated adding the pressure generated from the decomposition of the O-rings in the SC-1
configuration, which includes the elastomeric seal of the 7B—1; T-Ampoule; and three SC-1s
(highest amount of elastomeric material), which yielded a pressure of €873 302 psi (from
Section 4-5-4 2.12.8 of this addendum), the pressure generated from the decomposition of the
ancillary plastic (270 psi from Table 6a in Section 2.12.8), the pressure generated due to the
change in temperature of the initial fill gas [(}1540°R/530°R})*14.7 psi — 14.7 psi = 42.7 28.01
ps1}], and the pressure from gas generatlon from alpha decay of plutomum

Seeﬁeﬁ%—}—Table 3 S%Ghﬁ—aédeﬂd&m%e%eemewaﬁsm—aﬁéfm%ém»efa&%
ehange}[0.110 psi (from Table 6a in 2.12.8)]. This maximum pressure of 6547 4.14 MPa (9495

600 psig) is lower than the maximum TB-1 pressure stipulated in the PAT-1 SAR' (1095.3 psig,
see Section 4.4.2 of this addendum). Therefore, the TB-1 is capable of sustaining this maximum
pressure observed during the plutonium air transport fire accident condition without rupturing.

Note that the T-Ampoule will not retain any pressure because its elastomeric O-ring can extrude

out of the O-ring groove and no longer maintain a seal at temperatures above its service
temperature of 204°C (400°F).

The thermal expansion calculation in Section 2.8.6 of this addendum demonstrates that no
stresses will be induced in the TB-1 by differential thermal expansion resulting from the air
transport fire accident.

The analysis in this section demonstrates that the replacement of the PC-1 inner container (with
its packing and contents) with the T-Ampoule inner container (with its packing and contents)
does not alter the thermal performance of the PAT-1. Therefore, the discussion in Section 3.6 of
the SAR' regarding the ability of the package to meet the requirements in the plutonium air
transport regulations due to thermal loads remains valid. That is, the performance of the PAT-1
with the T-Ampoule (with its packing and contents) inside the TB-1 is bounded by the tests
presented in the SAR' and therefore the TB-1 maintains containment.
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3.5.2 Viton® Parker O-Ring Data-Sheet-Technical Information

Compound Data Sheet
Parker O-Ring Division United States

PURPOSE:
CONCLUSION:

MATERIAL REPORT

REPORT NUMBER:  KJ0835
DATE  10M10/89

Evaluation of Parker Compound V0835-75 to MIL-R-83485
Type 1 Specifications
To determine if V0835-75 meets the requirements.

Compound V0835-75 meets the specification requirements.
Recommended temperature limits:  -40°F to 400°F

Low temperature

Petroleum, mineral, and vegetable oils
Silicone fluids :

Aromatic hydrocarbons (benzene, toluene)
Chilorinated hydrocarbons

High vacuum

Ozone, weather, and aging resistance

Hot water and steam

Auto and aircraft brake fluids

Amines

Ketones

Low molecular weight esters and ethers

Parker O-Ring Division
2360 Palumbo Drive
40509

(850) 269-2351
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Compound Data Sheet
Parker O-Ring Division United States

ORIGINAL

Speufic Gravity

Hardness po:nts

Tensie Strength, ps: o
Elongation, $6 mn,
Temperature Retracton, 1098
(TR-10), °F, max

AFTER AIR AGING, 70 HRS.@
I3+ 5°F Compressign Sel

8% of original defecton, max.

AFTER AGING, TO0HRS. @ 75°F IN
T1.8-735 TYPE Il

Hardness Change, pts.

Tens’e Strength decrease, S5, max.
Etongation decrease, 55, max.
Volume change, %, max.

AFTER AIR AGING, TOHRS. @
Harndness change, pts,

Tens’e Strength decrease, S5 max
Elongation decrease, %5, max.
Weight loss, %, max,

AFTER AIR AGING, 168 HRS @
347° £ 5°F, COMPRESSION SET

%5 of orniginal deflecton, max.
18 hrs, cooling

AFTER AIR AGING, 22 HRS @
23 B

% of orginal deflection, max.

REPORT DATA
[ Repon Number_ | KJOS35 |
MiL-R-83485
TYPE 1, O-RINGS & VOg35-75
M {ON SEALS ACT V. )
As deternened 175
755 78
1600 1708
120 180
-20 -22
b= - (14)
+5 77 (+1)
30 1662 (-3)
20 165 (-8)
1t0 10 -~ (+2)
+ 78 (0)
35 1136 (-33)
10 235 (+31)
12 - {-7)
25 - (15)
- (29)
20 - ()
Parker O-Ring Bivision
2360 Patumbo Onve
Lexington, Kentucky 40509

(859) 269-2351
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i Compound Data Sheet
; Parker O-Ring Division United States

AFTER AGING, 70 HRS. MiL-R-83485
@ 347T°MIL-R-83485 TYPE 1, O-RINGS S VO835-75
: A5°F in AMS-3021 COMPRESS!ON SEALS Al ALUES
{
i
| Hardness change, pts 40, -15 73
i Tense Strength decrease, 95, max. 35 1406 (-18)
H Elsngation decrease, S5, max. 20 171 (-8)
Volume change, $% 11020 . - (+15)
. Compression set, % of .
! orgpnal deflecton, max. 10 -7
18 hv. coolng ' -9

Parkes O-Ring Omston
2360 Palumbo Drive
Lexingten, Kentucky 40509
(859) 259-2351

N e i e e e e
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Technical Information
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V l to n® fluoroelastomer

Frem BuPeat Performonee Elostemars

Selection Guide

Introduction :

Viton® fluorceastemer was introduced m 1857 to meet the needs of the aerospace industry for a
rgh-performance seal elastomer Since then, the use of Viton® flucrociastomer has expanded to
many other indusines, especially in the autemotive, lud power, applance, and chem:cal fields. With
over 4D years of proven pesformance, Viton® fucroelastemer has developed a reputation for
outstanding performance in high temperature and extrem2ly Cofesive environments.

Valuable Properties of Viton® Fluoroetastomer

Vi'canizates based on Viton® provide an exceptional ba'ance of phys:cal property charactesistics,
inciud.ng the following features

. Res:stance to temperature extremes.

Heat—Compared to most others elastomers, Viton® < better able to withstands hgh
temperature, whi'e stmultanecusly retaining us good mechanical propentes. Oil and chemical
resistance are also essentally unaffected by elevated temperatures Compounds of Viton® remain
sudbstantialy elastc substantially indofintely when exposed to laboratesy a1 oven agng up to 204°C
or {o (ntermttent exposures up to 316 C. High temperature semvice Lmils are generaly consw«dered 1o
be .

3,000hrat 232°C

1,000 hr a1 260 °C

240 hr81288C

48hrat316C

Co'g—Viton® is generaly serviceable in dynamic appl:cations to temperatures of ~18 0 -

23'C Specal formulations permit ds use in static applications down to -54-C. Also, Viten® has
peoven 1o be satsfactosy for statc seals used under conditions appreaching absolule zero Viton®is
charactenzed by its,
. Res:stance to degradation by a greater vanety of fluuds and chemicals than any
nonfivonrated e'astomer. Excellant resstance to ols, fuels, lubncants, and most mneral acids
. Extremely low permeabilly to a broad range ¢f substances, tnciuding particularty good
performance in oxygenated automotive fue's.

. Res:stance to aliphatic, arematc hydrocarbons that dssoive other nubbers.

. Exceptronally good resistance to compression set, even at high temperatures

. Excepironally good resstance to aimosphent ox:daton, sun, and weather. Excellent
resistance to fungus and mo'd

. Good electrical properties in low vo'tage, low frequency applications.

. Low burning charactesisucs; inherently mose res:stant to burning than other, non-fuorinated
hydrocarbon rubbers
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Safety and Handling

As vwith many polymers, ninide quantities of potentrally inritating ¢f hamiful gases may diffuse from
uncured Viton® even at reom temperature. Therefore, all containers shou'd be cpened and used only
in wellventiated areas. In case of eye contact, immediately fiush the eyes for at teast 15 munwith
water. Always wash coniacted skin with soap and water after handing Vaon®

Potential hazands, including the evolution of toxic vapors, may srise during compound.ng, process:ng,
and curing of the raw polymers into futshed products of under high-temperature service condilions,
Tharelore, before handing or processing Viion®, make sure that you read and follow the
recommendations in the OuPont Performance Elastomers bull2tin *Handing Precautons for Viton®
and Retated Chemiea’s *

Compound:ng ingred:ents and solvents that are used with Viton® to prepare finished products may
present hazards (n handling and use. Before proceeding with any compounding or processing work,
consat and fol'ow [abe! directtons and handing precautrons from suppiiers of all ingredients

The Vartous Familles and Types of Viton® Fluoroelastomer

Standard types of Viton® fluoroelastomer products are designated as A, B, or F according to their
relgtive resistance o attack by flu:ds and chemicals The dfferences in flud resistanca arc the result
of d.flerent tevels of fiuoring in the polymar, which s deternned by the types and relative amounis of
copolymernzed mongmers that comprise the polymer,

In general, Viton® exhibas outstanding resistance to atlack from a wide variety of fluids, indluding
mineral ecids and aliphatic and sromatic hydrosarbons. The higher the luosine content of the
polymer, the less will be the effect, as measured by voluma increase, for exampie. The most
sigreficant diferences between A, B and F types of Viton®, 1 terms of resistance to volume change
or retentton of physical properties, are exhubited in low molecular weight, oxygensated solvents (such
as methano! and methyl t-butyl ether).

As mentioned above, the fluid resistance of Viton® A, B, and F types improves with increasing
fivoring leve’s, This (s shown in Table 1 (note the volume meresse after aging in methanol at 23°C).
As the fluonine content increases, however, the low temperature flexabiity of the polymer decreases,
and a compromse must be made between f‘u;d resstance and tow ternperature flexibidity of the find!
vicanizate

For thase appltcations that requre the best perfermance in both fluid res:stance and low temperature
flexbity a number of specalty types of Vilon® were developed that contain a copslymenzed
fivorinated vinyt ether monomer. Polymers that contein this monomer exhebit s:gnificantly improved
tow temperatwe fexibi iy, compared to standard types ¢f flusroelastomer.

Viton® GLT introduced in 1976, was the first commercial flusrogisstomer to incorporate this
fluornated vinyi ether monamer. This polymet provides the same excellent resistance to heat and
fiids that is typical of the A types of Vilon® fluoroelastomer. Viton® GFLT, like Viton® GLT, exh:bits
signficantly improved low temperature figx characterstics compared to standard types of
fluoroelastomer. In add:ton, Viton® GFLT provides the same supertor resistance to flulds that is
typcat of the F types of Viton® fluoroelasiomer.

Types of Viton® Extreme™ .

Flugsroelastomers that contain copolymerzed vinyl.dene fluonde(VF2) are subject to attack by high pH
matenals, mcluding causlics and amines In addison, standard fuorcelastomers are not res:stant to
low molecuiar weight carbonyl compounds, such as methyl ethyl ketone, acetone, or methyl
tertiarybutyl ether,

Viton® Extreme™ ETP-600S is a copalymer of ethylene, telrafluoroethylene (TFE), end
perfiucromethyivinyl ether (PMVE). Thrs unique combination of monamers provides outstanding
resistance (o fluds and is an example of an ETP polymer. The ETP types of Vilon® exhcbit the same
excelent resistance to acids and hydrecarbons typical of A, Band F types of Viton® Unlike
conventonal fuosoelastomers, however, ETP types of Vion® also provide exce’lent resistance to tow
molecu’ar weight esters, ketones, and aldehydes. in addion, these unique polymers ate inherently
resistant to attack by base, and thus pfovwe excolent resistance to volume swell and property loss in
highly causte souttons and amnes,

Addtional information tegarding performance differences between the vanous famites and types

of Viton® fluoroelastomer is presented in Tables 3-6 to assist in selacting the particular grade of
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Viton® that 1s best suted for both a given end-use appl:cation and for 8 specfic manufactunng

process
Tablo 1
Polymer Fluorine Content versug Fluld Reglistanse and Low Temperaturo Flexibliity
Standard Types Speclaity Types
A 8 F GLT-8 GFLY.S €YP-3

Komny! Polymer Fluonne =] 68 1 64 67 o7
Conteny, wtsh
Pereent Volumo Change th Fudd 4 3 2 5 2 4
C. 10N a1 23°C*
Percent Volume Change th @0 40 5 =] $ L)
ethand, 165 by ot 23°C*
Peroent Volume Changein 2200 »200 *200 2200 >200 19
Methyl eyl Ketone, 168 hr &8 '
¢
Pereent Votume Chongon 338 {Sarpies oo swolen and degraded to tegl) 1
Potassum Rydrodds,
188 hr ot 76°C*
Low Temperature Flexibty, TR- 47 ‘ -13 6 30 24 w2
30,*C*

‘Homined vilies, based an retuls typital of IRote obfained Eom tiing & dsaderd, SO phy MY (KSOQ carbon tmh-Sied, 75 duromater
witanizate Thets Mo it pxtended 3 sarve o5 et Sttions

Curing Systems for Viton® Fluoroelastomer

in addition to inherent differences between the vanous types and ferrcles of Vitor® tivoroelastomer, a
number of compound.ng variables have major effects on the physical property characteristics of the
firal vuicanizates One very important vanisbie is the crosstinking or curing system that is used to
viicanze the elastomer,

Diamune curalives were intreduced in 1957 (or crosstnking Viton® A Witle these diamine curalives
are reiatively s'ow curing, and do not prowvide the best possible resistance to compress:on set, they do
offer urque advanizges For example, compounds cured wish damines exhibit excelent aghes:on to
metal insarts and high hot tens:te strength.

Mos! fluoroclastomers are crosstinked vath Bisphenol AF, o curatxve witoduced in 1970, in the first
commercial curabve-containing precompound, Viton® E-60C Compounds of Vilon® that yee ths
curative exhibit fast rates of cure and excellent scorch safety and resistance (o compression set

In 1887, an improved bispheno! curative was introduced, wheeh was made avaiiable (n several
d.flerent precompounds The modified system prowndes {aster cure rates, improved mo'd release, and
shightly better resistance Lo compress:on set, compared to the onginal bispheno! cure system used i
Viton® E-60C and E-430 Additional precompounds of Viten®, incorporating th's modtied curative,
were introduced in 1993, mncluding Viton® A-331C, A-361C, B-601C, and B-651C. A bre! descnpton
of all these products can be found in Table 6,

In 1976, cffictent peroxide curing of fluoroe’astomers was made poss:bie for the {irst ime with the
introduction of Viten® GLT. The peroxide cure system provides fast cure rates and excellent physical
properties tin polymers such as GLT and GFLT which cannol be read’y cured with ether diamne of
bespheno] crossiinking systems (n the case of polymers such as Viton® GF, GBL-200, and GBL.-900,
the peroxide cure provides enhanced es:stance 10 aggresswe auvtomotive lubncating or's and steam
and acids  Generally, vwicanzates of Viton® fludreelastomers cured with peroxide do not show ary
sigrcficant difference in res:stance to other fluids and d\emts compared {o the same polymer cured
with bisphenol

In 2003, a senes of peroxide-cure types of Viton® made with Advanced Pelymer Archleciure was
introduced  These polymers, designated as APA polyiers by having an S’ suffix on the product
name, ingcorporate a significardly tmproved cure site. As a resull, they provide substant:ally better
processing and phys:cal properties, compared (o the original, non-APA peroxide-cure types of
Viton®. A compansen of the vanous processing and physical property charactenstcs of compounds
using the vanous cure systems 8 shownn Table 2.
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Selecting a Specific Type of Viton® Fluoroeiastomer
temperature and duration of the curing cyc’e used in their manufacture.

used inthe mamdacture of the vanous types of Vitor® flusreelastomers.
Viten® flusroaiastomer produsts are outined ingeneral tems in Table 3

were cons:dered to be the most important feature (or a partreular pant, then one of

given pan GFLT-types of Vitors® wou'd represent the best overall choice,

Tablo 2
A Comparison of Curc ems Used in Crosslinking Vitond
Type of Cure System
Property, Processing Characteristic Olamine Bisphens! Peroxids®
Processing Safety (Scoreh) AF E E
Fost Qure Rate (23 € €
Moid ReleasesMold Foulng P GE G-E
Adheton to Meted nserts € G [}
Compression Sct Resigtance P € €
Steam, VWater, Add Resstance F G €
Flox Fatigue Rosistance G G G
Ret=g: CoOxtelont GrCoud Fefal PoPoor
*Wiperso $01-XL (rademerk of Perswa Corporution] s=d Verox Pocsdor (rademark of R.T, Vandertit Co, () are commondy uaed,

Inharent Physicatl Property Differences Between Types/Familles of Viton® Products

The phys:cal propertes of vilcanizates based on Viten® flusreolastemaers are determined to a large
extent by the type and amount of the filer(s) and curobive(s) used in the formutation, and by the

In torms of resistanca to compression s0t, (ow temperature f2ablty, and res:stance to certain
classes of flu:ds, however, some inheren: differences exist among the vanous fames of Viten®
fluoroetastomers These are the resu’t of d flerences i the relative amount and type of monomers

The differences in physical property characterist:cs wh:ch exist between varnious types and fantlies of

As an example, resistance to compression set s an important property for seals and if this property

Viton® might be the best choice for the appl:cation However, if resistance {o the vadest poss:ble
range of fluids s a8 mose imporntant consideration then an Fiype Viton® fiucroelasiomer might we!ll be
a better chotce {or that particular end-use application Further, if both fiuid resistance and low
temperature fexibelity are equally important requrements for max.miz.ng the end-use sutabitly of o

the A-ypes of

Tablo 3
Physical Property Differoncoes Botween Types/Familics of Viton® Products
Type of Viton® Restsiances to Goneral Flulds! Low Temperatuwro
Fluoroelastomar Compression Set Chemitcal Roslstanco” Floxibdlity*

A B 3 3

8, G8L.S o2 -3 3
F.GF-S S 3 2 3
GLT-S 2 3 1
GFLT-8 2 .2 2
ETP-S 3 1 3

Crto-Point tests ave o medsvre of orpact redsiente ondy and (0 0ot cavelatd at &3 widh O tow termpensture sang

1eBucelaontLent pertormance capaliity of Al tynes; 2Very Good, 3a0o0d==Sulteert for o3 typizal Sotroelaniomer appleatons
*Se0 Tadle 4 o1 & dtaled gide t chootng the bewt type of VionT) fustoslatomsr, relatve t tpects Crites of fida and chemitals
**Fexbily, o3 meatured by Terxperature of Rebrattion (TR10), Getmes Torconal Madss, Gats Trantition (To), or Clavh-Carg Terpernture

coppaity of s wirenizee
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Selecting o Specific Type of Viton® Fluoroclastomer
Differences in Fluld Resistance Between Types of Viton® Products

As inthe case of physical properties, ¢ﬂerer{t polymer composiiions wil resullin inherent diferences
with regard to fiud resistance.
Table 4 outlines the d flerences that exist between types of Viton® products, m termns of therr
resistance to vartous classes of fluids and chentcals
Because 3s certain types of Viton® products may exhibit performance that s supenor (o other types
in one regard, but not quite as good 1 some other aspect, 1t is important to consider the requrements
of the part to be manufaciured, in terms of both physcal propenty requrements and ftu:d o7 cherrécal
resistance needs.
Using Tables 3 and 4, the compounder can select the best type of Viton® product {or a given end-use
appication, based on the best combination of physical property and fiud resisiance charactenstes.
. Tobled
Difforences in Fiuid Resistance Between Types of Viton® Flucroclastomer

) Type of Viton® Fluorosta stomer
A | 8 | r |eBLs] ors | oirs | grirs | ems
' Cure System
Bisphonol Peroxide
Kydrocamen Automotive, Aviation 1 k] 1 ] 1 1 1 3
Fue's
Cxypeneted Automotve Fuels KR 2 1 2 1) KR 1 1
{containng MeOH, EIOH, MTBE,
cte)
Reeproceing Engine Lubritoung 2 ] 1 $ 1 1 1 1
O 5 (S5-SF Grodes) )
Recprocaing Engine Ludncaing 3 2 2 1 3 1 3 1
O3 (SG-SH Grades)
Alphatt Hydrocardon Prosess ] Y 1 1 1 2 1 1
Flulss, Chenveals .
Asomitc Hydrocaroon Frocess 2 2 1 1 1 2 1 1
Fluids, Chemzals
Agquecs Fluds: Water, Steam, 3 2 2 ] ) 1 1 L]
Minered Agids (H,80, HHO-, HOY,
etc)
Amacs, High pH Coustes (KOH, MR KR KR 3 3 3 3 1
KaQH, cte)
Low Molenstar Wexght Cambonyls KR KR’ KR NR NR KR HR 1
(MTBE, MEK, MEK, cte)

sefxcdlontefest choe of Vit typels) Rir senvice s this claes of fuliichermical, minimal volome ncraase, change in phydced propertes,
2Wery Goodw-Good sondteabily in Ous cans of fuxdy ), sl ciwtame b endor changes in phyticed prop
3:BoadmSutatis i ie b (e Qs of Midithentrad, accoptatie of vidume o endior ehangws by plrpcs) propertes,
NRsKa R £ wiune o thisnge o phytical propartes,
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viton® Product Naming System

With the introduction of six improved processing precompounds in 1993, 3 new nomenclature system
was adopted for Viton® fluoroelastemer products, The new system incorporates the following
information In a product name:

. Nomina Mooney Viscosity
. Family type (refative fuld resistance)
. Relative state of cure (relative love! of crosstinking agent present In curative-containing

precompounds)
. An indication of whether the product can be crosslinked using a peroxide cure system
. An indication of whether the product is a gum polymer or a precompound, which containg a

preset, carefully controiled amount of bisphenal crossinking system.

Each character in the product name indicates a specific characteristic as outlined below:

Charecter (: It 3r|u ;m
\
Viton® A-401C
Chareeter #: zté }m

1" Character (Letter)
* Roprosonts the Vitond fuoroctastomes family--A B, F, or ETP.

¢ A*G" profx, In sddition to o family prefig, indicotos that the pokymer can bo crossinked with tho peraxide
Uro systom,

¢ An "L” dosignation indicatos that tho A, B, or F typo polymer providos sSghtly improves tow temperature
foxibitty charocteristies versus cthor palymers within the samo family. An LT designation indeetes o
moro sigrficant improvemant in tow tempmtwo performance criterio,

2 Character (Number)

Represents nominal Mooney Viscosity of the product—ML 1 + 10 0t 124°C,

¥ Chamcter {Numben

Represents the relative loved of curstive ina procompound on o scalo of 10~ § (1015 roprosonted by 0);
. 0= High curative lovel (for optimum compression sef)

St 2 o (ntermediate, dacroasing lovels of curative (intreased elongation ot break, tear
rasistanco)

* 1 = Low curative level (for optimum tear, flex resistance)
4 Character (Numben
Represents o slightly different version of a patticutar precompound.
5™ Character (Letter}

s Absenco of a lotter suflix indicatos that the product iz a gum palymer only and containg no curativos
{moy contain process aid).

¢ °C’indicctos that tho product is a procompound, contalning accelerator and curative,
¢ “$%indicatos that the product incorporates VitonD made vith Advanced Polymer Architecture technology

3-33f



PAT-1 Safety Analysis Report Addendum Docket No. 71-0361 Rev. 1, September 2010

Choosing o Viton® Product for Usa in o Particular Type of Manufacturing Process

The Viton® product line includes a wide vanety of different types of flucroelastomer products, which
exhubit some inherent dfferences in thetr end-use capabihiies (see Tabies 3 and 4), In addition, a
troad range of viscosites is offered lor most types of Viton®, providing a wige degree of utility in
vanous manuiaclunng processes.

Having selected a gven class ¢! Viton® products {05 an end use, the compsundder mus! then choose
which partcwtar Viton® product 1s best suited {or use in 3 spetific manufacturng process

The Viton® - Appl:cation Gu.de (Table S) Usts the Viten® products that are recommended for
particu’ar end-use applications, accordng to the vanous processes that are most commonly used in
their manufaciure.

The Viton® - Product Listing (Tab’e 6) provides more spectfic information about the various mdividual
Viton® products Contact your CuPent Performance Blastomers sales or technical representative to
obia:n more detailed information or data on specdic Viten® products

How to Use the Viton Appllc:mon Guide

The Viton® - Appi:cation Gu:de (Table 5) has been des:gned to fac itate cho:ce of the type of Vitlon®
that 15 best suted for meeting both the property requrements of the indended end use and the needs
of the production method used to mamdaciure the finished product

The gu:dz is dvided into five general categeries (columns) of end-use products, differentated
primaridy by physical form

. Sheet form goods, such 8s gaskets, diaphragms, etc

. Simple shapes, suchas O-fings, V-angs, efc, which do not typically require high levels of
demeiding tears resisiance, but which generally requore hugh states of cure to obiain the best
compression set possibie

. Compiicated mo'ded shapes, such gs shoft seals or valve stem sea’s, wirch requere good hot
tear upon damolding do to the undercuts in the molds used to form such parts and good adheston (o
metal inserts (obtained gunng the vicanzatien of the parts).

D Compiicated mo'ded shapes that o not inveive adhes:on to metal inserts during
vilcanzaton, but vavch require good resistence to tear during demolding. Carburetor roll-over cages,
boots, and reed vaives are examples of such pans

. Extruded shapes, such as rod, lulkng, or hose constructions

Each general eng-use category listed is divided (nto four columns, each listing Viion® grodusts within
a specific famly or type of Viten® fluorcelsstomer—-A, B, F, and specialty types

The guide 18 further divided irdo the five major types of process (rows) by whith these generat end.
use categories nught be produced’

. Compression molding

. Transler mo'dng
. Imection molding
. Extrusion

. Calendering

W.th:n the blocks formed by the “intersection” of 8 given end-use category (column) and the process
type by which the end produdts vall be manufactured (row), we have Usted the types of Viton® that
we believe are appropriate choices for meeting the phys:cal property requremerds of the finshed
product and that are best suded for the chosen manufacturing process

The Viton® products we belteve will provide the best combination of end-use phys:cal properttes,
together wih the best processing charecternstics for given methods of mamufacture, are tisted in bold
type,

Additonal deta’’s for specific types of Viton® can be found in the Viton® Product Lising and in
product-spectfic data sheets.
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8
Table §
Viton® Fluorootastomor Application Guido
Reinforced/Unreinforeed Sheel Stork (Gaskets, HHolded {(Non-Bonded), Stmple Shapes
tharwtscturing Olaphragms, etc.} (O-Rings, V-Rings, stc,)
Process VitorsD Types
A B F Specialy A B ¥ Epociaty
ARG Base | Ve T alTews | Aie BEOIC | FE04C | GLIG00S |
A38IC| BE0IC | GRE00S | GBLTG00S | AIC ge81C | oreo0s | oRiT6008
Compra A4DIC]  B81C SRIG005 | AL0IC G GFLT-6008
ﬂﬂ;”““ ASNHC | GBLE00S ETRE00S AS00 6008 E£TRG005
o9 oS00 8600 AMy | Beoe
AT00 ATO0
AL-60D AL600
AT0IC | Bease FGOSC | GLi1-2008 AZ0TC BE1C | 6050 | GLI.2008
A3C | GBL2COS | GRN0S | GBIT-2008 |  A33MC GBL. | GFR200S | GRLT200S
Trenster A36IC 8202 GFLT-2008 | Ad81C 2008 GFLT-2008
ttolding A40IC ETR600S A-200 8202 ETRE00S
A200 : ' AL-300
L300
J ol B S T T T T Vo WY S TY e T T
ASIC | GBL-200S ‘ GBLT-2008 | ASMIC 8651C | GF-2008 | GELT-200S
on AIBIC s GRLT2008 | AS6IC GEBi. GFLT-2008
ﬁﬁg A-200 A-10D 2008 ETRS00S
ng AL2DO AN 8202
A30D
L300
A0 | B35 FE5¢ | GLT-3008
A0IC | B80IC | GR2005 | GLT-6008
ABIC | 8651C | GRE00S | GALT-2008
Culendering | A38IC | GBL-200S GBLT-6009
ALI0D | GEL-630S GFLT-2008
8202 GRLT-6005
€T
#cided (Bonded), Compiicated Shapes (Vaive Molded (Hon-Bonded), Complicted Shupes
Stem, Shatt Sexlz, el {Bouts, Valves, ste.)
AIBIC | BRI B GLT 2008 | A-RIC B0 E GLIEE |
ASeD | BE51C | G0SCKF. | GLT-6008 | A401CA | B651C | 60SCIGR | GBLTSMS
A0 | GBL6SOS | 2008 | GRLT-2008 %0 GBL6008 | 6005 | GFLTG00S
Compression | A B600 GF-2008 | GBLT6008 | A601C/A- | B600 | GRE00S | ETPEN0S
Fisob AL500 GRE00S | GRLT-2008 200
o9 GRLTE008 | ABIC
ETAS00S AeT00
Ay
AL-00
ASBIC B435C | G008 | GL1-2008 A0 BA3SC | F-605CF | GLY-3008
, A0 | GBL-2008 GALT-2005 | AIC 8651C | GF20S | GBLT-2005
Transler AS00 8202 © | GRLT:2008 | A381C GaL GF-300 | GRLT:2008
Motding AL-200 ETRE005 P20D 2008 ETPE00S
AS00 2600
ALI00
AIBIC | BA3SC | F-B08C7 | GLI-2008 AT BAs8C | FB05C7 | GLT.2008
A-10D BE51C | GR2008 | GBLY2008 | A3IC 8691¢ | GF200S | GBLT-2008
tnjection A0 | 682008 | GR2008 | GRLT2008 | AIBIC 68 | GF2008 | GRLT:2008
olding ASCD 8.202 A00 2008
AL-300 : A500 8202
. AL300
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Table 5
von® Fluorcetastomer Application Guide (cont'd}
Manufacturing Extrizded Goods (Hose, Tubing, Extruded Profiles, etc.)
Process . Viton® Typos
[} [} F Speciaty
A-I01C B4%C F-606C GL1-2005
A401C Gglaﬂc GF-2008 gggw
Extru A3B1C 2008 2008
son A200 8202 £TR6008
AS00 8600 !
AL<300
Table 6
Vvitorn® Fluoreelastomer Product Listing
Polymer Properties ominal Phyysical Properties® Viton®
Volume Fluoroelastomaer
Hominal Polymer Tempersture | Increase, Viton® Praduct
Viton® | Viscosity, Fluorine | Compression of After Fluorcelastomer Suggested
Product | MLY « 106 | Specific | Content, Set, % Retraction 7 days/ Product Usax!

Tyoe & 129°C | Gravity 5 TONT00*C | (TR40)°C ] MeOHRYC Description Applicions
A-Types: Curalive-Contalning Precompounds

T5t0 frgect.on motding,
maic | 20 181 | 680 15 "7 s, | cpesnmaeng | e
teiease
CompreTiion—
' - Ezg:ﬁ;tm mold mja;tm moidng
‘ s8¢0 , high comptex
assic | 30 188 | €80 20 ar e | oty | eneerr
tear
&a@ jeeton mottng
W, lasr irgeel
awic| 30 181 | 60 2 a7 Hrdss resstance, of corplex
bonding tometsl | shapes, bonded
insens metal ingents
Excelent o
| ey e | P
aaic | <0 181 | 660 15 47 prodv shees rates, wanster, of
fesistance to ingecton m
; of O-sings
oorpresson s k 3
Highwsoosty, | FDAcempliont®™
f Mohstateof | compression
AGIC | 60 181 | eso 2 ar s | oseomum | modngofOr
resistance to fings. smpls

“Nommsal phyGed properties types] of one that can be expicted of videsr.2esey based o She Wt type of VitenT nuted, bn o TOA herdcess,
BT carbory bach-fDed Reomletion, These dre aot imended (2 serve &3 worificatons.

**Curats conteining precompocads, end Wv%&ﬂmm;mﬁmamm&&p&mmm&mmun
compsncs with FOA 21 CFR.177.2600- Rt Food Corgadt,
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Todle §
Viton® Fluorootastomer Product Listing {conr'd.)
Polymer Proporties Hominy Physical Propenios o
' ) Volume Flunroslastome:
Hominas Patymer Tempersture | Incraase, Vitan® Product
Vitored | Viscosity, | Fluorine | Comprossion of After Fluoroeiatiomer Suggoested
Product | 88L1 + 10 | Specific | Condent, Bot, b Retraction 7 days! Product Uses!
Typs | & 129°C | Gravity % ToMZ00°C | (TRACI'C | MoOWZI'C | Description Applications
A-Types: Gurn Polymers
rto Whrotow Coatings,
I R * COLIY, moxtier
A-100 10 .52 5.0 15 14 1058 exoaliens potym for ghes
meoiogy viscosty typos
. Lowviscosity. Aromgant ",
*75t0 oured w, VO-50:
A 200 i) .82 0o 15 14 10555 exoellent pelymer Wiecton moidng
opplicetong
FOA-Romslant™,
aste | Tiemedste | aredw. V40!
A0 50 1.62 .0 15 -7 - compression,
10858 exicelien: polymer transtor, infection
hedogy medng
High p so:
Mtoosty: oured v, H
A700 70 162 | 60 5 7 T | eeceentphysiost | compression,
10555 properties transler, infection
. molgng
£ gt
s Urradigh cured w. VG50
. *T50 SCOSY:
AHV 160 L.82 (=214 15 17 10858 expeent physies HEng, hgh
properiies strength
wicenimtes
Tronster, o
<7510 wsm osds, whare Ae
AL-J00 0 77 650 -] -18 bypes are
10453 foxtity Low marginat In fou
visoosty thfpentite
Genemi molded
- %f;ayhmm goods, whoro A
. +750 ermpersture typos o1
ALE0D | 60 IS B % ‘9 106% Fenitty. i in tow
Medum vistesty wmgwa
flexbty
“Homined mﬁmmﬂﬁmm €8 b expectng of vidon=Xates based on tre specific type of Viow noted, in & TOA hardness,
451 carbon Hechfiles mm Thess &2 GG Lo serve 83
*"Vadous types =2 53 mmm«mhmmmnmrua CFRATI 200 R tter
Acticloy (u Ropestad Food Cortrs,
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Table 8
VYiton® Fluoroetastomer Product Listing (cont'd.}
Polymer Properties Hominal Physicd Propertivs® Viion®
i ) Volume Fhonroelastomer
Heminat Palymer Temp i o, viton® Product
Vitordh | Viscoglly, Ftuorine | Compression of After Fluorosiastomer Sugnested
Product | MLt «10 | Specific | Contens, Sut, % Retraction 7 days! Product Uses!
Type | at123°C | Geavity % TOMI00°C | (TRA0)'C | MeON2I'C Description Appilcations
B.Types: Curative-Containing Precompounds
cessngmaia
process
B435C | 40 185 | 685 2 Y s3stoasts | reessenondag compression
v sac.e mokdng of ot
. bonded parts
; FOA-comgiani™,
] Excelent balanco ’
‘ of resisiancato | COmpression -
8E01C 60 185 €85 o -1 *35i045% (jeston meidng
compression | /' dngs, sampte
seifuids v
shapes
Excellenimold | Compression -
8651C [+ 185 683 30 ~14 +35045% 1 tear mmstonce, af complex
) bondngtometal | shepos, bonded
nserts metal insens
B-Types: Gum Polymers
FOA Corgitard |
eﬁﬂ&c W«Tm%
¥ to TR
Soa | 2030 | s | ero 30 .16 0105088 | cutometive moiding euto
tubricatng ob's, tulicating &,
agieous Suds conkart system
sexs
FOA Corrgleant™
Extelent Compresson
GaL- resistonce to moiding
E00S 65 165 670 ] 16 +40 to 5038 automotive autornthive
' ieaiing ols, wbrsing o,
squesss fulds cooland system
e
FOAcomplian™”
Exctent rgh anear
8202 2 186 685 25 44 *35104555 | tower MoOH o
' permathitythan fuel hose venoer,
orings
i ne
excenen oo F ":
8600 1] 186 s 20 14 350455 medtoyy, mu‘
wuperior fus injecton moldng
' resigtance
“Wansinel ghoyried mwammummwuw*mumammwamaww e FoA bandnens,
147 carbon Ba-fled RessleSon. Thets &o oot mm eV 83 W
prious types eI VEOSD 5 bures boes o be 1 oyl ance with FDA 23 CFR-177 2600—Rether
Aeoctes for Repeacod Food Cored,
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Tablie 6 ,

viten® Fluorcelastomer Product Listing (conr'd))

Polymer Proporties Horvinal Physicad Proporiies Vit !

) Votume ) Fluotoelastomar | !

Hominal Potymer Tempersture { Intreass, Viton® Produst i

Viton® | Viscosity, Fryorine | Comprassion of After Fluoroelastomer Suggested :
Product | 8LY +10 | Specific | Content, Set, St Retraction 7 days/ Product Usesi |
Type ®INC | Gravity 5% 70 e ri0l*C {TRA0}*C | MeOHRYC Bescription Appitcat :

F-types: Curative-Contatning Precompounds

impeoved FOA-compliant®": E
potymerbasows, | o Sl

Fossc | 6o 180 | 695 30 8 +510 108 m metded goods
!’W bogt |
medogy, Euids rosistenco i
somprossin set ? e
FTypes: Gum Polymers :

Low viscostty ; -

GFn ; ; o compression
o | B | 760 35 5 3w | vesdlar | GEES |
requing bost i
Culds resistance :

Cormgeession |
o 8s 181 | 700 35 8 satossy | HRIMIOA | rrged gooss !
] chemizals, fequriag best i
including béeOn | B8 ressnos
LoweTemperaiure Types of Vil GTed Polyrner
GLT Types —
T
“I5t0 m@nmﬁﬁ anster molded :
GLT-2008 530 178 840 3% ] : gutometive fusl, !
1055 tenperaiure priwiity !
Loy petrdleum a.
indusiry s63°s |
DA Comelam™ :
Fronsfer - i
. ' . L 75t Medym vissorly meided
GLTGoos | 88 | 178 | &0 38 ¥ e version o GLT | automctive fued, !
chemicsd, i
petroieum
Induclry sess g
QELY Types |
Lenitemperaure Fusd systems
redstonce to !
GBLT-2008 2530 1.60 85,0 4 »26 65105006 Iermedints axypenstes, low i
between GLY/GFLY | temperature |
 SPES BB ]
Lowtemperatute Fuel systerms |
Texbltyiuid pants: resistance i
resistance 10 tonr
GBLT-6008 -3 160 650 35 -26 +65 Lo O0°% intermediate orypenstes, o
between GLT/GFLY temperciure
ypes Lonsit

Hinrvisna) phyiiedd ot typioal 65 Ib500 thid ¢ Do wPetiid of witarrates bavad o 220 wpettic type of Viton D notad, 1y & TOA herdeess,
BT carbon Much-fled 500 Thave £06 not itendsd to teeve o3 spatitorsons.

“Aartous &I Vo toratvecantaning preconpocr Sy Rirve Do Seternned 10 be 1y conglancs with FOA 21 CFR-177.2000wfdber
Arizies for ot Food Cortent.
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Tablo 6 l
Viton® Fluoroelastomer Product Listing (cont'd.} ;
Polywmer Properties Woming Fysical Propering |
Valume Viton® E
Heombnal Polymar trcroase, Viton® Fluoroelastomer '
Viten® | Viscosity, FAuorine | Compression | Temperature After FAuorosiastomer Product ;
Product | MUY + 10 | Specific | Content, Sat, % of Retraction T daysi Produdt Suggested Uses/ .
Type #121°C | Gravity % 10 100°C {TRA0)'C | MeO Description Applications ;
| GFLT Typos ) |
s . bt Bonded e
30 ML GFLT best :
, combration of tow- m‘
GFLT-2008 2530 1.66 €85 3 24 510 10% termperyiure 0w
ety s SXYpLRLas, :
65 ML GFLT: best ma"‘%m mga !
combination of tow. fesintance to
GALT-E008 65 1.68 5 &0 24 *5 16 1055 termperaiure oRygEnTes, I8
flestety hids ump:raa’m !
feRsonse fexhity ;
Ot g ;
registanee to FOAcomplant™: .
Luiguichermicals, Transfer ~
ETR-600S 50 1.82 24 40 ~§2 {0 to 1558 inudng low LOMPress.on
molerilar weight meited sews, P
ses, sidehydes, gaskets
kétones
“Nomined phryCoul propedioh fepical ¢f (1000 Thet Cen e 4500500 of WiCE=Xrtes Lo 60 O O specific type of VitonT noted, Is & TOA hardness,
AT cerbom tech-Red Bemudeson. Theos £ not i peeve gt o
“Adnsious types of Viers ccaty G o s harve been datermined to be 1y corglance with FUA 29 CRI T 20(0wRctter !
Actichors for Repeated Food Cortaat . )
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Applications
Automotive
Parnts produced from Vitory® fluoroetastomer are wately used mthe automolive industry because of
they cutstanding heat and fwd resistance. Thoy are used in the following areas:

Powortrain Systems
-» -Crankshaft seals, Vaive stem seals, Transmission sesls
* Air Intake Manifold gaskels

Fuc! Systemns
« Veneered fuel hose

In-tank fuei hose ard tubng

Pump seals, Duaplragms and njector O-ings
Accelerator pump cups

Fries cops and filter seals

Fuel sender seals, Carburetor needia tips

2 & » o+ @

Appliances
The heat and fluld resisiance of Viten® fuoroelastomer, coupled with ifs good mecharical strength,
makes it a natural chowe for many gpphiance parts. The use of seals and gaskets of Vion® has !
resuited in design of apphances in challenging enwvironments, Here are some typical success stories: ;
¢ ' inone commercial automatic dry clearing maching, no less than 107 components are mada of !
" Viton®. door seals, sleeva-type duct coupings, shaft seals, O-nngs, and various statie gaskets, :
They perform in an atinosphere of perchiorogthyiene fumes al temperaiures up to 88°C, i
conditions that wou'd quicidy degrade other elastomers |
« A fiud-activated diaphragmelype thermostiat for gas or eleclic ranges owes #s success to the :
desuner's choice of Viton® for the actuator element  Because Von® adheres well 1o brass is
vittually impermaable to and s not swelled or detertorated by the fluids used, can withstand
operating temperatures of 149 to 204°C, and has (he mechan-cal strength 1o resist repeated
flexing.

Ctiemicat Industry
Viton® fluoroeiastomar s essentially a universal seal for chemical process equipment s application :
in the chemutal industry Is dlustrated by the following examples’ f
« Ina pumping station that handies more than 80 diferent solvents, a.is, and chemicals, seals of :
Viton® are used in the mping’s swivel and telescoping jeints. When thase joints were inspected
after two years' service, they were found (o be as good 8s new.
* Vaves ined with Vilon® reduce heat and comosion womes in many plants.
« Hose made of Viton® transfers solvons and reaciive petrochenteals to and from processing :
and distibution faciites. These are insta’lations on ocean tankers as well as on highway tratlers. ?
+ Processing rols for hot of corrosive service are covered with Viorn®
+ Flange gaskets for glass-bodied valves mn a paper bleachong plard are of Vilon®
« Vion® replacad cautking on a process equipment enclosure, praviously plagued with
hot solvend leaks, and saved 54,000 per year in maintenance costs

o Agrosol-propelied soivent solulions of Viton® sre sprayed on chemical process equipment as
mulepurpose maintenance coatings.
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Industriat Use
The good mechanical properties of Viton® fluoroe’astomer have permited it to replace conventional
elastomers in & range of applications thet cut across industry ines. To cite 2 few,
« Stable-dimenssned O-nngs in the meters of sutomabic gasoling blending pumps
Hagh vecuum seals for the world's mast powerful proton eccelerater
Heai- and corrosionesisiant expansion joints for a ubldy company's stack gas exhaust ¢utls
Tubing and seals for a variaty of top-quaty industrial instruments
Compresson pads for heaw-duly vibration mounts used for portable miss’e ground control
. gpparalus
Cosweyos 1olls for a solvent cleaning machine
Packing rings for hydrauie activators on stee! mull ladles
Clamp cushions for pasts d.pped in 285°C solder
datketing for steel mcl signal cable
Cefiector rolis on high-speed tinplating lines
Pretigion-smoided balis for check valves m il of chamical service
O-ang seals for test equipment in an awtomotive manufacturer's expermental iab

. o 2 @

- ® = & & ¢ B

Aerospace

Reabilny of materia’s under extreme exposure cond.ions 150 prime requisde in ths field. Arcraft designess
teport thot Ow-nngs of Viton® fluaroelastomer have o useful thermal range of -84 to 316°C ond ot Viond
exirbis “long ond consistent 1#6,” even ot the upper end of s ronge  Higher temperntures ¢on be tlented for
shost periods, Viton® a/50 resists the effects of thermal cyeling, encountered in rapad ascent to and descent from
the siratosphere. Cther desable characteristics of Viton® that are petinent o aerospace appicatons are &%
excelent obrasion resistance and fs ab 2y to seal sgalnst *hard® vacuum, ostow as 107 mm Hy (133 oPp),
absoiito

The high-performance properties of Viten® have been demonsirated in these typical areraRt and missile
components.

O-nrgs and Montold gaskets

Coated tabric covers for jot engae exhausts botwoen Sahis

Fuewa seals

Abrasion-resistant selubion Soatng over traxi-sheathed igntion cable

Clips for ot enging wirng hamesses

Tire valve stem seals

Sphon hose for het engone lubticants

® ¢ » 2 P @

Fluid Power

Oesigners and engineers are discovenng that seals of Vaon® fucrorlastomar work better and fast longer than

any othor rubber in most fluxd power applications. Viton® seals effectively up to 204°C and is unatfected by most
hydrsute fuds, ingludng the freresistont types. Seals of Veon® can aiso cut maintenancs costs under more

moderate service condions (below 121°C) by proveding longet, unnterrupted seof retiobdty,

Some appteations in which seals of Viton® can reduce fluid foss and mirkmize downtime include the fol'owng:
*  Actuators are the hydraul.c components most bkely io develop small, steady leaks when rubber seals wear
and lose resience, which can be extremely expensive. In 0 working year, day-towday leakage rom the
gverage hydraulc syttem wastes ensugh fiud to completely ] the system more than four bmes, Vion®d
prevents of reduces keakage by macniaming 45 Wughness and resdonce longer than athar rubber 5¢a)

materals under nomal fluid power condtions,
¢ I pumps, pOOT S431NY perfGIMANcs INCIENSES CPEfOtNg COSts by wasting power, When mitemna) s00is lose
ratince and olow more £ippage than the pump design permis, power 5 wasiod Waen sedls swell and
drag. powet is wasiod Seals of Viton® koop thost (eatienco and don't swoll, thus proventing powe! wiaste
and helpng hold down operating cosis.
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Abstract

This technical basis report considers phase stability of plutonium metal encapsulated in a
Ti-6A1-4V ampoule. The maximum temperature that these materials will be exposed to is
582°C. The plutonium metal may also be encapsulated in tantalum foil plus beryllium is
potentially in contact with the plutonium. It is concluded by analysis of phase diagrams
and composition of materials for all possible binary systems that no liquid phases are
expected in this system at 582°C. Furthermore, it is anticipated that the lowest melting
point phase that may form within this system i1s 595°C — the plutonium/beryllium eutectic
temperature. This is 13°C higher than the highest temperature excursion considered for
the system. This is not a large margin but the 595°C value is a conservative estimate, thus
the system in a transient reaching 582°C is still considered safe. Review of the ternary
phase diagrams available in the literature involving components of this system supports
the conclusions drawn from the binary systems, however, the ternary systems are limited
and this is a much more complex system than reviewed in the binary or ternary systems
available in the literature.
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Introduction

The PAT-1 (Plutonium Air Transport) package was originally designed to transport
plutonium oxide across the country and to other countries that process plutonium oxide.
The TB-1 containment vessel was designed to contain this material. The TB-1 vessel is
stainless steel. Because of the need to air transport alpha and delta-stabilized plutonium
metal, the container or ampoule inside the TB-1 containment vessel 1s newly constructed
of the Ti-6Al-4V alloy to protect the TB-1 vessel from attack by plutonium. This analysis
focuses on binary eutectic compositions that could form in a hypothetical accident
scenario in which the TB-1 vessel attains a maximum temperature of 582°C and is
exposed to this temperature for up to four days. Within the liner is a copper foam support
structure of 299.99% copper, and an alpha or delta-stabilized plutonium metal sample.
Plutonium metal is loaded into the copper foam and the combined package is loaded into
the Ti-6Al-4V liner in an inert atmosphere glove box. The interior void space of the liner
is flushed with helium, then sealed and leak-checked.

The melting points of pure metals considered for this analysis are presented in Table 1.[
Lide 1991] A summary of the lowest melting points for the possible binary systems has
been taken from the binary phase diagrams, and assembled in Table 2.

Table 1. Melting points of pure metals considered in this system.

Element "| Melt Temperature
| C)
Aluminum 660
Beryllium 1287
Copper . 1085
Gallium . 30
Plutonium . 640
Tantalum : 3017
Titanium 1668
Vanadium 1910
4
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Table 2. Lowest meltin

g points and compositions derived from binary phase diagrams.

System Lowest Melting Point (°C)
Ti6Al14V 1604°C
Aluminum - Beryllium | 644°C eutectic

Aluminum — Copper

548°C at compositions between pure aluminum and about 45 atom
percent aluminum, 660C for copper alloying with aluminum up to
about 3 weight percent Al, greater than 600°C for aluminum
alloying with copper up to 25 weight percent Cu

Aluminum — Gallium

26.3°C eutectic

Aluminum - Plutonium

640°C for pure Pu

Aluminum — Tantalum | 660C for pure Al
Aluminum — Titanium | 660°C for pure Al
Aluminum — Vanadium | 660°C for pure Al

Aluminum — Beryllium

644°C eutectic

Beryllium — Copper

The congruent melt temperature of 858°C is the lowest melt
temperature in the binary system

Beryllium — Gallium

30°C the gallium melt temperature. The gallium melts and there is
minimal solution of the beryllium below 600°C

Beryllium — Plutonium

The additions of small amounts of beryllium may lower the
plutonium rich metal to a melt temperature of 595°C

Beryllium — Tantalum

1287°C as there was no binary phase diagram found

Beryllium — Titanium

1287°C of pure Beryllium

Beryllium — Vanadium

1287°C of pure Beryllium

Copper — Gallium

625°C for phases containing greater than 55 atom percent gallium

Copper — Plutonium

626°C for 6 atom% Cu, 1.7 wt% Cu

Copper — Tantalum

1085°C of pure Cu

Copper — Titanium

880°C for 27 atom% Ti, 22 wt% Ti

Copper — Vanadium

1085°C for pure Cu

Titanium — Vanadium

>1600°C for 30 wt% V

Gallium — Aluminum

Compositions above 2 atom% (5 wt%) gallium are liquid at 625°C

Gallium — Copper

Compositions above 55 atom% gallium (57 wt%) are liquid at
625°C

Gallium — Plutonium

Compositions above 75 atom% gallium (47 wt%) are liquid at
625°C

Gallium — Titanium

Compositions above 99 atom% gallium (99 wi%) are liquid at
625°C

Gallium — Vanadium

Compositions above 97 atom% gallium (98 wt%) are liquid at
625°C :

Plutonium — Tantalum

640°C of pure Pu

Plutonium — Titanium

640°C of pure Pu

Plutonium — Vanadium | 625°C for <2 wt% V
Tantalum — Titanium 1668°C for pure Ti
Tantalum —Vanadium | 1910°C for pure V
Titanium — Vanadium | 1668°C for pure Ti

5
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Interfacial Reaction Zones

Reactions between metals of the Ti-6Al-4V alloy with the contents it will hold are
restricted to contact zones between different metal compositions. Because none of the
major individual starting materials reach their melting points during a 582°C temperature
excursion, formation of new phases must depend upon solid state transport of material
from one of the original phases into another. The original starting materials are not pure
materials. Gallium is never in the system as a metal but is dissolved in plutonium and the
gallium-plutonium alloy has a melting point well above 582°C. Redistribution of the
gallium into a pure metal will not be an issue. Gallium can only influence the performace
of the materials in this system if it diffuses to another metal or alloy. Material transport
will only occur between phases that are in mechanical contact. Transport will be
substantially impeded by the presence of thin surface oxide layers, which will be present
on the titanium alloy, the copper, the beryllium and the plutonium. Formation of any new
phases in the container, eutectic or otherwise, is explicitly dependent upon sufficient solid
state mass transport, which depends on solid state solubility of the components, intimacy
of contact between the components, and the time the system is held at the elevated
temperature. The kinetic data that would be required to quantitatively address solid state
diffusion between the plutonium, the beryllium, the copper, and the titanium ampoule is
not available. Qualitative conclusions are drawn based on the available phase diagrams,
which capture the thermodynamically stable compositions of binary systems, at a given
temperature.

When an alloy is in contact with another metal composition, solid state transport will be
different for the different components of the alloy, resulting in preferential reaction with
one component, and changing the resultant concentrations of both phases by enriching
one and depleting the other with respect to the most mobile component. Contact reaction
zones are discussed by reference to binary phase diagrams. At the low temperature of
582°C diffusion will be slow and the integrity of the ampoule alloy will only be
compromised if a liquid was to form. As long as all component combinations do not form
a liquid, the ampoule will remain intact and contain the material shipped.

Aluminum

Aluminum contact with components of the Ti-6Al-4V packaging system

Aluminum is initially present at only 10 atom percent in the titanium alloy. Although
aluminum binaries with the elements of this system are considered, it is improbable that
interactions with aluminum alone and the other components would ever occur. The
aluminum is alloyed with titanium and vanadium and all three form high temperature
alloys with all of the components expected in a shipment of plutonium metal.

Aluminum contact with beryllium
The aluminum-beryllium system forms a eutectic at 644°C, 16°C below the melt
temperature of pure aluminum. There are no intermediate phases thus liquid aluminum
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will exist above this temperature. This temperature is higher than the maximum
temperature considered for safe operation of this system..[Landolt-Bornstein 1992]

Aluminum contact with copper

The aluminum-copper system is complex with a eutectic melt temperature of 548°C at
66.8 weight percent aluminum.[Landolt-Bornstein 1992] The 548°C solidus extends from
about 5.6 weight percent aluminum to about 45 weight percent aluminum. The solidus
temperatures between pure copper and 45 weight percent aluminum are much higher
temperatures and with five intermediate phases in the system. Aluminum is an alloying
element in copper is solid at 600C up to about 25 weight percent aluminum. This is not
an issue because the aluminum is a minor alloy constituent and as titanium content
increases the melt temperature of the copper-titanium-aluminum will likely increase. For
alloy compositions with aluminum content greater than 45 weight percent aluminum, the
melt temperature is much greater than 600°C and more than 5 weight percent aluminum
would have to diffuse into the copper for the melt temperature to be lower than 600°C.
Significant aluminum would have to diffuse out of the ampoule alloy into the copper or
aluminum into the copper. Both are impractical at the maximum temperature that these
materials could be exposed to.

Aluminum contact with gallium

Gallium metal melts at 29°C and the aluminum-gallium binary is a eutectic binary
system. There are no intermediate phases in this system. This binary system is a simple
eutectic system with eutectic temperature at 26.6°.[Landolt-Bomstein 1992] The liquidus
is well known but the boundaries of the solid phases are not well known. The solubility
of aluminum in gallium metal is very low. The maximum solubility of gallium in
aluminum metal is approximately 9 atom percent and the aluminum is solid at 600C up to
about 7 atom percent gallium. The formation of a separate gallium-aluminum phase is not
credible because both gallium and aluminum are soluble in plutonium at the compositions
present and at temperatures below the melting point of plutonium. It is impractical for an
alloy composition to form that would be liquid because it would simultaneously require
local concentration of the aluminum to 98 atom percent. This phase is highly unlikely.

Aluminum contact with plutonium

Aluminum forms five intermediate phases with plutonium with PuAl; being the dominant
intermediate phase melting at 1540+£50°C. The compound PusAl of the plutonium rich
compositions is formed by a very sluggish peritectoid reaction between the plutonium
delta phase and PuAl. [Wick 1980] Aluminum goes into solid solution with plutonium up
to 10 atom percent aluminum. As the content of aluminum increases the melt temperature
increases up to the PuAl, solidus at 801°C.[Wick 1980] In this binary system the
combination of the two elements increases the melt temperature.

Aluminum contact with tantalum

Aluminum and tantalum form four intermediate phases. With the addition of a small
amount of tantalum to the aluminum the melt temperature of aluminum metal is raised
about eight degrees and the solidus exists to 25 atom percent aluminum. At 25 atom
percent aluminum Al;Ta is the solid and it melts at about 1629°C. On the tantalum rich
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side of Al3Ta the solidus temperature is a bit lower but remains close to 1629°C until the
intermittent phase Al3Ta; is reached where the solidus temperature is a few degrees
lower. Thereafter, as the concentration of tantalum increased the solidus temperature
increases.[Landolt-Bornstein 1992] Again the melting temperatures of the intermediate
phases are much above the maximum temperature this system will be exposed to thus the
combination of these two elements will not negatively affect the safe operation of this
systemn but will more likely decrease the likelihood of liquid formation.

Aluminum contact with titanium

At aluminum concentrations between pure and 25 atom percent aluminum the solidus is
665°C. That is, with the addition of a small amount of titanium to the aluminum the melt
temperature of aluminum metal is raised about five degrees and remains the solidus to 25
atom percent aluminum. The Al;Ti melts at about 1387°C.[Landolt-Bornstein 1992]
Again the melt temperatures of the intermediate phases are much above the maximum
temperature this system will be exposed to thus the combination of these two elements
will not affect the safe operation of this system.

Aluminum contact with Vanadium

Aluminum and Vanadium form five intermediate phases. With the addition of a small
amount of tantalum to the aluminum the melt temperature of aluminum metal is raised
about two degrees and remains the solidus to about 8 atom percent aluminum. As each
intermediate phase is reached the solidus temperature is increased as the concentration of
Vanadium increases.[Landolt-Bornstein 1992] Again the melting temperatures of the
intermediate phases are much above the maximum temperature this system will be
exposed to thus the combination of these two elements will not affect the safe operation
of this system.

Beryllium

Beryllium and plutonium may contact the Ti-6Al-4V container if they are not wrapped
with tantalum foil and either metal penetrates the copper foam. Tantalum may also be
wrapped around the beryllium and/or plutonium pieces and in this case these materials
would have to penetrate the tantalum wrapping material and then the copper foam before
reaching the ampoule alloy.

Beryllium contact with copper

Beryllium and copper alloys are commonly used alloying elements. An alloy of
beryllium and copper with 24 atom percent copper melts at 966°C.[Landolt-Bomstein
1992] This is the lowest melting alloy in this binary system with all other compositions
and phases melting at higher temperatures. The combination of beryllium and copper will
not compromise the safe use of this system.
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Beryllium contact with gallium

Beryllium and gallium do not form intermediate phases, consequently, at temperatures
above gallium’s melting point of 30°C and below 600°C there is minimal mixing of the
two materials.[Landolt-Bomstein 1992} If the two materials were to interact, then above
30°C the gallium will be liquid at the grain boundaries causing a decrease in mechanical
strength of the beryllium. Interaction of these two components of the system is an
improbable scenario because the gallium in the plutonium is in solid solution and only at
quantities less than 10 atom percent.

Beryllium contact with plutonium

The main feature of the beryllium-plutonium system is one intermediate compound
PuBe,3; which has a higher melt temperature than ecither pure constituent at 1950+50°C.
The eutectic at 96 atom percent plutonium probably lowers the melt temperature only
10°C. [Wick 1980] However, one experimenter reported the eutectic melt temperature
lowered by as much as 45°C. Although, Wick et al. report that a melt temperature drop of
10°C is most accurate the worse case would be the 45°C decrease from 640C of
plutonium metal or a melt temperature of 595°C. At 582°C the components are still solid
but close to a potential melt temperature.[ Wick 1980] This is the lowest melting material
or alloy of the systems considered. It is a combination of material that could be present in
an accident.

Beryllium contact with tantalum

The phase equilibria are not know.[Landolt-Bornstein 1992] In a sample containing 0.05
atom percent tantalum after solidification from the melt the solidified microstructure
indicated a eutectic phase and several intermediate phases with one having a melting
temperature of Be;;Ta at 1850°C and for Be;7Ta; a melting temperature of 1980°C.

Beryllium contact with titanium

There are four or more intermediate compounds in this system with an eutectic at 70
atom percent titanium and at a temperature of 980°C. [Murray 1987 & Ohnuma 2004]
Should the beryllium penetrate the copper, the beryllium could be mechanically mixed
with the titanium at the surfaces of the pieces. Even mixed the eutectic temperature is not
reached and the containment not affected.

Beryllium contact with vanadium

There are three or more intermediate compounds in this system. The solidus temperature
is raised more than 230°C when the vanadium content exceeds about 7 atom
percent.[Landolt-Bornstein 1992} Vanadium is only 4 atom percent in the ampoule alloy
but its contribution to any alloy of these systems would be to increase the melt
temperature. Should the beryllium penetrate the copper beryllium could be mechanically
mixed with the titanium at the surfaces of the pieces. Even mixed the ecutectic
temperature is not reached and the containment not affected.
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Copper

It is not expected that a liquid phase will form at this interface at the highest temperature
of any hypothetical accident (582°C). Because the copper surrounds the metal as the
structural matrix to hold the plutonium metal in favored positions within the ampoule,
it is the first to interact with the plutonium, beryllium or tantalum that the plutonium
metal is wrapped in. At 582°C, both copper and the titanium alloy ampoule are solid and
582°C is well below their respective melting points. Aluminum-copper compositions
with more than 64 atom percent (43 weight percent) aluminum will melt at 625°C, which
is also the melting point of the plutonium-vanadium eutectic, considered later in this
report. Aluminum is present in the titanium alloy at a concentration of 10 atom percent.
In order to form a melting composition with copper at 625°C, it needs to attain a
concentration within the copper of 64 atom percent or greater. Solid state transport on
the scale required for formation of a low melting phase (below 625°C) at this boundary in
four days is not expected.

Copper contact with gallium

Gallium is in solid solution in copper up to about 19 to 20 atomic percent gallium with
the alloying of these two metals lowering the melt temperature to about 900°C at 20
percent gallium.[Landolt-Bornstein 1992] Solid state transport of gallium from a 10 atom
percent gallium-plutonium alloy into pure copper sufficient to form a 20 atom percent
gallium-copper alloy is improbable. Incorporation of enough gallium into the copper at
582°C to form a liquid phase requires passage through five successive solid state phases.
Formation of each of these phases requires a microstructure rearrangement before more
gallium atoms can be incorporated, thus reduction of melting temperatures due to the
combination of these two metals is very unlikely.

Copper contact with Plutonium

The plutonium rich component of the binary phase has a eutectic at about 6 atom percent
copper and a temperature of 625°C. [Wick 1980 & Copper 2000] It is not expected that a
liquid phase will form at this interface at a temperature of 582°C. First consider possible
reaction of copper with alpha plutonium. Due to the softening of plutonium metal near
its melting point, 640°C, and the roughly 5% expansion of alpha plutonium upon
conversion to epsilon plutonium it is possible that alpha plutonium samples will tightly
contact the copper foam, and reaction will occur at the interface. The progression of the
reaction will be limited by the temperature actually reached, and by the time held at that
temperature. The plutonium-copper eutectic composition will not melt at 582°C.

Copper contact with Tantalum

The mutual solubility of copper and tantalum is negligibly small and intermediate phases
do not exist.[Landolt-Bornstein 1992] Copper and tantalum are immiscible at
temperatures lower than 1083°C. Even the solubility of tantalum in liquid copper above
the melting point is small. The solubility of Ta in liquid copper amounts to 0.0088 atom
percent tantalum at 1200°C. Combining these two materials in this storage system will
not lower the melting temperatures of the materials and are of no consequence to the
safety of the system but may enhance the safety margin.

10
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Copper contact with titanium

The copper-titanium system is also a complex binary system with five intermediate
phases and a eutectic at 860°C and 27 atom percent titanium.[Landolt-Bornstein 1992]
Combining these two materials in this storage system will not lower the melting
temperatures of the matenals and are of no consequence to the safety of the system but
may enhance the safety margin.

Copper contact with vanadium

The copper vanadium system is a simple eutectic system. The eutectic is on the
vanadium rich side at about 15 atom percent copper and a eutectic temperature of
1530°C.[Landolt-Bornstein 1992] Combining these two materials in this storage system
will not lower the melting temperatures of the materials and are of no consequence to the
safety of the system but may enhance the safety margin.

Gallium

Gallium has an extremely low melting temperature when compared to the other metals in
the ampoule material and the material to be shipped. The gallium is soluble in the
plutonium and is a component of the plutonium up to 10 atom percent. The only
thermodynamic driver of this conversion is the leaching ability of other metals from the
plutonium-gallium alloy. Gallium is soluble in the plutonium epsilon phase and will not
segregate to the interface and is consequently not easily leachable from the plutonium
should one of the other elements have a higher affinity to alloy gallium than plutonium.

Gallium contact with Plutonium

The gallium is soluble in the plutonium up to about 10 atom percent gallium in the
plutonium. The delta phase of plutonium is stabilized at room temperature by the addition
of less than 10 atom% gallium. [Wick 1980] Because delta plutonium contracts upon
conversion to epsilon, it will not experience increased pressure at the interface upon
heating. Up to 20 atom percent gallium is soluble in the plutonium epsilon phase, so
there will be no segregation of gallium upon transition to epsilon plutonium. A liquid
phase will not form in the plutonium rich material until the melt temperature of
plutonium is reached. There is also no driver for the gallium to segregate since it is
already in solid solution

Gallium in contact with tantalum

There are four intermediate phases in this binary system and with increasing tantalum the
solidus increases with each intermediate phase. The liquidus remains at 29°C until the
intermediate GazTa is reached.[Landolt-Bornstein 1992] The phase relations in this
system are not sufficient to give additional detail. Given sufficient gallium in the system
this combination could compromise the safety of the.system but there is simply
insufficient gallium in the entire mass of plutonium metal to compromise the container.

Gallium in contact with titanium

11
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The gallium-titanium system requires more than 99 atom percent gallium in order to form
a phase that melts at 625°C.[Landolt-Bornstein 1992] Because the gallium is soluble
and stable at lower concentrations, formation of a phase with such high gallium content,
nearly pure gallium is not expected to occur. Formation of a molten phase of either
gallium-titanium or gallium-vanadium is unlikely given the available quantity of gallium
and the thermodynamic stability of lower concentration solid phases.

Gallium in contact with Vanadium

There are four intermediate phases in this binary system and with increasing vanadium
the solidus increases with each intermediate phase. The solidus remains at 29°C until the
intermediate GayVyg is reached where the solidus on the vanadium rich side of this
intermediate compound is 500°C. The gallium-vanadium compositions require more than
84 atom percent of gallium in order to form a phase that melts at 625°C.[Landolt-
Bomstein 1992] Given sufficient gallium in the system this combination could
compromise the safety of the system but there is simply insufficient gallium in the entire
mass of plutonium metal to compromise the container.

Plutonium

It is not expected that a liquid phase will form at this interface. In the event that
plutonium is sheared from the bulk and contacts the Ti-6Al-4V liner, consideration must
be given to the interfacial reaction zone. The possible binary compositions of interest for
contact between the liner and alpha plutonium include plutonium-aluminum, plutonium-
titanium, and plutonium-vanadium. In the case of both plutonium-aluminum and
plutonium-titanium, the melting point is increased relative to that of pure plutonium for
all concentrations.

Plutonium contact with tantalum

This combination of materials is very stable and will not negatively impact the safe
operation of the system. Tantalum and plutonium form a eutectic very close to pure
plutonium. The eutectic reduces the melt temperature by only a degree or two. At
temperatures above the 640°C solid tantalum can contain increasing plutonium up to
about 25% plutonium near 2550°C.[Boxi 1991] There is also significant solubility of
plutonium in the tantalum metal at temperatures above the plutonium melt temperature
but limited solubility of plutonium in tantalum at temperatures below 640°C. [Wick
1980] Consequently, pure plutonium stored in pure tantalum foil is compatible at
temperatures below plutonium’s melting temperature. Above plutonium’s melt
temperature there is little reaction except that as the temperature rises an increasing
amount of plutonium will diffuse into the tantalum metal matrix.

Plutonium contact with titanium

There are no intermediate phases in the binary system. A peritectiod composition at 6.5
atom percent titanium increases the solubility of titanium in the plutonium metal to a
maximum of 25 atom percent at 770°C. Above the melting temperature of plutonium the
liquid plutonium will combine with the tantalum to form a solid mixture up to 770°C, the
highest solidus temperature in the system.[Landolt-Bomnstein 1992] This reaction would
stabilize the system in a high temperature transient situation.

12
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Plutonium contact with vanadium

The plutonium-vanadium eutectic composition forms with less than 2 weight percent
vanadium resulting in a solidus temperature of 625°C from 2 to 100 weight percent
vanadium. At all concentrations of more than 2 wt% vanadium in plutonium, and at a
temperature of 625°C or higher, the plutonium-vanadium system exhibits a liquid
phase.[Landolt-Bornstein 1992] At all compositions, at temperatures less than 625°C,
only solid phases are present. If mobility into the solid plutonium metal leaves the
ampoule alloy depleted in one of its other constituents, the melting point of the liner in
the depleted zone will be increased.

Tantalum, Titanium, and Vanadium

Vanadium and aluminum are the minor constituents of the alloy of the ampoule at 10
atom percent or less. Consequently, titanium will probably dominate the interactions of
the container with the packaged material. When tantalum 1s used to wrap the plutonium
metal it too will be a major contributor to the performance of the shipping container
during the transient. Interaction between or alloying of these four components aluminum,
tantalum, titanium and vanadium produce material that will probably not form lower melt
temperature

Tantalum contact with titanium

The Ti-Ta binary phase diagram is characterized by an isomorphous body centered cubic
phase field extending from pure titanium at elevated temperatures to pure tantalum with
limited mutual solubilities.[Landolt-Bornstein 1992] Since there are no intermediate
phases and the solidus is essentially linear between the melt temperature of titanium
(1670°C) and tantalum (3017°C), a combination of these metals with other compound
will probably increase the melt temperature of the system.

Tantalum contact with Vanadium

There are no intermediate phases and the solidus and liquidus increase from the 1910°C
melt temperature to the 3017°C melt temperature of tantalum. Addition of any of these
two metals will likely increase the melt temperature of the resulting mixture.

Titanium contact with Vanadium

There are three intermediate phases and the solidus and liquidus increase from the
1668°C titanium melt temperature to the 1910°C melt temperature of vanadium.[Landolt-
Bomnstein 1992] Addition of any of these two metals will likely increase the melt
temperature of the resulting mixture of container and package materials.

Binary interaction summary

The lowest melt temperature is 595°C between the plutonium and beryllium with the next
lowest between the plutonium-vanadium eutectic at 625°C. The 595°C temperature may
be a low estimate because of impurities in the material tested with the melt temperature
of the beryllium-plutonium probably closer to 630°C. However, for safety evaluations
this is the worst case temperature.
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The lowest melting phase with plutonium/vanadium liner contact is 625°C, and is
unlikely to form based on the absence of a clean contact surface under pressure between
the plutonium and the liner. The melting temperature of this eutectic is 43°C higher than
that of the proposed high temperature excursion.

Addition of the beryllium to the system brings the melt temperature close to the
maximum temperature that the ampoule may be exposed to. If all the components internal
to the titanium ampoule are combined and intimately mixed, that is, plutonium,
beryllium, gallium, tantalum, and copper are completely alloyed, the melt temperature
could be lower than 582°C. There is no data to show otherwise and 595°C is close to this
temperature. However, it is unlikely and impractical to intimately mix these components
together by mechanical impact and then expose them to temperatures above the binary
melting points. Significant work on this complex metal alloy system would be required if
a mechanism could be hypothesized to form such an alloy by impact of separate alloys
and metals but it is not considered plausible.

Investigation of Ternary Systems

Published information was available for eleven of the possible ternary systems
considered.[Petzow 1992 & Villars 1995] The Ti-6Al-4V alloy was designed to be solid
to 1604°C. The tantalum-titanium-aluminum system is solid above 1100C.[Weaver 1995]
It 1s generally true that for the ternary phase diagrams reviewed, there was little new
information with respect to melting temperatures that was not captured by the binary
diagrams. Expected compositions are those that do not require achieving large
concentrations of a particular element in a phase against a strong concentration gradient.
For example, given that aluminum begins at 10 atom percent in the titanium alloy used, it
is considered unlikely that it would achieve concentrations of 20 atom percent or more in
another phase. The same rule is applied with respect to the vanadium and gallium
components, both of which begin at low concentrations in their respective
thermodynamically stable alloys.

Reviewed binary and temary systems that possess a liquid component at temperatures
below 625°C are those with high concentrations of aluminum and gallium (greater than
50 atom percent combined aluminum and gallium content). It is considered improbable
that with less than 9 atom percent gallium in the plutonium and 10 atom percent
aluminum in the titanium alloy, any phases will form containing more than 50 atom
percent combined gallium and aluminum.

In both titanium and plutonium, aluminum and gallium may substitute for each other,
partially or completely, without altering the observed phase. Several of the ternary
systems reviewed show no ternary phases, only mixtures of binary phases, all of which
have already been captured by the preceding review of binary phase diagrams. The only
ternary diagram available that contained plutonium was the aluminum-gallium-plutonium
diagram.

14
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Conclusions drawn by reference to the binary phase diagrams are consistent with the
information present in the ten available ternary phase diagrams.

Additional Chemical Reaction

Finely divided metals tend to oxidize rapidly in air due to the high surface area relative to
mass of metal present. The oxidation reaction for a metal is generally exothermic, and in
the event of finely divided powders in air, can often result in pyrophoricity. During the
proposed accident scenario for this analysis, the system containment is not mechanically
breached, and an inert environment is maintained. The small amount of oxygen in the
system will exist as oxide on the various system components, rather than as gaseous
oxygen. In the event that small particles are generated within the titanium alloy ampoule,
they will not ignite due to an absence of oxygen necessary for the reaction. The initial
system components are bulk metal materials. These are not pyrophoric.

Conclusions

All of the expected phases formed from the original materials at a temperature of
582°C are solid. The lowest probable binary phase melting point is 595°C (plutonium-
Beryllium). The second lowest probable binary phase melting point is 625°C (plutonium-
vanadium) and the third lowest melting point is 626°C (plutonium-copper). The lowest is
possible if other impurities not considered in this technical basis were present. It is
anticipated that the second and third lowest compositions will not form due to the
presence of surface oxide layers on the iitial components of the system. A review of
available temary phase diagrams supports the conclusions drawn from the binary phase
diagrams. However, the many combinations of the product materials and the container
materials make it impossible to absolutely rule out a lowering of the melting point due to
mechanical mixing that could occur in a severe impact and post impact fire until some
testing verification on the materials are conducted.
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3.5.4 Determination of Most Damaging Package Orientation for HAC Analysis

This section of the Appendix contains a summary of the calculations used to determine which
package orientation is the most thermally damaging configuration for the HAC analysis. The
PAT-1 package was considered as a cylinder exposed to a fully-engulfing, uniform temperature,
fire and to an open (cool) environment in both the vertical and the horizontal orientations. In
both orientations, the maximum heat flux exchange between the package and the environment
occurs soon after the fire starts or soon after the fire is extinguished. Assuming a fire
environment temperature of 800°C (1472°F), an ambient temperature of 38°C (100°F), and equal
view factor and emissivity for both orientations, the difference in absorbed or released heat flux
between a vertically- and a horizontally-oriented package would be a function of the convective
heat flux exchange only. Whether the package is heating or cooling, or in the vertical or

horizontal positions, the model assumes the following dimensions, thermal conditions, and gas
properties:

Parameters Values
Hot temperature Ly = 10738
Cold temperature T,:=311K
y . m
Flow velocity during fire V =5—
s
Diameter of package D = 0571m
Length of package L = 1.08585m
. . . 3 W
Conductivity of the fluid (Air) ke sp e ——
m-K
2
Kinematic viscosity of fluid (Air) viaete 1 2L
S
2
Thermal diffusivity (Air) T

Prandtl Number

Area of cylindrical sides Ao = n DL =195 "

T -D2

. 2
Area of circular ends A= o 0.257m
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During the fire, convection is predominately considered to be forced convection as suggested by
the ratio of Gr/Re’ given in Table 3-9 of the Addendum. This ratio is much less than one; hence,
only force convection is considered. On the other hand, during the cool-down process,
convection is predominately free convection since the buoyancy forces are weak with no
imposed flow. Therefore, there are four cases that need to be considered to determine which
package orientation is the most thermally damaging configuration for the PAT-1:

1. Horizontal orientation with force convection during the fire

2. Vertical orientation with force convection during the fire
3. Horizontal orientation with free convection during the cool down period
4. Vertical orientation with free convection during the cool down period

In Case 1, the package is in the horizontal position and gas flows around the perimeter of the
cylinder and across the vertical flat ends with an imposed velocity of 5 m/s (16.4 ft/s). In Case 2,
the package is in the vertical position and gas “impinges” on the bottom (flat end) of the cylinder
and flows across the vertical cylinder walls at an imposed velocity of S m/s (16 ft/s). In both
cases, the maximum convection heat transfer will occur initially during the fire when the
temperature of the fire is much greater than that of the package. For both of these cases, the
following Nusselt (Nu,y,) number correlation is used to determine the effective convective heat
transfer coefficient:

B!
3

b

Nuavg(C,m,Re,Pr) 1= C‘Rem‘Pr

where C and m are experimentally determined coefficients; Re is the Reynolds number; and Pr 1s
the Prandtl number. The coefficients C and m vary with the relative orientation between the flow
and the object and with the geometry of the object. Values for C and m are given in Incropera
and Dewitt (1996) and in Kobus and Shumway (2006).

The equations below show the calculations performed to obtain the effective convection heat
transfer coefficient for Case 1. The effective convective heat transfer coefficient was obtained by
assuming the same temperature difference for all surfaces (i.e., Tp-Ts).

V-D

A%

2o = 4202 x 10*

Nutgy) = Nigyg (0.027,0.805,Re , Pr) = 125.996 | Nutgpgs := Nitgn,o (0.68,0.5, Re, Pr) = 123.408

kf-Nu k¢ Nu
: eyl w A S er w
oy = e = LA o Boage = = 11.229-——
m K ; m -K
: hcyI'AcyI + 2-hopds A ends w
hhor_eﬁ" = S = 11.415'—2—-
eyl ends m K
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The following equations show the calculations performed to obtain the effective convection heat
transfer coefficient for Case 2. Note that the top (flat) end of the vertical cylinder is .
conservatively assumed to have the same convective heat transfer coefficient as the bottom

(“impinged”) flat end.

L 4 e 4
Regy) = —— = 7.984x 10 Regnd bem =~ = 4202 x 10
Nuy) = Nitg,g (0.68,0.5, Reyy, Pr) = 170.106 | Nty pp = Nitgyg (0.966,046, Regpg pm . Pr) = 114.517
ke N w K Nugug pim 4
Bigpi== e = B4 — Bondl i i W0AT
m K m -K
hcyl'Acyl i 2'hend_btm'Aena’s /4
Misr 2 = e 2862 e
7 eyl T “Aends m--K

In Case 3 and Case 4, free convection dominates since the package is allowed to cool naturally.
In both cases, the maximum free convection heat transfer will occur immediately after the fire
which is when the temperature of the package is much higher than that of the environment. The
following Nu,y, correlations are used to determine the effective convective heat transfer
coefficient for both of these cases:

- l _2
6
0.387-Ra
Nuyy (Ra , Pr) =060 + -
Nusselt number for free flow across a cylinder P
9
0.559) b
14
i I'r i
s _1 _2
0.387-Ra °
Nuplate(Ra ,Pr) :=10.825 + : -
Nusselt number for free flow across a plate Py
9
(0.492) 19
1 +
L iy 1
Nusselt number for free flow perpendicular to
perp Nucyl_ends(c=m’Ra) = C-Ra"

a circular plate
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where Ra is the Raleigh number, and C and m are empirical constants determined from
experiments. The constants C and m vary with the relative orientation between the flow and the
object. Values for C and m are given in Incropera and Dewitt (1996).

The equations below show the calculations performed to obtain the effective convection heat

transfer coefficient for Case 3.

g(T, - T,) D’

(Tc+Th) 2
Sl
2

8

Gr — =d44x% 10

Ra = GrPr = 3 x 108

N“hcyl = Nucyl(Ra,Pr) = 79.354

Nugpds = Nupjgre(Ra, Pr) = 84.915

Nuh l-k w Nu ds*‘k 174
Ryt = —— Liray : R A ot V906
D mo-K D m -K
hhcyl’Acyl + 2-hopds A onds w
B eff = = 7.326 : e
” Acyl : 2Aena’s mz.K
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The following equations show the calculations performed to obtain the effective convection heat

transfer coefficient for Case 4. Note that the Nusselt number for flow over a plate was used for ‘
the cylindrical sides of the package. This assumption is valid as long as the ratio of D/L is greater

or equal to the ratio of 35/Gr"*

3 3
AL A
(el @ ooty = 3 i 10 Gropds = —————— = 44 x 10
gt (Gl o
sl Sl e
2 2
Ravcyl = Grvcyl Pr =2.1x 109 Ra 4. = Gro 2. Fr & 8 108
g 3 Since D/L is greater than the ratio of
r 1 35/Gr’%, the vertical plate correlation can
i be used for the vertical walls of the
Oryeyl cylinder.
Nu -k
| veyl *f w
Nuvcyl = Nuplate(Ravcy[ ,Pr) = 1535 hVCy[ e = 74_.2__.
m -K
; pendy o W
Nipym end = Nucyl_ends(0.27,0.25 ,Raends) =356 btm_end - D e
Nu -k
! top_end "*f kg
Ny end = Nucy,_endg(o.ﬂ,o.zs,Raends) =712 biop end = = = 65—
K-s
hvcyl 'Acyl i hbtm_end “Aends + htop_end “Aends w
hyer o A 2.4 e 2
. cyl t % 4ends m° K

In all cases, the difference between the vertical and the horizontal orientation was minimal, with
the horizontal orientation being slightly more severe for the package. That is, the horizontal
configuration provides the highest convection during the fire and the lowest convection during
the cool-down.

For the HAC analysis in the Addendum, a value of 11.5 W/m*-K (2.03 Btu/hr-ft*-°F) was used
during the regulatory fire analysis and a value of 3.5 W/m’-K (0.62 Btw/hr-ft2-°F) was used
during the cool-down period. The values used in the analyses described in the Addendum are
conservative, as they bound all values that are presented in this section. That is, a higher
convection heat transfer coefficient than those calculated in this section was used for the fire
analysis and a lower convection heat transfer coefficient than those calculated in this section was
used for the cool-down process.
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‘ 4. CONTAINMENT

The Plutonium Air Transportable Package, Model PAT-1, is certified under Title 10 Code of
Federal Regulations, Part 71, by the U.S. Nuclear Regulatory Commission (NRC) per
Certificate of Compliance (CoC) USA/0361/B(U)F-96 (current Revision 9).> The current
authorized contents are plutonium oxide (PuO,) and its daughter products, or a mixture of PuO,
and uranium oxide (UO,) and its daughter products. The (-96) in the certificate of compliance
number indicates that the NRC has evaluated the PAT-1 against the current regulations
(including 10 CFR 71.63) and determined that the package satisfies the current regulations.

The purpose of this addendum is to incorporate plutonium metal as a new payload for the PAT-1
package and to demonstrate that the package with the new T-Ampoule Assembly” (Drawing
2A0261, designated the T-Ampoule) and packing within the TB-1 Containment Vessel (Drawing
1017, designated TB-1) meet the current containment requirements in 10 CFR 71.> The 71.63
requirement is satisfied for the PAT-1 with the T-Ampoule and its packing material
configuration because the plutonium metal payload contents are solid, pure or alloyed plutonium
metal contents or Pu/Be composite samples.

The CoC? describes the TB-1 as a stainless steel containment vessel surrounded by a stainless
steel and redwood overpack (Overpack, AQ, Drawing 1002, designated AQ-1). The plutonium
oxide contents are sealed within a stainless steel product can (designated PC-1). The CoC does
not identify the PC-1 as a “containment vessel,” but as a “sealed ... product can.” For the
plutonium metal content packaging configuration described in this addendum, the PC-1,

‘ aluminum honeycomb top spacer and packing material is replaced with a T-Ampoule, Ring,
Filler (Drawing 2A0262, designated Ring Filler) and packing material which provides a eutectic
prevention barrier between the TB-1 and the plutonium metal content. The T-Ampoule provides
the following:

e A eutectic prevention barrier between the stainless steel TB-1 and the plutonium metal
payload for NCT, HAC, and air transport accident conditions.

e A T-Ampoule seal area that is not significantly deformed (see Sections 2 and 3 of this
addendum) nor a seal temperature that exceeds the allowable temperature of the gasket
material during NCT or HAC. The T-Ampoule is expected to remain sealed during NCT
and HAC, like the PC-1.

e A retained eutectic prevention barrier function following the air transport accident
condition drops and fire. Although the O-ring in the T-Ampoule would be expected to
fail in the 10 CFR 71.74 air transport of plutonium fire test, the T-Ampoule is shown in
Sections 2 and 3 of this addendum to remain intact (no significant deformation in the seal
area and no breaches). The T-Ampoule is more robust than the PC-1.

The documentation and analysis in this section and other sections of this addendum
demonstrate that the replacing the PC-1 with oxide content and associated packing material with

‘ A The drawing titles are in italics and are used interchangeably with the designated names in this addendum. See
Section 1.3.2 in this addendum and Chapter 9 in the SAR* for drawing number, title, and revision.
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the T-Ampoule with plutonium metal content and associated packing material satisfies the
requirements specified in 10 CFR 71.19(d). That is, the modifications of the PAT-1 described in
this addendum are not significant with respect to the design, operating characteristics, safe
performance of the containment system, or prevention of criticality when the package is
subjected to the tests specified in 10 CFR 71.71, 71.73, and 71.74.

4.1 Description of the Containment System

The CoC USA/0361/B(U)F-96° defines the TB-1 as the containment vessel for the PAT-1 for the
current PuQ; and its daughter products and UO; and its daughter products as authorized contents.
The description of the TB-1 containment vessel is provided in Sections 1 and 9 of the SAR.* For
this plutonium metals addendum, the TB-1 containment vessel (see Figure 4-1) provides the
containment boundary for the proposed metal contents as it did for the oxide contents. The
T-Ampoule replaces the PC-1. The TB-1 O-ring is not used for the plutonium metal shipments.

BOLT /
(12 EACH)

COPPER

GASKET /
ORING //

/
/ //
TITANIUM -
SPAGER / 7.408-INCH

11 QUTER
y P - T-AMPOULE

T-AAMPOULE
LiD

ELASTOMETIC /
O-RING IN
BORE SEAL

T-AMPOULE /
BODY

7.438
INNER

s TB-1
/' VESSEL

§

—— 4.220-INCH OUTER DIAMETER T-AMPOULE — |

€ 4.25-INCH INNER DIAMETER TB-1 VESSEL

Figure 4-1. TB-1 Containment Vessel and T-Ampoule Contents Container

Table 4-1 of the SAR* summarizes the results of the post-test assessment of PAT-1 containment
of its surrogate PuO; powder contents during the three transport tests (10 CFR 71.71,
10 CFR 71.73, and 10 CFR 71.74) and demonstrates that the containment criteria are met.




PAT-1 Safety Analysis Report Addendum Docket No. 71-0361

Table 4-1. PAT-1 Package Post-Test Containment

Post Test Results
Reeulator Maximum Mass
... & y Helium Leak-Rate of Powder
Component Test Condition Acceptance b
(atm-cc/sec) Release
Standard
(mg)

NCT (71.71) 10° A,/hr Less than 1 x 10" 0
o HAC (71.73) Ay/week Less than 1 x 10" 0

Plutonium Air u 5

Transport: (71.74) As/week Less than 4.5 x 10 0.17

“ For a typical mixture of plutonium oxide (PuO,) powder, an A, quantity is approximately 2.55 mg.

® Depleted uranium oxide powder was used as the surrogate for plutonium oxide powder during PAT-1 testing.
From the SAR, the bounding magnitude of potential PuO, powder leakage from the TB-1 vessel would be less than
0.17 mg in one week.

Section 4.5.5 provides a determination of A, for the PAT-1 package with plutonium metal in its
most dispersible form as contents and Section 4.5.6 provides calculations of the PAT-1
containment vessel’s regulatory reference air leakage rates.

The containment criteria for radioactive, fissile material packages are given in 10 CFR
71.51(a)(1) for NCT (<10 Ay/h), in 71.51(a)(2) for HAC (< A, in a week), and 71.64(a)(1)(i)
for accident conditions for air transport of plutonium (< A; in a week). In Section 4.5.5, the A,
value for the mixture of isotopes was determined to establish the content containment criteria and
to determine the maximum release quantity that is allowed by the regulations. The A, values of
the plutonium content to be shipped were evaluated based on the mass and weight percents of
materials shown in Section 1.2.2. The analysis in Section 4.5.5 was conducted to establish an
upper limit for the total activity and the maximum number of A,s proposed for transport in the
PAT-1 package. The values were determined using a maximum of 1300 g of plutonium as a
bounding condition.

The PAT-1 leak-testing requirements of the containment boundary are based on the smallest
maximum allowable leakage rate generated from the maximum plutonium content defined in
Table 4.5.5.1 given the allowable leak rates defined in ANSI N14.5-1997, which defines the
maximum allowable leakage rate based on the maximum allowable release rate. Ly, La, and Lpa
are the maximum allowable seal leakage rates for NCT, HAC, and accident conditions for air
transport of plutonium (ACATP). The worst case maximum allowable leakage rates are used to
calculate an equivalent leakage hole diameter following ANSI N14.5-1997, Appendix B, for
each condition of transport. This leakage hole diameter is used to calculate a reference air and
helium leakage rate for leak testing. The bounding mass for the plutonium content of 1300 g was
used in this calculation; note that a 831 g weight limit for the plutonium hollow cylinder was
used in the structural analysis and is the maximum plutonium metal content for certification.
The use of 1300 g was conservative; the maximum allowable leak rates are calculated using this
maximum content mass in a much more dispersive form (oxide powder) for additional
conservatism at the highest calculated pressures (assuming the maximum amount of material for
decomposition) and temperatures as analyzed in Section 2.12.8.
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The regulatory leakage criteria for 1300 g plutonium (bounding case for containment analysis
assuming oxide) is shown in Table 4-1a.

In accordance with Table 4.2 of the SAR, the highest measured air leakage rate following the
accident conditions for air transport of plutonium was 4.5 x 10~ cc/s at atmosphere conditions
(atm cc/s). This leakage rate is less than the calculated maximum allowable regulatory leakage
rate requirement of 2.3570 x 10~ ref cc/s (air) shown above for ACATP at 613 psia as reported
in Section 2.12.8. As a very conservative bounding condition, if the maximum pressure for the
TB-1 is used, the calculated maximum allowable regulatory leakage rate requirement is 1.3152 x
10-3 ref cc/s (air) as shown above. It can be concluded that the TB-1 containment vessel inside
of the PAT-1 package maintains containment for NCT, HAC, and Accident conditions for air
transport of plutonium.

The mass release during the Accident conditions for air transport of plutonium was calculated in
Section 4.5.6. For the 1300 g bounding case, the allowable mass release for no decay of Pu-241
is 2.7634 x 10" g and for complete decay of Pu-241 to Am-241 is 2.3336 x 10" g. The
maximum amount of powder released shown in Table 4-1 above after the Accident conditions
for air transport of plutonium test was less than 0.17 mg.
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Table 4-1a. Regulatory Leakage Criteria for 1300 g Plutonium (Bounding Case)

NCT HAC ACATP ACATP
Isotopic @ 218°F — 18.872 @ 276°F — 20.486 @ 1080°F - 613 psia @ 1080°F - 1125 psia
Distribution psia psia (Ppa1) (Ppa2)
LR.N- air LRrN-He LR pa-air Lrpa-He | LR A-air LRA-He LR,pA-air Lr,pa-He
(ref-cm3/s) (cm3/s) (ref-cm3/s) (cm3/s) (ref—cm3 /s) (cm3/s) (ref-cm3/s) (cm3 /s)
No Pu-241 5.1244 R 373 0. 4686 9.8072 27762 3.2341 1.5478 1.8527
decay E-06 E-06 E-02 E-02 E-03 E-03 E-03 E-03
Complete
Pu-241 4.2787 74737 7.9817 8.3008 2.3570 2.7661 1.3152 1.5870
decay to E-06 E-06 E-02 E-02 E-03 E-03 E-03 E-03
Am-241
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4.1.1 Special Requirements for Plutonium

The proposed plutonium metal contents meet the current requirements set forth in 10 CFR 71.°
In 10 CFR 71.63, “Shipments containing plutonium must be made with contents in solid form, if
the contents contain greater than 0.74 TBq (20 Ci) of plutonium.” This requirement is satisfied
for the PAT-1 with the T-Ampoule and its packing because the proposed plutonium metal
payload contents are solid, pure or alloyed plutonium metal or Pu/Be composite samples.

The PAT-1 Certificate of Compliancc2 (CoC) (USA/0361/B(U)F-96) (current Revision 9) in
[tem 5. (a) Packaging, (2) includes the description of the PAT-1,

“A stainless steel containment vessel (designated TB-1) surrounded by a stainless steel and
redwood overpack (designated AQ-1). The contents are sealed within a stainless steel product
can (designated PC-1) inside the containment vessel.”

The “-96” in the certificate of compliance number indicates that the NRC has evaluated the PAT-
1 against the current regulations (including 10 CFR 71.63) and determined that the package
satisfies the current regulations. The CoC” identifies the TB-1 as the containment vessel.

For this addendum, the PAT-1 is unchanged from the inside surface of the TB-1 containment
vessel to the outside surface of the AQ-1 overpack. The only change to the PAT-1 package is
replacement of the PC-1 and its contents , top spacer and packing material with the T-Ampoule
and its contents, Ring Filler and packing material. The T-Ampoule, a titanium container,
provides eutectic prevention for the metal payload.

The proposed contents include plutonium metal in the form of hollow cylinders, disks, plates,
solid cylinders and test samples. The plutonium metal contents are typically loaded into the T-
Ampoule in a glove box” containing a limited quantity of oxygen and moisture (< 100
ppmb-5%). Prior to loading, the contents are brushed clean to remove any oxide present on the
surface. The quantity of oxide

" Standard glove box line atmosphere: Nitrogen/Argon/Helium (N/Ar/He) with an oxygen (O) content not
exceeding 0.5% and a water content not exceeding 20 ppm.
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that could form in the T-Ampoule during transport is limited by the-8-5% less than 100 ppm
concentration of oxygen and moisture in the glove box atmosphere. The estimate of oxide
formation due to this atmosphere is provided in Section 4.1.1 and is approximately 0.08 g
(0.00018 Ib). If the atmosphere is assumed to be air and because this is an oxygen-limited
system, the estimated quantity of oxide formed on the metal contents is 3.46 g, the activity of
PuO, formed is 3.74 Ci if no decay is assumed (100% Pu-241), and 0.397 Ci if 100% decay is
assumed (100% Am-241). If the metal contents are not cleaned sufficiently, conservative
estimates that double the quantity of oxide could be present on the metal, 6.92 g, which is less
than 8 Ci.

The function of the T-Ampoule is to provide a safety barrier that prevents the formation of a
eutectic between the plutonium metal contents and the iron in the TB-1 containment vessel. The
structural analyses in Section 2 of this addendum demonstrate that the bore seal area (see Figure
4-1) of the T-Ampoule is not significantly deformed and is expected to remain intact for all
accident conditions analyzed. It can be concluded from these analyses that the T-Ampoule is
more robust than the PC-1.

The PC-1 Product Can used for the oxide shipment must not be used for the metal shipment
since the iron in the can could possibly form a eutectic with the plutonium metal contents. The
titanium material for the T-Ampoule was selected to provide a eutectic prevention barrier
between the metallic Pu contents and the TB-1 containment vessel. The Body, T-Ampoule
(Drawing 2A0259, designated T-Ampoule Body) and Lid, T-Ampoule (Drawing 2A0260,
designated T-Ampoule Lid) are fabricated from a solid block of Ti-6A1-4V Grade 5 alloy. There
are no welds, penetrations, valves, or pressure relief devices in the T-Ampoule. Once placed
within the TB-1, the T-Ampoule cannot be opened unintentionally. The clearance between the
T-Ampoule and the TB-1 is 0.038 cm (0.015 in.) all around; thus, both walls have immediate
contact to resist the impact forces created by the deceleration of the internal Pu contents during
the impact accident environment. The sample containers (Sample Container-1 [SC-1] Assembly,
Drawing 2A0268, designated SC-1, and Sample Container-2 [SC-2] Assembly, Drawing
2A0265, designated SC-2) and structure (/nner Cradle, Drawing 2A0385, designated Inner
Cradle) are also constructed of Ti-6Al-4V Grade 5 alloy that is resistant to the formation of
eutectics with the plutonium metal content. Tantalum f011 which may be used to wrap and
protect the samples from contamination, ¢ : 8
matertal-were-was selected for their its resistance to eutectlc formatlon

The shielding evaluation in Section 5 of this addendum demonstrates that the package with
plutonium metal contents complies with the dose rate limits of 10 CFR 71.47(a) (non-exclusive
use) for the normal conditions of transport (NCT) and 10 CFR 71.51(a)(2) for hypothetical
accident conditions (HAC). The criticality evaluation in Section 6 of this addendum
demonstrates that the package with plutonium metal contents remains subcritical under NCT and
HAC and has a CSI value of 0.1 per 10 CFR 71.59.

The modifications to the PAT-1 package are not significant with respect to design, operating
characteristics, or safe operation of the PAT-1 package when subjected to the tests specified in
10 CFR 71.71 and 10 CFR 71.73:

e The PAT-1 package is unchanged from the inside surface of the TB-1 containment vessel
to the outside surface of the AQ-1 overpack.

4-4



PAT-1 Safety Analysis Report Addendum Docket No. 71-0361 Rev. 1, September 2010

e The T-Ampoule and its contents, Ring Filler and packing material replace the PC-1 and
its contents, top spacer and packing material and provide protection for its metal contents.

e The T-Ampoule is a eutectic prevention barrier between the plutonium metal contents
and the stainless steel TB-1 containment vessel. The structural analysis in Section 2 of
this addendum demonstrates that the T-Ampoule does not breach during the 10 CFR
71.71, 10 CFR 71.73, and 10 CFR 71.74 structural evaluations, thus maintaining its
eutectic function.

e The structural analyses in Section 2 demonstrated that the TB-1 met containment
requirements. The TB-1’s containment capability will be unaffected by the addition of
metals contents through the plutonium air transport tests.

e The packing materials within the T-Ampoule are also not susceptible to eutectic
formation with plutonium metal.

e The structural analysis in Section 2, the thermal analysis in Section 3, the shielding
analysis in Section 5, and the criticality analysis in Section 6 of this addendum show that
the requirements of 10 CFR 71.19(d) are met because the modifications to PAT-1
package are not significant with respect to the design, operating characteristics, or safe
performance of the package design when subjected to the tests specified in 10 CFR 71.71
and 10 CFR 71.73.

4.1.2 Plutonium Metal Contents

The proposed plutonium metal contents {see-Seetion-4-1-1-forestimate-of oxidesformed-within
the-T-Ampeule) include:

e Electro-Refined (ER) Pu (Purity > 99.8% Pu 239)-with-up-te-0-08-2-(0-0004-81b)-of
: ide(0-52 i limnited i here).

e Puof var10us ages contammg stab1hzat10n alloys such as gall1um (Ga)—w&h—&p«te—@—%—g

e Composite samples consisting of Pu w&la—up—te—@-@&g—(@—()@@%—lb}«aﬁs&ﬁfaee—emde
(0-5%-oxygen-in-a-timited-inert-atmosphere) and beryllium (Be) separated by an alpha

barrier (T1) to preclude neutron generation.
o The forms of the metal include hollow cylinders, cylinders, discs, strips, etc.
e The container configurations within the TB-1 containment vessel are:
e T-Ampoule for bulk metal hollow cylinders and sample containers; and

e Sample containers (SC-1 and SC-2) carried within the Inner Cradle of the T-Ampoule for
smaller metal samples.

The isotopic compositions, masses, A, values, decay heat, activities, and impurities for ER
plutonium metal, alloyed plutonium metal, and bonded plutonium metal are presented below.
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4.1.2.1 ER Plutonium Metal®

The maximum ER content is 831 g (1.83 Ib) for an isotopic composition that exehides assumes
no Pu-241 decay (see Table 4-2). The ER metal mass estimates for 3000 A, range from 831 g

(1.83 1b)
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assuming no Pu-241 decay (Table 4-2), and 707 g (1.56 Ib) assuming 100% Pu-241 decay (see
Table 4-3). Table 4-3 assumes that all of the Pu-241 has decayed to Am-241 which results in the
707 g quantity for 3000 A,. Note that Table 4-3 is used for comparative purposes only to
determine the effect of assuming 100% Pu-241 decay to Am-241. The ER metal will be
manufactured and shipped prior to significant Pu-241 decay. The minimum ER cylinder weight
as documented in Table 1-1 of Section 1 is 731 g.

Table 4-2. 831 g (1.83 Ib): 3,000 A; Quantity of ER Plutonium Metal
Assuming No Pu-241 Decay to Am-241

831 grams: - '~ . quantty of ER Pu metal assuming no Pu231 decay
Mo Macs i) imand | b0 § (e | Graraiman ] | totepe | Putetsent (e | P tseapamaso (o) | Docay HoatfV) | Acway (] A

i [ oush LYY 2 IEY 7O3EAD0 | 2618402
o puzy 92350 76520 1 4€E40D a7sEsm | 1788403

Pt Prteres 2] muco § 500 5303 36301 1 24€401 | ASCEL2

08 wser | H a2 105 ) VCIEDT | OSTERZ | 5 15E

3100 b ~

‘§§ Pulaz 2105 653 839585 3208 | 1:EQ
<1 ampat GOLh 640 QOUE+00 GOJESDD | GOSE«0D

el el trgunes KA

D155 133

* eeaed & 5y baliato ) l !c:s’l 2 1CE00 I SOTEOD ' 300203

| 831 grams: 3.000 A2 quantity of ER Pu metal assumingno Pu-241decaytoAmr2d41
gw 0845 041 226501 | 7638000 |20
-4 AR bigs¥ L Ee0n | a 78500 |8 TEEe08 |
Puorum | Fuemem |8 pyain| ey arm anzEn1 | 126500 |aseEen
ot 0 8B % 63967 gﬂml 1 855 829 104801 1 9305007 1616800
P2 0365y 0 A20E08 | 324R00 [128R.01
gmw 0 69% 060 000200 | 005200 |061Z400
Mmguntas | Imguntos ———
0 165 133 o MA
L ciced 0o & boonce ' Xonl 23cs.00 | gazeen Jaonzen)
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Table 4-3. 707 g (1.56 1b): 3,000 A2; Quantity of ER Plutonium Metal
Assuming 100% Pu-241 Decay to Am-241

707 grams: 3,080 A, quantity of ER Pu metal assuming 100% Pu241 decay
B Mass {g) (max) | Mass % (max) § Geares {max) Isotope | P fsotopscth (max) | Puisotopc mass (o) | Decoy Heat (W) | Actwty (G4 A
£ Pu2is 005% 035 200501 600E«00 | 2226402
gl rusy 9235% 65187 1248400 | 4048401 | 1508000 "
Pumnwm | Puwnam |81 pueo £50% 4588 325601 106E+01 | 3GIE-02
10700 9.84% e g Puel 000% 000 0.00E+00 | 000Ev00 | 000E.00
g Pudz 010% on 705605 275503 | 100kt
§ Am241 1 00% 708 8 10£.0 2406401 | 88s8.02
trpumes Inpurcies 1 ) )
016% 1) puthes. MA ;
~3ea%ed 23 % balanso 1 Tot]  257€.00 1 g10£.01 | 3008403
Hlowe: Table shown fas ative puipnses coly, &Rmmuwm fanufseiied and shipped pries o sipulicant Pu24s decsy
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4.1.2.2 Alloyed Plutonium Metal®

The maximum contents in two SC-2 sample containers within the T-Ampoule is 676 g (1.49 1b).
A; calculations were performed assuming no Pu-241 decay (2410 A,) (see Table 4-4) and Pu-
241 decay (2840 A;) (see Table 4-5). Alloyed plutonium metal may be shipped in a hollow log
form in the T-Ampoule if the requirements in Table 1-1 of this addendum and the shipper are

met.

] Te;g:.![ am lemﬁom IM
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Table 4-4. 676 g (1.49 1b): Alloyed Plutonium Metal Assuming
100% Pu-241 Decay to Am-241

676 grams: Alloyed Pu matal assuming 100% Pu241 decay
Mool Mass (o} {emax) | Mass & (max) | Grams (max} irotopo | Pulsotopic % {max) | Pulssiopemassig) ] Oecoy Heat (W) | Actvity (Co)
g Pu2I8 0.65% 033 183501 5 GEE+00
¥ P2y 9235% §17.04 1178600 IBIEO)
Pasonium Plytonium Pu2id 6.50% 4343 305801 9 355400
$3.84% 816 | 2] puaa 0.00% 0.00 000E+0D 0005400
00 | Pu2s2 0.50% 0.7 §6SE05 261E.00
§ Am2it 1.00% €63 767601 227601
fepunbes mpures gt
016% 108 i A
Galtum Galum
oot 676 Gaium NA
stated 75 % bakince | Tow] 2418000 | 7888400 | 2828003

rams:Alloyed Pu metal assuming 100% Pu-241 decaytoAm-244
|epann | Pajemers O (mem) | Plsmers teasata) IDnesrHna (s larbvir Ol As
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Table 4-5. 676 g (1.49 1b): Alloyed Plutonium Metal Assuming
No Pu-241 Decay to Am-241

676 grams: Alloyed Pu metal assuming no Pu241 decay
$2otal Mass (g) (max) | Mass S5 (max) | Grams (max) tzotope | Pulustope S (max) Py Isciope mass () | Becoy Heat (W) | Actaty (C1) A
oo g puass 005% 03 163201 S6CEM0 | 2 ICE+O2
G| pu2sy 9235% 617.04 1.47E+80 383E+01 | 1428403
Pasgmam Purm | 3] P20 6508 43.43 3CSEO 995E+00 | 37CE+02
$3.64% 665 16 Pu2at 100% 663 § 35E-02 660E402 | 2108402
676,00 9l Pu2a2 0.15% 067 6.65E-05 261603 | 965502
' % Am241 0003 000 0.00E+0D 0OUE+D | 0.0CE00
tnpuntes Enpuntios
tepuntes. NIA
016% 163
GXum Galum
Fum 8A
100% 676 G
~aured @ % bxaneo | Te|  nrsee00 | 1222002 | 241800

____ 676 grams: Alloyed Pu metal assumingno Pu-241 decay to Am-241
5 sy
el )
Pugenum Fuerum 5 EX 805
£3e4% 85318 g %) 3 6 .
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4.1.2.3 Bonded Plutonium Metal’

A 60 g (0.13 1b) bonded 16.85 mm diameter x 16.85 mm height Pu/Be metal cylinder (or a
number of smaller cylinders [up to 25 5.1 mm diameter x 5.1 mm height cylinders] as described
in Table 1.1, Section 1 of this addendum) may each be shipped in the SC-1 sample container for
a total payload weight of 180 g (0.39 1b) (657 A,) or in the SC-2 sample container for a total
payload weight of 120 g (0.26 1b) within the T-Ampoule. The composite payload weight is
limited to 60 grams or less in each sample container. See Table 4-6 for estimate of curies,
number of A,, decay heat, weight, and isotopic composition of the Pu/Be material based upon a
disk configuration.
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Table 4-6. 60 g (0.13 1b): Bonded Pu/Be Metal Disk Assuming
100% Pu-241 Decay to Am-241

60 grams: Bonded Pu/Be matal disc assuming 100% Pu241 decay
Corposto % Aotal Mass (g) ¢max) | Mass 1 (erax) | Grams (cmax) tsotope | Pulsctopit % i{man) | Putsstope masa () | Cocay Mext (W) ] Aty (O} ry
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4.2  Containment under Normal Conditions of Transport (NCT)

The TB-1 containment vessel meets the regulatory acceptance standard for NCT of 10°¢ Ay/hr as
demonstrated in Table 4-1. The T-Ampoule is not a containment vessel under NCT.

The thermal analysis in Section 3.3 of this addendum, which analyzed a localized 25-watt
(85.3 Btu/hr) thermal source against the O-ring seal of the T-Ampoule, indicated an average
temperature of 103.3°C (218°F).

4-8



PAT-1 Safety Analysis Report Addendum Docket No. 71-0361 Rev. 1, September 2010

The internal pressure within the TB-1 during NCT with an internal heat generation of 25 watts
(85.3 Btu/hr) from the plutonium metal contents indicated a maximum pressure of 18.8 psia, due
to the temperature difference. The calculation assumes an initial room temperature of 20°C
(70°F), then:

P2 = latm*(678/530R) = 1.28 atm or ~18.8 psia

To determine the pressure generated from the alpha decay of plutonium, the TB-1 was assumed
to be filled at ambient temperature and to reach the NCT temperature quickly (see Section 0).
The helium pressure, shown below, is thus:

PHe = an*(RT/V)
where ny. = gmpc/4

T = the NCT average temperature in Kelvin (absolute)
V = 1.252 liters

R = 0.082 l-atm/mole-K, the gas constant

Pressure in psi = 14.7*Pressure in atmospheres
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The pressure from helium (He) generation for 1300 g Pu (for conservatism) at NCT temperature
via alpha decay is +5-10.067 psia.

The total pressure as the result of internal heat generation and alpha decay is 33-918.9 psia, or
1924 2 psig, which defines the maximum normal operating pressure (MNOP) for the TB-1.

The MNOP of +9:24.2 psig (33-918.9 psia) calculated above is slightly less than that calculated
for the PuO; contents in the SAR (34.3 psia) since a small quantity of moisture was assumed to
be present in the PuO, within the TB-1.

4.3  Containment under Hypothetical Accident Conditions (HAC)

The TB-1 meets the regulatory acceptance standard for HAC of A, in a week as documented in
Table 4-1. The T-Ampoule is not a containment vessel under HAC.

The thermal analysis in Section 3.4 of this addendum includes localized heating produced by the
plutonium metal contents, and the HAC evaluation indicated that the average temperature is
136°C (276°F) in the T-Ampoule. The temperature of the T-Ampoule seal does not exceed the
manufacturer’s specification for the operating range of the seal material (204°C [400°F]).

The pressure calculated within the TB-1 as the result of internal heat generation of 25 watts from
the plutonium metal contents and the HAC indicated that the maximum pressure is 20.4 psi. The
calculation assumes an initial room temperature of 21°C (70°F), then:

P2 = latm*(736R/530R) = 1.39 atm or ~20.4 psia

Pressure from He generation for 1300 g of Pu metal (for conservatism) via alpha decay is
1+6-40.073 psia from Section 4.5.3 of this addendum.

The total pressure as a result of internal heat generation and alpha decay is 36-820.5 psia. The
pressure of 36-820.5 psia is less than the HAC pressure reported in the SAR" (38.7 psia [Section
3.5.4 of the SAR™]).

4.3.1 Containment under Plutonium Air Transport Fire Test

The TB-1 meets the regulatory acceptance standard for the plutonium air transport tests of A; in
a week as documented in Table 4-1. The T-Ampoule is not a containment vessel under the
plutonium air transport conditions.

In Section 2.12.8, :

AceidentScenario,” the calculatlon{%&ee—SeeﬂeﬁAQ% was performed to examine the rise in pressure
from decomposition of the elastomeric O-rings within the #B—-T-Ampoule; and two SC-2 or
three SC-1 sample containers and a range of weights for ancillary plastics. The three SC-1
configuration and the selected 70 gram quantrty of HDPE yrelded the hlghest pressure rise of 572
psia. - : - ‘
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Including the rise in pressure from ambient temperature to 582°C (1080°F) of 42.7 psia and the
helium pressure generation from 1300 g of plutonium (for conservatism) from alpha decay of
34.20.11 psia, the total pressure within the TB-1 is 964.2615 psia. The PAT-1 SAR,* Section
4.4.2 stipulates that the maximum allowable TB-1 pressure during the post-fire plutonium air
transport accident condition was 1,110 psia.
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The results of the highly conservative calculation of the thermal degradation of Viton A®
O-rings and ancillary plastic (HDPE) in EA-HR-08-07810-Section 2.12.8 show that this
maximum internal pressure 1s not exceeded.

In summary, the TB-1 structure is unaffected by the impact and thermal environments and
maintains its containment integrity for HAC.

4.4 Leakage Rate Tests for Type B Packages

The leakage rate tests for the TB-1, which is the primary containment vessel, r—emdm—&ﬂehangeé
from-the SAR-"is described in Sectlons 7 and 8.
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Maximum PU Oxide and Curies (Cl) formed in the TB-1 with a 21% Oxygen

Oxide and Curie Values B _ Isatopic % (max} - o : Referenca Values
Pu-238 0.05% radionuclides *

No Pu-241decay (100% Pu-241) 100% Pu-241decay (100% Am-241) o Pu-239 92.35% T Isotope AL(CH) Cilg
Isotope Oxide (g) Curies Isotope Oxide (g) Curies Pu-240 6.50% ’ Pu-238 270E-02 170E+01
Pu-238 173€-03 2.94€E-02 Pu-238 173E-03 294E-02 Pu-241 100% Pu-239 2.70e-02 6.20£-02
Py-239 3.20E+00 198E-01 Pu-239 3.20E+00 198€-01 Pu-242 0.0% L. P u-240 2.70E-02 2.30E-01
Pu-240 2.25E-01 5.7E-02 Pu-240 225E-01 5.7E-02 Am-241 0.00% Pu-241 160E+400 100E+02
Pu-241 346E-02 346E+00 Pu-241 0.00E+00 0.00E+00 - LANL Specification $6v-638728 | Pu-242 2.70E-02 390E-03
Pu-242 3.46£-03 135E-05 Pu-242 3.50E-03 137€-05 o 4 . o , B , Am-241 2.70E-02 3.40E+00
Am-241 0.00E+00 0.00E+00 Am-241 346E-02 1BE-01 . - 48 CFR T73.435, Tableof A and A, Values for

Total:| 346E400 | 374E+00 Totat] 346E400 397E-01 o ' Radionualides

[ . R E P -
[

3 ; s ! ¢

Basis of Caleulated Values i
- e — e e -
Variable: Variable Unit: Value Definition of value |
pressure inside of TB-1P ! atmosphere (atm} 021 1atmosphere p‘ressure at 2% 0,in TB-1 [ -
. i :
. . int Ivolume of TB-1without tents as stated in th
Internal volume of TB-1V ' cubic centimeters (cm?) 1460.00 fmemalvold out contents e'
PAT-1SAR
universal gas constant, R constant 8206 gas constant values based on pressure and volume units - - -
temperature, T kelvin (K) 298.00 assumas room temperature of 25C e
. . n=PV/RT (ideal gas lawis suitable since the comprassibility ~
Oyin TB- tinternal volume. n moles 008 factor (Z) for air at 101bar and 5'C(59°F) is 0.9992)
PuO, formed from O, inthe TB-1i,m moles 008 Pu(s) +O,(g)-> PuO.s) .
Motar mass PuQ, M constant 276 grams per male (assuming molar mass of Pu = 244)
grams of PuQ, formad whan all O, reacts completelyin the :
PUO, f d ¥
u0, formed, g grams (g) 3.46 sealed TB-1
. SO G Sy
e e g - o e e - - PR N
P U S o ‘ . '
) N ] i ' . :
E USRS S o o+ om . - . - . :
Basis of Calculated Valuss
Variable: . Variable Unit: Value Definition of value i
U R
pressure inside of TB-1P atmosphere (atm) Q.0000 tatmosphere pressure at ‘D0ppm O,in TB-1 -
- wi p :
Internal volume of TB-1V cubic centimeters (cm?) 1460.00 intemal volume of TB-1without contents as stated in the o
PAT-1SAR
universal gas constant, R constant 82.06 gas consiant values baﬁed on pressure and volume units,
temperature, T kelvin (K) 298.00 assumes room temperature of 25T S
. . n=PVIRT (ideal gas lawis suitable since the compressibility .
TB-1int Ivol i .S . PP s
0, in TB-tinternal volume, n moles 597806 factor (Z) for air at 104bar and 5°C (59°F) is 0.9992) :
PuO, formed from O, in the TB-1m moles 5.97E-06 Pu(s) +O,(g) -> PuO,(s) PR , el
Motar mass PuO,, M constant 276.06 grams per mole (assuming molar mass of Pu =244} 2 e -
grams of PuQ, formed when alt O, reacts completelyin the
PuO, fi d, X
u0, formed, g grams (g) 165E-03 sealed TB-1

Fagebolb
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4.5.2.1 Summary of Maximum Pu Oxide and Curies (Ci) Formed in the TB-1 with 21% and
100 ppm Oxygen:

An analysis' was performed to determine the maximum quantity of PuO, that would form on the
plutonium metal content contained within the TB-1 containment vessel. The table on Page 5 of 5
in LA-UR-08-05154 1n this appendix presents the analysis methodology for calculating the
quantities of oxides formed. The TB-1, which is normally filled with glove box atmosphere, was
assumed to contain 1 atmosphere of air at 21% O,. Using a TB-1 conservative internal empty
volume of 1460 ¢cm’ (89.19 in3) and the Ideal Gas Law, there are 0.013 moles of O; in the
internal volume and 0.013 moles of PuO, in the TB-1. The molar mass of PuO, is 276 g/mole
assuming a molar mass of Pu = 244. The quantity of PuO, formed is 3.46 g when all of the O,
reacts completely inside of a sealed TB-1. Because this is an oxygen-limited system, no more
than 3.46 g (0.0076 1b) of PuO, are formed when all of the O, completely reacts inside of a
sealed TB-1 containment vessel.

[f a glove box atmosphere (assume all 100 ppm oxygen in an inert atmosphere) is assumed
within the TB-1, the quantity of PuO, formed on the surface of the plutonium metal content is
.64 mg (3.62 E-6 1b).

To determine the isotopic composition of the PuO; that was formed, Los Alamos National
Laboratory (LANL) Specification 55Y-638728" on Page 5 of 5 in LA-UR-08-0515 in this
appendix presents the maximum isotopic composition for the Pu contents. Included in the table
are oxide and curie values assuming no decay (100% Pu-241) and 100% Pu-241 decay tof+86%
Am-2415.

The above calculations provide estimates of the amount of oxides formed due to the oxygen
present in the T-Ampoule from the glovebox atmosphere and assumption of air. The oxide
formation does not affect the safety of the package since the containment analysis assumed that
all of the plutonium material was in its most dispersible form.

4.5.2.2 Reference

1. Caviness, M. L., and J.B. Rubin. “Authorized Contents Proposed for the Plutonium Air
Transporter (PAT-1) Packaging (U),” LA-UR-08-05154. Los Alamos National Laboratory.
Los Alamos, NM: August 7, 2008.
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4.5.3 Helium Generation

PAT-1 Analyses for Helium Generation
Ruth F. Weiner

Sandia National Laboratories

Calculation of Helium Production

A helium is produced when an alpha particle, which is a helium nucleus, picks up an electron.
The production rate of helium is thus directly proportional to the production rate of alpha
particles. The production rate of alpha particles is equal to the rate of decay of alpha emitters:
each decay results in an alpha particle. The basic equation for radioactive decay is

N = Naexp(-rt) (1)

Where N = the number of atoms of the radionuclide at time t
No= the number of atoms of the radionuclide at time t=0
A = In2/t1»; ti2 1s the half life of the radionuclide

When a radionuclide emits an alpha particle, the atomic number decreases by 2 and the mass
number decreases by 4, because an alpha particle is a helium nucleus: ;He*. The radionuclides
in delta plutonium emit alpha particles by the following equations:

238 234
abu =dtgpl

However, 94Pu241 is a beta emitter and decays by the equation 94Pu24' =B+ 9sAm 241 since a beta
particle is the same as an electron. ¢sAm**' decays by emitting an alpha particle by the equation

osAm 2! = g + o3Np?’

Tablela gives the radioactive composition of delta plutonium and the half-lives of each

radioactive component:

Table 1a. Radioactive Composition of Delta and Half-Lives of

Each Radioactive Component

: gm/gm Bg/gm Ci/gm
Element | Atomic mass delta’ ty2 (yr) tq2 sec A Aol dutta
Pu 238 0.0001 | 87.7 2.77E+09 | 2.51E-10 | 6.34E+07 | 1.71E-03
” 239 0.9378 | 24100 7.60E+11 | 9.12E-13 | 2.15E+09 | >-82E-02
Pu 240 0.06 6560 2.07E+11 | 3.35E-12 | 5.04E+08 | 1.36E-02
Pu 241 0.002 | 144 4.54E+08 | 1.53E-09 | 7.62E+09 | 2.06E-01
Pu 242 0.0002 | 3.75E+05 1.18E+13 | 5.86E-14 | 2.92E+04 | 7.88E-07
Am 241 0 432 1.36E+10 | 5.09E-11 | O 0
U 234 0 2.46E+05 7.76E+12 | 893E-14 | 0 0
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One becquerel (Bq) is = sec”'. The numbers in the last column were obtained by the equation
that converts mass to radioactivity:

. or m *
pg - e )

e 2)

Where Bq = the radioactivity in sec'; one curie (Ci) = 3.7 x 10'° Bq.

6.02 x 10* is Avogadro’s number, the number of atoms in one gram atomic weight

ti1» = half life of the radionuclide in seconds.
11’\(2)/‘[1/2 =A

So that, e.g.
€34 x 107 = X (6.02 x 107)(0.0001/238) = (2.51 x 10"%) (6.02 x 10*)(0.0001/238)

The last column in Table 1 thus gives the initial activity—the No—of each radionuclide.

95Am?’41 builds up as 94Pu24] decays, by the first Bateman equation
. ({.p‘ . i X :
N (8) = Npy (8) (22—} # {mxp(=Apy ) = exp(=Ag )}
am ‘B

Where #4m (£} - the number of 95Am24[ atoms at time t

Npy Qt) = the number of 94Pu24l atoms at time t

5 4
Am refers to > Am?**!

241
Pu refers to 94Pu

92U** builds up by a similar equation. Because of its long half-life, however, its alpha decay
does not contribute significantly to helium production.

Conversion from radioactivity to weight can be done in two ways—by using Equation (2) or by
calculating Bq/gm delta or Ci/gm delta from Table a (which is based on Equation (2)). The latter
was used, resulting in Table 1b. The values for 95Am24' and o, U were calculated using
Equation (2).

Table 1b. Weight Conversions

gm/gm Cilgm .
Element Wl dalta Ci/lgm
Pu-238 0.0001 | 1.71E-03 | 1.71E-03
— 0.9378 | 9-82E-02 | 6.21E-02
Pu-240 0.06 1.36E-02 | 2.27E-01
Pu-241 0.002 | 2.06E-01 | 1.03E+02
Pu-242 0.0002 | 7.88E-07 | 3.94E-03
Am-241 0 0 3.43
U-234 0 0 6.21E-03
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Every decay produces an alpha particle and every alpha particle becomes a helium atom.
Equation (1) allows calculation of decay of each radionuclide, and Equation (2) relates that
decay to loss of mass of that radionuclide. Because of conservation of mass, the mass of He
produced is equal to the total loss of mass of the decaying radionuclides, or

gm(He() = gm(deltao)-{gm(Pu-238,)+gm(Pu-239,)+gm(Pu-240,)+gm(Pu-241,)+ gm(Pu-242)+
gm(Am-241)+ gm(U-234,)} 3)

where the subscript t is time.
Calculation of Gas Pressure
The basic equation is the Ideal Gas Law:

pV =nRT
p=nRT/V (4)
where p = total pressure in the volume V
V = void volume
T = absolute temperature (K)
N = number of moles of gas
R = the gas constant, 0.082 liter-atm/mole-K

Calculations were done using liters, atmospheres, etc., and converted to psia at the end.
Conversions used were:

1 mole He = 4 grams

n(He,) = gm(He,)/4
gm(He,): from Equation (3).
K=°C+273

1 atm = 14.7 psia

Since the container was initially filled at atmospheric pressure, the total pressure in atmospheres
at any time t, at a particular volume and temperature, is

p:= 1 + p(Hey) = 1 + n(He )*RT/V (5)
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The TB-1 and the TB-1 internal configurations were considered. From Table 1, the SC-1 and
SC-2 quantities were less the 831 g Electro-Refined (ER) Pu hollow cylinder. The 1300 gram Pu
metal hollow cylinder represents an upper limit of the quantity of Pu metal considered for the
PAT-1 and is presented for reference. Consequently, pressure calculations for alpha decay were
only performed for the 831 and 1300 gram amounts. The temperatures considered were the
“normal” extremes, -40°C (-40°F) NCT temperature (104°C), and-a-temperature-o£136°C (276°F)
#-a-HAC fire temperature, and 582°C (1080°F) in the accident conditions of plutonium air
transport fire. A calculation at room temperature (21°C) was provided for reference.
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Containments were assumed to be loaded at 1 atmosphere pressure (14.7 psi). Table 1 presents
RT/V at these temperatures and volumes.

A 1300 g evaluation 1s provided for reference in Tables 1, 3, and 5; 831 g is the maximum
plutonium content for this addendum. Helium generation was calculated from the mass loss of
the Pu isotopic mixture. Table 2 shows the helium generation, per g of plutonium isotopic

mixture, for the first year.

Table 1. RT/V for TB-1 Containment

Maximum 676 g 523 g 831g 1300 g
Plutonium SC-2 SC-1 | Pu Hollow Cylinder Pu Hollow Cylinder
Mass (g)
Void Volume TB-1 Containment Boundary (liters)
1.103 | 1.112 ] 1.275 | ‘ 1.252
Deg C K P=RT/V( atm/mole)®
104.00 377.00 27.80 27.84 ‘ 24.25 24.69
-40.00 233.00 17.18 17.21 14.99 15.26
136.00 409.00 30.16 30.21 26.31 26.79
20.00 294.00 21.64 21.62 18.85 19.19
Maximum 676.00 523.00 831.00 1300.00
Plutonium
Mass (g)
Void Volume TB-1 Containment Boundary (liters)
1.1103 | 1.1112 | 1.2749 | 1.2519
Deg C Deg K P=RT/V( atm/mole)®
104 377 27.84 27.82 24.25 24.69
-40 233 17.21 17.19 14.99 15.26
136 409 30.21 30.18 26.31 26.79 |
20 293 21.64 21.62 18.85 19.19
562 855 63.15 63.09 54.99 56.00

®R=0.082 liter-atm/mole-deg
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Table 2. Helium Generation Per Gram of Pu Isotopic Mixture for One Year

Time gm Pu gm He moles Time gm Pu gm He moles He
(weeks) He (weeks)
0 1.00E+00 | 0.00E+00 | 0.00E+00 28 1.00E+00 | 6.92E-05 1.73E-05
2 1.00E+00 | 5.01E-06 | 1.25E-06 30 1.00E+00 | 7.41E-05 1.85E-05
4 1.00E+00 | 1.00E-05 | 2.50E-06 32 1.00E+00 | 7.90E-05 1.97E-05
6 1.00E+00 | 1.50E-05 | 3.75E-06 34 1.00E+00 | 8.39E-05 | 2.10E-05
8 1.00E+00 | 2.00E-05 | 5.00E-06 36 1.00E+00 | 8.88E-05 | 2.22E-05
10 1.00E+00 | 2.50E-05 | 6.25E-06 38 1.00E+00 | 9.37E-05 | 2.34E-05
12 1.00E+00 | 3.00E-05 | 7.49E-06 40 1.00E+00 | 9.85E-05 | 2.46E-05
14 1.00E+00 | 3.49E-05 | 8.73E-06 42 1.00E+00 | 1.03E-04 | 2.59E-05
16 1.00E+00 | 3.99E-05 | 9.97E-06 44 1.00E+00 | 1.08E-04 | 2.71E-05
18 1.00E+00 | 4.48E-05 | 1.12E-05 46 1.00E+00 | 1.13E-04 | 2.83E-05
20 1.00E+00 | 4.98E-05 | 1.24E-05 48 1.00E+00 | 1.18E-04 | 2.95E-05
22 1.00E+00 | 5.47E-05 | 1.37E-05 50 1.00E+00 | 1.23E-04 3.08E-05
24 1.00E+00 | 5.93E-05 | 1.48E-05 52 1.00E+00 | 1.28E-04 3.20E-05
26 1.00E+00 | 6.42E-05 | 1.61E-05
Time gm Pu gm He moles Time gm Pu gm He moles He
(weeks) He (weeks)
0 1.00E+00 | 0.00E+00 | 0.00E+00 28 1.00E+00 | 3 06E-07 7.65E-08
2 1.00E+00 | 2.19E-08 | 5.46E-09 30 1.00E+00 | 3.28E-07 8.20E-08
4 1.00E+00 | 4.37E-08 | 1.09E-08 32 1.00E+00 | 3.50E-07 8.74E-08
6 1.00E+00 | 6.56E-08 | 1.64E-08 34 1.00E+00 | 3.72E-07 9.29E-08
8 1.00E+00 | 8.74E-08 | 2.19E-08 36 1.00E+00 | 3.93E-07 9.83E-08
10 1.00E+00 | 1.09E-07 | 2.73E-08 38 1.00E+00 | 4.15E-07 1.04E-07
12 1.00E+00 | 1.31E-07 | 3.28E-08 40 1.00E+00 | 4.37E-07 1.09E-07
14 1.00E+00 | 1.53E-07 | 3.82E-08 42 1.00E+00 | 4.59E-07 1.15E-07
16 1.00E+00 | 1.75E-07 | 4.37E-08 44 1.00E+00 | 4.81E-07 1.20E-07
18 1.00E+00 | 1.97E-07 | 4.92E-08 46 1.00E+00 | 5.03E-07 1.26E-07
20 1.00E+00 | 2 19E-07 | 5.46E-08 48 1.00E+00 | 5.24E-07 1.31E-07
22 1.00E+00 | 2.40E-07 | 6.01E-08 50 1.00E+00 | 5.46E-07 1.37E-07
24 1.00E+00 | 2.62E-07 | 6.56E-08 52 1.00E+00 | 5.68E-07 1.42E-07
26 1.00E+00 | 2.84E-07 | 7.10E-08

The partial pressure of helium and the total pressure in the containment depend on the

containment volume and on the temperature. The total pressure is the sum of the partial pressure

of helium and the air pressure at which the containment was loaded; the latter is assumed to be
one atmosphere (14.7 psi).
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The container was assumed to be filled at ambient temperature (294 K or 21 deg. C) and to reach
the indicated temperature quickly. At two weeks the indicated temperature would have been
reached. The helium pressure, shown in Table 1, is thus:

PHc = HHC*(RT/V)
where ny. = gmy/4

T= the final average temperature in Kelvin (absolute)
V =1.252 liters

R = 0.082 l-atm/mole K, the gas constant.

Pressure in psi= 14.7*Pressure in atmospheres

Table 3 shows helium pressure increase in atm and psi in the TB-1 in weeks up to one year
assuming 1300 g Pu content.

Table 3. Helium Pressure Increase Generatien in TB-1, Void Volume 1.252 Liters, for
1300 g Pu
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46 2.83E-05 0.908 0.561 0.985 13.350 8.251 14.483
48 _2.95E-05 0.947 0.585 1.027 13.922 |  8.605 15.104
50 3.08E-05 0.989 0.611 1.073 14.534 8.982 13767
57 3.20E-05 1.028 0.635 1.115 15.105 9.336 16.387
deg C 104 -40 136 582 104 -40 136 582
deg
Kelvin 377 233 409 855 Sihlk 233 409 855
RTV 24.69 15.26 26.79 56.18 24.69 15.26 26.79 56.18
gm Pu 1300.0 1300.0 | 1300.0 | 1300.0 | 1300.0 1300.0 1300.0 1300.0
week | mole
s He/gm Atmospheres PSI
0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
2 5.46E-09 1.75E-04 | 1.08E-04 | 1.90E-04 | 3.98E-04 | 2.58E-03 1.59E-03 | 2.80E-03 | 5.85E-03
4 1.09E-08 3.51E-04 | 2.17E-04 | 3.81E-04 | 7.96E-04 | 5.16E-03 3.19E-03 | 5.59E-03 | 1.17E-02
6 1.64E-08 5.26E-04 | 3.25E-04 | 5.71E-04 | 1.19E-03 | 7.74E-03 | 4.78E-03 | 8.39E-03 | 1.75E-02
8 2.19E-08 7.02E-04 | 4.34E-04 | 7.61E-04 | 159E-03 | 1.03E-02 6.37E-03 | 1.12E-02 | 2.34E-02
10 2.73E-08 8.77E-04 | 5.42E-04 | 9.51E-04 | 1.99E-03 | 1.29E-02 7.97E-03 1.40E-02 | 2.92E-02
12 3.28E-08 1.05E-03 | 6.50E-04 | 1.14E-03 | 2.39E-03 | 1.55E-02 9.56E-03 1.68E-02 | 3.51E-02
14 3.82E-08 1.23E-03 | 7.59E-04 | 1.33E-03 | 2.78E-03 | 1.80E-02 1.12E-02 | 1.96E-02 | 4.09E-02
16 4.37E-08 1.40E-03 | 8.67E-04 | 1.52E-03 | 3.18E-03 | 2.06E-02 1.27E-02 | 2.24E-02 | 4.68E-02
18 4.92E-08 1.58E-03 | 9.76E-04 | 1.71E-03 | 3.58E-03 | 2.32E-02 143E-02 | 2.52E-02 | 5.26E-02
20 5.46E-08 1.75E-03 | 1.08E-03 | 1.90E-03 | 3.98E-03 | 2.58E-02 1.59E-02 | 2.80E-02 | 5.85E-02
22 6.01E-08 1.93E-03 | 1.19E-03 | 2.09E-03 | 4.38E-03 | 2.84E-02 1.75E-02 | 3.08E-02 | 6.43E-02
24 6.56E-08 2.10E-03 | 1.30E-03 | 2.28E-03 | 4.77E-03 | 3.09E-02 1.91E-02 | 3.36E-02 | 7.02E-02
26 7.10E-08 2.28E-03 | 1.41E-03 | 2.47E-03 | 5.17E-03 | 3.35E-02 2.07E-02 | 3.64E-02 | 7.60E-02
28 7.65E-08 | 2.46E-03 | 1.52E-03 | 2.66E-03 | 5.57E-03 | 3.61E-02 | 2.23E-02 | 3.92E-02 | 8.19E-02
30 8.20E-08 2.63E-03 | 1.63E-03 | 2.85E-03 | 5.97E-03 | 3.87E-02 2.39E-02 | 4.20E-02 | 8.77E-02
32 8.74E-08 2.81E-03 | 1.73E-03 | 3.04E-03 | 6.36E-03 | 4.13E-02 | 2.55E-02 | 4.48E-02 | 9.36E-02
34 9.29E-08 2.98E-03 | 1.84E-03 | 323E-03 | 6.76E-03 | 4.38E-02 2.71E-02 | 4.76E-02 | 9.94E-02
36 9.83E-08 3.16E-03 | 1.95E-03 | 3.43E-03 | 7.16E-03 | 4.64E-02 2.87E-02 | 5.03E-02 | 1.05E-01
38 1.04E-07 3.33E-03 | 2.06E-03 | 3.62E-03 | 7.56E-03 | 4.90E-02 303602 | 5.31E-02 | 1.11E-01
40 1.09E-07 3.51E-03 | 2.17E-03 | 3.81E-03 | 7.96E-03 | 5.16E-02 3.19E-02 | 5.59E-02 | 1.17E-01
42 1.15E-07 3.68E-03 | 2.28E-03 | 4.00E-03 | 8.35E-03 | 5.41E-02 3.35E-02 | 5.87E-02 | 1.23E-01
44 1.20E-07 3.86E-03 | 2.38E-03 | 4.19E-03 | 8.75E-03 | 5.67E-02 3.51E-02 | 6.15E-02 | 1.29E-01
46 1.26E-07 4.03E-03 | 2.49E-03 | 4.38E-03 | 9.15E-03 | 5.93E-02 3.66E-02 | 6.43E-02 | 1.34E-01
48 1.31E-07 4.21E-03 | 2.60E-03 | 4.57E-03 | 9.55E-03 | 6.19E-02 3.82E-02 | 6.71E-02 | 1.40E-01
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Table 4 shows the helium pressure increase in atm and psi in the TB-1, in weeks up to one year
assuming an 831 g Pu content.

Table 4. Helium Pressure Generation Pressure in TB-1, Void Volume 1.275 Liters, for
831 g Pu
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.

deg C 104 -40 136 582 104 -40 136 582

deg

Kelvin 377 233 409 855 377 233 409 855

RTNV 24 .69 15.26 26.79 56.18 24.69 15.26 26.79 56.18

gm Pu 1300.0 1300.0 | 1300.0 | 1300.0 | 1300.0 1300.0 1300.0 1300.0

week | mole
s He/gm Atmospheres PSI

0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
2 5.46E-09 1.75E-04 | 1.08E-04 | 1.90E-04 | 3.98E-04 | 2.58E-03 1.59E-03 | 2.80E-03 | 5.85E-03
4 1.09E-08 3.51E-04 | 2.17E-04 | 3.81E-04 | 7.96E-04 | 5.16E-03 3.196-03 | 5.59E-03 | 1.17E-02
6 1.64E-08 5.26E-04 | 3.25E-04 | 5.71E-04 | 1.19E-03 | 7.74E-03 | 4.78E-03 | 8.39E-03 | 1.75E-02
8 2.19E-08 7.02E-04 | 4.34E-04 | 7.61E-04 | 1.59E-03 | 1.03E-02 | 6.37E-03 | 1.12E-02 | 2.34E-02
10 2.73E-08 8.77E-04 | 542E-04 | 9.51E-04 | 199E-03 | 1.29E-02 7.97E-03 | 1.40E-02 | 2.92E-02
12 3.28E-08 1.05E-03 | 6.50E-04 | 1.14E-03 | 2.39E-03 | 1.55E-02 | 9.56E-03 | 1.68E-02 | 3.51E-02
14 3.82E-08 1.23E-03 | 7.59E-04 | 1.33E-03 | 2.78E-03 | 1.80E-02 1.12E-02 | 1.96E-02 | 4.09E-02
16 4.37E-08 1.40E-03 | 8.67E-04 | 1.52E-03 | 3.18E-03 | 2.06E-02 1.27E-02 | 2.24E-02 | 4.68E-02
18 4.92E-08 1.58E-03 | 9.76E-04 | 1.71E-03 | 3.58E-03 | 2.32E-02 1.43E-02 | 2.52E-02 | 5.26E-02
20 5.46E-08 1.75E-03 | 1.08E-03 | 1.90E-03 | 3.98E-03 | 2.58E-02 1.59E-02 | 2.80E-02 | 5.85E-02
22 6.01E-08 1.93E-03 | 1.19E-03 | 2.09E-03 | 4.38E-03 | 2.84E-02 1.75E-02 | 3.08E-02 | 6.43E-02
24 6.56E-08 2.10E-03 | 1.30E-03 | 2.28E-03 | 4.77E-03 | 3.09E-02 1.91E-02 | 3.36E-02 | 7.02E-02
26 7.10E-08 2.28E-03 | 141E-03 | 247E-03 | 517E-03 | 3.35E-02 | 2.07E-02 | 3.64E-02 | 7.60E-02
28 7.65E-08 2.46E-03 | 1.52E-03 | 2.66E-03 | 5.57E-03 | 3.61E-02 | 2.23E-02 | 3.92E-02 | 8.19E-02
30 8.20E-08 2.63E-03 | 1.63E-03 | 2.85E-03 | 5.97E-03 | 3.87E-02 | 2.39E-02 | 4.20E-02 | 8.77E-02
32 8.74E-08 2.81E-03 | 1.73E-03 | 3.04E-03 | 6.36E-03 | 4.13E-02 | 2.55E-02 | 4.48E-02 | 9.36E-02
34 9.29E-08 2.98E-03 | 1.84E-03 | 3.23E-03 | 6.76E-03 | 4.38E-02 | 2.71E-02 | 4.76E-02 | 9.94E-02
36 9.83E-08 3.16E-03 | 1.95E-03 | 3.43E-03 | 7.16E-03 | 464E-02 | 2.87E-02 | 5.03E-02 | 1.05E-01
38 1.04E-07 3.33E-03 | 2.06E-03 | 3.62E-03 | 7.56E-03 | 4.90E-02 | 3.03E-02 | 5.31E-02 | 1.11E-01
40 1.09E-07 3.51E-03 | 2.17E-03 | 3.81E-03 | 7.96E-03 | 5.16E-02 | 3.19E-02 | 5.59E-02 | 1.17E-01
42 1.15E-07 3.68E-03 | 2.28E-03 | 4.00E-03 | 8.35E-03 | 5.41E-02 3.35E-02 | 5.87E-02 | 1.23E-01
44 1.20E-07 3.86E-03 | 2.38E-03 | 4.19E-03 | 8.75E-03 | 5.67E-02 | 3.51E-02 | 6.15E-02 | 1.29E-01
46 1.26E-07 4.03E-03 | 2.49E-03 | 4.38E-03 | 9.15E-03 | 5.93E-02 3.66E-02 | 6.43E-02 | 1.34E-01
48 1.31E-07 4.21E-03 | 2.60E-03 | 4.57E-03 | 9.55E-03 | 6.19E-02 | 3.82E-02 | 6.71E-02 | 1.40E-01
50 1.37E-07 4.38E-03 | 2.71E-03 | 4.76E-03 | 9.94E-03 | 6.45E-02 3.98E-02 | 6.99E-02 | 1.46E-01
52 1.42E-07 4.56E-03 | 2.82E-03 | 4.95E-03 | 1.03E-02 | 6.70E-02 | 4.14E-02 | 7.27E-02 | 1.52E-01
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Table 5 presents helium pressure increase for all four masses of Pu at ambient temperature
(21°C; 294 K) with their respective void volumes.

Table 5. Helium Pressure Generation Increase in TB-1, Void Volume at
21 degrees C (294 K)
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V (liters 11103 & 1.1112 1.2749 12518 | 11403 k1142 1.2749 | 1.2519
RTIV 21.71 21.70 18.91 19.26 21.71 21.70 18.91 19.26
gm Pu 676.00 | 523.00 831.00 | 1300.00 | 676.00 523.00 831.00 | 1300.0
Week ;-‘::Il:m Atmospheres PSI
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2 5.46E-09 | 8.02E-05 | 6.20E-05 | 8.59E-05 | 1.37E-04 | 1.18E-03 | 9.11E-04 | 1.26E-03 | 2.01E-03
4 1.09E-08 | 1.60E-04 | 1.24E-04 | 1.72E-04 | 2.74E-04 | 2.36E-03 1.82E-03 | 2.52E-03 | 4.02E-03
6 1.64E-08 | 2.41E-04 | 1.86E-04 | 2.58E-04 | 4.10E-04 | 3.54E-03 | 273E-03 | 3.79E-03 | 6.03E-03
8 2.19E-08 | 3.21E-04 | 2.48E-04 | 3.43E-04 | 547E-04 | 4.72E-03 | 3.65E-03 | 5.05E-03 | 8.04E-03
10 2.73E-08 | 4.01E-04 | 3.10E-04 | 4.29E-04 | 6.84E-04 | 5.89E-03 | 4.56E-03 | 6.31E-03 | 1.01E-02
12 3.28E-08 | 4.81E-04 | 3.72E-04 | 5.15E-04 | 8.21E-04 | 7.07E-03 547E-03 | 7.57E-03 | 1.21E-02
14 3.82E-08 | 5.61E-04 | 4.34E-04 | 6.01E-04 | 9.57E-04 | 8.25E-03 | 6.38E-03 | 8.83E-03 | 1.41E-02
16 4.37E-08 | 6.42E-04 | 4.96E-04 | 6.87E-04 | 1.09E-03 | 9.43E-03 7.29E-03 | 1.01E-02 | 1.61E-02
18 4.92E-08 | 7.22E-04 | 5.58E-04 | 7.73E-04 | 1.23E-03 | 1.06E-02 8.20E-03 | 1.14E-02 | 1.81E-02
20 5.46E-08 | 8.02E-04 | 6.20E-04 | 8.59E-04 | 1.37E-03 | 1.18E-02 9.11E-03 | 1.26E-02 | 2.01E-02
22 6.01E-08 | 8.82E-04 | 6.82E-04 | 9.44E-04 | 1.50E-03 | 1.30E-02 1.00E-02 | 1.39E-02 | 2.21E-02
24 6.56E-08 | 9.62E-04 | 7.44E-04 | 1.03E-03 | 1.64E-03 | 1.41E-02 1.09E-02 | 1.51E-02 | 2.41E-02
26 7.10E-08 | 1.04E-03 | 8.06E-04 | 1.12E-03 | 1.78E-03 | 1.53E-02 1.18E-02 | 1.64E-02 | 2.61E-02
28 7.65E-08 | 1.12E-03 | 8.68E-04 | 1.20E-03 | 1.91E-03 | 1.65E-02 1.28E-02 | 1.77E-02 | 2.81E-02
30 8.20E-08 | 1.20E-03 | 9.30E-04 | 1.29E-03 | 2.05E-03 | 1.77E-02 1.37E-02 | 1.89E-02 | 3.02E-02
32 8.74E-08 | 1.28E-03 | 9.92E-04 | 1.37E-03 | 2.19E-03 | 1.89E-02 1.46E-02 | 2.02E-02 | 3.22E-02
34 9.29E-08 | 1.36E-03 | 1.05E-03 | 1.46E-03 | 2.33E-03 | 2.00E-02 | 1.55E-02 | 2.15E-02 | 3.42E-02
36 9.83E-08 | 1.44E-03 | 1.12E-03 | 1.55E-03 | 2.46E-03 | 2.12E-02 1.64E-02 | 2.27E-02 | 3.62E-02
38 1.04E-07 | 1.52E-03 | 1.18E-03 | 1.63E-03 | 2.60E-03 | 2.24E-02 1.73E-02 | 2.40E-02 | 3.82E-02
40 1.09E-07 | 1.60E-03 | 1.24E-03 | 1.72E-03 | 2.74E-03 | 2.36E-02 1.82E-02 | 2.52E-02 | 4.02E-02
42 1.15E-07 | 1.68E-03 | 1.30E-03 | 1.80E-03 | 2.87E-03 | 2.48E-02 | 1.91E-02 | 2.65E-02 | 4.22E-02
44 1.20E-07 | 1.76E-03 | 1.36E-03 | 1.89E-03 | 3.01E-03 | 2.59E-02 | 2.00E-02 | 2.78E-02 | 4.42E-02
46 1.26E-07 | 1.84E-03 | 1.43E-03 | 1.97E-03 | 3.15E-03 | 2.71E-02 | 2.10E-02 | 2.90E-02 | 4.62E-02
48 1.31E-07 | 1.92E-03 | 1.49E-03 | 2.06E-03 | 3.28E-03 | 2.83E-02 | 2.19E-02 | 3.03E-02 | 4.83E-02
50 1.37E-07 | 2.00E-03 | 1.55E-03 | 2.15E-03 | 3.42E-03 | 2.95E-02 | 2.28E-02 | 3.16E-02 | 5.03E-02
52 1.42E-07 | 2.08E-03 | 1.61E-03 | 2.23E-03 | 3.56E-03 | 3.06E-02 237E-02 | 3.2BE-02 | 5.23E-02

4.5.3.1 Reference
1. Caviness, M., LANL Content Description for PAT-1 PACKAGING, Updated August 9,

2007.
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. 4.5.4 O-Ring Decomposition
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Abstract

As part of the submission package to the NRC to amend the approved contents for the PAT-1
container, 3 caloulation was necessary to determine the theoretical pressure rise in the PAT-1
containment vesse! (TB-1) due to the thermal decomposition of o-rings within the container.
These oxings are composed of Viton A®, whose number and mass wre determined by the
internal packing configuration. This report contains the calculations of the decomposition of
these o-ings, in the theoretical accident conditions defined by the PAT-1 SARP, assuming both
oxygen-deficient and oxygen-available environments. The results show that even for the case of
complete thermal decomposition to gaseous products, the tatal pressure rise inside of the TB-1
containmen! vessel is less than the maximum alowable, as defined in the PAT-1 SARP.
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The o-rings are treated as ton, with a volume given by

V= (2R )

where ris the radius of the cross-sectional area of the torus and R is the distance from the
center of the torus to the center of the cross sectional area, Figure 1;

ID

= s e s

) =0

W

Figure 1. Cross section of a torus, showing the dimensional relations to Eq. (1).
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Table 1. Dimensions and volumes of Vifon A® o-rings contained within the TB-1 for the Packing
Confiqurations descrbed in Table 3 and shovm schermaticaly in Fiqure 2.

ouing o<ing w r iD R | Volume | Volume

location | designation | (in in}) | in} | (in) {in’) (em’)
T_—amrionﬁe Parker 2-241 1 0.1 07038593928 | 0.1906 | 3.1233
1 Parker 2-242 10.13910.070] 3.984 ] 2.062 | 0.1966 | 3.2209

SC-1/2__| Parker 2-147 | 0.103 | 0.052 | 2.675 | 1.389 | 0.0727 | 11916

Pacuing Conliquration %1

1B-1 Parker 2-242 10.139]0.070]39884[2.062] 0.196 | 32209
T-ampoue | Parker 2-241 | 0.139 | 0.070 | 3.853 | 3.929 | 0.1906 | 3.1239
Total | 0.3872 | 63442

Packing Confiquration #2
T8-1 Parker 2-242 [ 0.139 1 0.070] 398412062 | 0.1966 | 3.2208
 T-ampoule | Parker 2-241 |0.139 | 0.07013.859) 3928 ] 0.1906 ]| 3.1233
SC-2 Parker 2-147 10.103 ] 0.052]2675] 1.388 | 0.0727 | 1.1916
SC-2 Parker 2-147 [ 0.103 [ 0.052 } 2.675| 1.389 | 0.0727 | 1.1916
Total | 0.5326 | 8.727%

Packing Confiquration 73
181 Parker 2-242 T0.13910.070 [ 3.984 [ 2062 ] 0.1966 | 3.2209
T-ampoule | Parker 2-241 | 0.139 | 0.0/0 | 39291 014906 | 31233

SC-1 Parker 2-147 [ 0.103 [ 0.052 ] 2.6/51 1.389 | 0.0727 | 1.1916
SC-1 Parker 2-147 [ 0.103 | 0.052 | 2.6/5 ) 1.389 | 0.0727 | 1.1916
SC-1 Parker 2-147 10.103 | 0.0521267511.389 | 00727 | 1.1916
Total | 0.6053 | 9.9192

Table 1 gives the relevant dimensions (w, r and R as defined in Figure 1) of the o-ings, taken
from the o-ing supplier’s (Parker) catalog. From these dimensions, the volume of each o-fing is
caleutated using Eq. (1) and compared to the values given in the supplier's product catalog (as
verification that the volume of each o-+ing is accurate). From these individual o<ing volumes,
the tota! o-fing (volume) inventory in the TB-1, for each of the three packing configurations, is
Based on literature review, the reaction products produced by pyrolysis of Viton A® in air is
similar to that of pyrolysis of PTFE in air, namely, CO, CO,, HF, CF,, C;F,, CF¢, CFe, C.Fs.
Therefore, for gas generation calculations, we will assume that the maximum amount of HF (g)
is formed, since this specie would form the greatest amount of product, on a molar basis, from
the degradation products, and therefore represents the maximum pressure contribution of any
(sing'e) pyrolysis product. Then, it is assumed that any fluorine in excess of that taken up in the
formation of HF(g) will react with carbon to form the maximum amount of CF,(g).

In the foflowing section, a calculation will be given of the pressure rise due to o-ing degradation
for Packing Configuration #3, which incdludes five oings, as shown in Table 1.
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Viton A° is a vinylidene fluoride/hexafluoropropylens copolymer, mamufactired by DuPont
Corporation, with a nominal composition of 78 wi%s CF.CH; and 22 wt% C:F.. [). For packing
configuration #3, the tota! elastomer volume is 9.9192 em® {Table 1). Assuming an elastomer
spedific gravity of 1.8 g/ en®, we have 17.855 g of elastomer material, or 13.927 g (0217 moles)
CF:CH, and 3.928 g (0.026 moles) C;F.. The overall decomposition reaction, based on the
assumed decompostlion products is therefore

0.217 CF,CH, (s) + 0.026 CyF{s) » 0.473 C(s) + 0,434 HF(g) + 0.039 CF {g) 4]
For the elastomer inventory in Packing Configuration #3, we have

13.927 g CF.CH, (%}&2&4 oF ®
’ ' .
13827 g CE.CH, {ﬁ%%}:ﬁ&ﬁgﬁ )
" 240224C - ~
plus
, 113988 gF )_
3.928gCF, (m} 2885gF )]
% & 360339C }_. 44
3928 8 Cfg {M) 03943 g c m
or
11.249gF ®)
6.1689C 17}
0.438gH {10)

if we assume that a7l avalable hydrogen and fuorne are Eberated and form the maximum
moles of gaseous products, wewould have
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0438gH

1008 wele H

)o.asmtrydmgenavaﬂawetormgenaa&m.and

11.249gF

{xsmgm}z}.'

0.157 moles of fluorine avaiiable for CF.(g) generation, or 0.039 moles CF.(g). i these reaction
products add incementaly, and ideally, then we would have 0.435mole
HF(g) + 0.033 mole CF.(g), or a total of 0.474 moles of gaseous [HF(g) + CF.{g)] reaction
products. For an unocoupied intemal TB-1 wvolume of 1103.01em® (see Packing
Configuration #3 in Table 3), and T = 1080°F (582.2°C, 855.4 K) for the PAT-1 hypothetical
accident condition, there would be a pressure increment of

=0.592 moles total fiuorine minus the 0.435 moles of flucrine in HF, leaving

(0.474 mo:e}iaz;oss atm “"‘%‘m « )(855,4 K)

P=
1103.01em”

=30.16atm {1

or 443.23 psi due to the assumed o-fing degradation products. Once the hydrogen and fluorine
are consumed in the formation of HF(g) and CFdg), there is a theoretical excess of

{-ﬁ%}ce‘sw mwles of carbon in the vingin elastomer minus 0.039 moles carbon in
12,011
le

CF:. or 0.475 moles,

At this point we could assume that (1) the theoretical excess of carbon will remain as solid,
unreactive char, or that (2) the excess carbon can be further reacted with oxygen to form CO{g)
a%}(&fmd%&@}a%{g)mmmﬁamnmo{m&wd
gaseous reaction products),

The formation of residual carbon char, asopwsedtomemmeO(g)acog{g)ﬁ

be supported based on {a) any oxygen present at the time of initial packaging s scavenged
completely by the formation of plutonium oxide, and (b) the TB-1 remains intact at the
theoretical acddent conditions. Sofid ¢har is experimentally observed, even in the oxidative
therma! decomposition of fluoroelastomers.». > * Further, for studies of the thermal degradation
of Viton A® in non-oxidizing environments, an incomplete volatllization of the polymer, as
evidenced by a low yield of fluorine with respedt to the theoretical quantity” The calaudated
amount of char represents 3255 of the original elastomer mass and 93% of the carbon contained
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However, for the purposes of a conservative estimate, we assume the case where additional
oxygen were to be made available in the TB-1 and sample containers, in a quantity suffident to
react completely with the excess carbon from the elastomer, to produce CO{g) or CO: (g). Such
a reaction would increase the overall moles of gaseous reaction products to 0.474 moles
(HF (g) + CF, (g)) + 0.475 (moles CO (g) or CO (g)). thereby doubling the overal pressure rise
from 30.16 atm to 60.32 atm, or 887.28 psi.

Table 2 summarizes the calculation given above, which, again, represents the elastomer
inventory in Packaging Configuration #3, along with a similar calaulation of the remaining two
Packing Configurations, which have a reduced elastomer loading.

Table 2. Caculation of elastomer degradation products for the three Packing Configurations
described in Table 1 and shown schematica’ly in Figure 2. The top summation in the nght-hand
part of each row represen!s the lotal number of moles assuming that the excess carbon forms a
so’id char (i.e., no CO{g) or CO-{g) formation), whe the bottom summation in each row s the
tofa! number of moles assuming tha! the excess carbon reacls completely to form gaseous

produt, either COfg) or CO{g).
Packing 8.907 g (0.139 moes) 0.280¢ :62275833 éiFi((g;
Configuration #1 CFCH, (0278 motes) H = 0.303 moles
(63442cmPof | 251290017 motes) | 7.194g(0.370moles)F | ol T
Viton A) CoFs 39459 (0.328motes) C | .~ LS -
_ 0.383 motes HF(g)
pocking | 22 30BN MIeS) | 0385 6 (0.383 motes) H | 0,035 motes CFu(g)
Omﬁgwaw(e T enbof | 34564 (0023 mates) | 28379(0521 moles)F | £= 0.418 moles
Veon A%) 4309 CF 5.427 g (0.452 moles) C | 0.417 moles CO(g)
¢ L= 0.835 moles
Packing 13.927 g (0.217 motes) | 0.438 g (0.435 moles) H 332,?,,,“‘;‘2 Sf‘(i,’,
Configuration #3 CF.CH; 112439 £=0.474 moles
(99192 of | 3.928 (0.026 motes) (0592 moies)F | g 475 motes COLg)
Viton Aﬁ CiFe 6.168 g (0.514 moles) C .xm 0.949 moles
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Table 3 gives the overall pressure rise calculation for the three Packing Configurations,
using the appropriate o-ing inventory (Table 1) and unoccupied TB-1 volume (Table 3) for each

Configuration

Table 3, Interna! volume of the TB-1 container (top line), and solid volumes of T-ampoule, filer
ring, sample containers (SC-1 or SC-2) and Pu metal payloads for each Pacling Configuration
{volume of optional tantalum foil and copper foam were neglecied). Calumn 4 gives the resuiting
pressure rise for the case of char formation, whie column 5 gives the resuit for the case of no
char formation, Column 6 is 8 summation of the pressure rise from Column 5 plus an additional

2.9 atmospheres (42.62 psi), assumed osiginally present in the TB-1.

i Pressure Pressure Pressure
Volume | Volume | nse (psi)— | rise (psi)— | nse (psia) -
components (in®) (em®) | withchar no char no char
Empty 161 8910 | 1460.09
Packing Configuration #1
T-ampoule 783 128.31
Filer ning 0.90 14,75
Pu oylinder 8319 257 | 4211
Unoccupied TB-1 volume 7780 | 127491 245.10 4%0.20 532.83
Packing Configuration B4
T-ampoule 7.83 128.31
Fifler ring 090 14.75
SC2 275 45.06
SC-2 275 45.06
SC-2 Cradle Assembly 4.90 80.30
Pucylinder 1.1 @ x 1.1"h 1.05 1721
Pucylinder 1.1 Ox 1.1 h 105 A
Unoccupred TB-1 volume 6787 | 111219 | 38759 T74.26 816.89
Packing Configuration %3
T-ampoule 7383 128.31
Fiier nng 0.90 14.75
SC-1 2,15 35.23
SC-1 2.15 35.23
SC-1 2.15 35,23
SC-1 Cradle Assembly 502 82.26
Pu cyiinder 0.88 © x 0.68° h 0.53 8.69
Pu cytinder 0.88°0 x 0.88" h 053 | .8.69
Pu cylinder 0.88°0 x 0.88" h 053 8.69
Unoccupeed 18-1 volume o7.31 | 1103.01 4437 887.28 929.91
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Abstract

As part of the submission package to the NRC to amend the approved contents for the PAT-1
container, a calculation was necessary to determine the theoretical pressure frise in the PAT-1
containment vesse! (TB-1) due to the therma! decomposition of O-fings within the contairer.
These o+ings are composed of Viton A®, whose number and mass are detemined by the
intemal packing configuration, This report contains a conservative calaudation of the
decomposition of these O-ings. in the theoretical accident conditions defined by the PAT-1
SARP. The calculation assumes a scenario whereby the O-ring material is completely volatized,
using a reacton scheme which generates the maximum number of gaseous reaction products,
and the maximum pressure fise within the T8-1. The results show that even for the case of
complete thermal decomposition to gaseous products, the total pressure rise inside of the TB-1
containment vesse! is less than the maximum alowable, as defined in the PAT-1 SARP.

Page 1 of 10
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The o-fings are treated as tord, with a volume given by

V= 2nR}r ) 1y

where r is the radius of the cross-sectional area of the torus and R is the distance from the
center of the torus (o the center of the cross sectional area, Figure 1

CES

W

Figure 1. Cross section of a torus, showing the dimensional relations to £q. (1).

Page 2 of 10

4-36



PAT-1 Safety Analysis Report Addendum Docket No. 71-0361 Rev. 1, September 2010

Tab'e 1. Dimensions and volumes of Vitan A® O-iings contained vithin the T8-1 for the Packing
Configurations described in Table 3 and shown schemalically in Figure 2.

O-ring
O.ring Size w r 1D R Volume | Volume
tocation Standard' | (in) | (in) | (im) | (in) {in%) {cm?)

T-Ampoute® 241 0139 [0.070 ] 3.859 13,929 0.1906 | 3.1233
18-1 242 0.13910.070 13984 | 2062] 01966 | 3.2209
SC-1712 147 0.103 1 0.052 ] 2675]1.389] 0.0727 | 1.1916

Packing Configuration 81
T-Ampoule 241 0.13910.070 ] 3.859 | 3.929| 0.1906 | 3.1233
Total | 0.1906 | 3.1233

: Packing Configuration 82

T-Ampoule 24 0.139 ] 0.070{3.859[3.929] 0.1906 | 3.1233
SC-2 147 0.103 1 0.052}2.675]1.389] 0.0727 | 11916
SC-2 147 010310052 |2.675}1389§ 00727 | 1.1916
Total | 0.3360 | 5.5065
Packing Configuration %3

T-Ampoule 241 0.139 /10.070 | 3.85913.929| 0.1806 | 3.1233
SC-1 147 0.103 ] 0.052 | 2675 1.389| 0.0727 | 1.1916
SC-1 147 0.103 | 0.052 { 2.675]1.389] 0.0727 | 1.1916
SC-1 147 0.163]0.052 1 2675]1.389] 0.0727 | 1.1916

Total | 0.4087 | 6.6981

Table 1 gives the relevant dimensions {w, r and R as defined in Figure 1) of the O-fings, whie
the {D and w are provided from SAE AS568C “Aerospace Size Standard for O-rings™. From
these d:mensions, the vo'ume of each O-nng is calcutated using £q. (1) and compared to the
vaues given in the SAE AS568C standard (as verification that the volume of each oing is
accurate). From these individual O-fing volumes, the total O-ring (volume) inventory in the TB-1,
for each of the three packing configurations, is obtained. Note that the TB-1 O-ring Is not
used for the plutonium etal shipments and is not included in the volume calculation.

Based on [terature review, the reaction products produced by pyrolysis of Viton A® in air is
simiar to that of pyrolysis of PTFE in air, namely, CO, COs COFa, HF, CF,, C;F;, CyFe. CoFe.
CsFs. This is to be expected since the atomic species present in the two fiuoropoiymers are
nominally simiar, both composed fargely of carbon and flucrine. Once volatiuzed, these atomic
species vall re-form into other molecular species having sto:chiometries determ:ned by the
prevaling thermodynamic conditions in the gas phase.

Viton A® is a vinyldene fiuoride/exafiuoropropylene copolymer, manufactured by DuPont
Corporation, with a nominal compositon of 78 wiS CFixCHz and 22 wiss CiFs. (. (BY
comparison, PTFE has a nominal composition of 160 wi%s C;F,. In the case of PTFE, the
hydrogenous compounds cbserved on pyrolysis would obta:n the necessary hydrogen from
water vapor, which ks invariably presen! during air oxidation.™) It is noled that air oxidation of

Page 3 of 10
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PTFE can resuit in significant fraclions of higher molecular weight products, such as COF,,”
relative to the oxidative pyralysis of Viten A® (which produces targer fractions of HF and CFa). In :
order to be conservatve, we vill assume that the pyrolysis products of Viton A® are composed ;
of lower mo'ecuiar weight products, resyiting in the greatest number of moles of gaseous :
reaction product, and therefore the largest pressure increase. Consequentiy, for gas generation

calculations, we will assume that the maximum amount of HF(g) Is formed, since this specie ;
would form the greatest amount of product, on 2 molar basis, from the degradation products, !
and therefore represents the maximum pressure contribution of any (single) pyrolysis product. It ,
is turther assumed that any flucrine i excess of that taken up in the formation of HF(g) will react ‘
with carbon to form the maximum amount of CF.(g).

it is known that Viton A® contains inorganic fillers, such as metal oxides and diatomaceous
earth, to aid in processing.** Agan, to be conservative, no credit is given for any non-volatile
components within the elastomer.

in the {dllowing section, a calcutation wl be given of the pressure rise due to O-fing degradation '
for Packing Confguration #3, which includes four O-rfings, as shown in Table 1. Table 2 gives a
the results of this caloutation, as well as the results {or Packing Configurations 1 & 2. |

The basis of the calculation assumes the sequentia) formation of
(1) HF, to competely account for the hydrogen present in the original o-fing matenal, then

(2) saturaled fiucrocarbon (CF,), to acoount for the excess amount of Ruorine over that taken up
by HF formation, {ollowed lastiy by

(3) either CO{g) or CO:(g), to account for the excess amount of carbon remaining after ,
accounting for the hydrogen and flucrine present in the orginal o-ing(s). ;

This reaction scheme resuits in the maximum number of moles of gaseous reaction producis, :

thereby generatng the highest amount of intemal pressure in the T8-1 unoccupied volume. This i
is the most conservative case.

elastomer specific gravity of 1.8 gfem® we have 12.057 g of elastomer material, or 9.404 ¢
(0.147 males) CF.CH, and 2.652 g (0.018 moles) CsF.. The overall decomposition reaction,

|
For Packing Configuration #3, the tolal elastomer volume is 6.698 cm® (Table 1). Assuming an a
1
based on the assumed decomposition producis is therefore !

0.147 CF,CHzfs) » 0.018 CsF(s) -~ 0.320 C{s) + 0.294 HF(g) + 0.027 CF.{g) {20)

0.320 C{(s) + 0.160 O: (g) - 0.320 CO; (g) or 0.320 CO{(g) {2b)

For the elastomer inventery in Packing Configuration #3, we have ;

Page 4 of 10
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371 996gF

9404 gCF.CH, SA034gCFCH, | =5580gF 13)
0 2016gH Y
9.404 g CF,CH, QW} =0.286gH #H
{__240229C ._
9.404 g CF.CH, | —ﬁ“‘sa.osa ke T 3589C (5)
plus
| _113.988gF _
26529C/F, f _9_-.1 S00zTgCF - 2015 9F (6)
. 36033gC ,_
2.652gC,F, . 1500919 C.F, 0.637gC 0
of
7.5969gF {8)
4.165¢C 9]
0296 g H (10)

If we assume that a'l available hydrogen and fuorine are therated and form the maximum
moles of gaseous products, we woulg have

\
__9;2_3;‘5.2_*1_,{@:0,294 moles hydrogen avallable for HF  generation, and
1.008 gmote H }

_____Z._Qg_s_g_ri_} =0.400 mo'es tota) iuorine minus the 0,294 moles of fivorine in HF, leaving
18.998 % 1ok )

0.106 mo’es of fluorine available for CF.(g) generation, or 0.027 mo'es CF(g). If these reaction
products add incrementally, and ideally, then we wou'd have 0.294 moles
HF(g) + 0.027 mole CF{g), or a total of 0.320 moles of gasecus [HF(g) + CFi{g)] reaction
products. For an unoccupied intemal TB-1 volume of 1103.01cm® (see Packing
Configuration #3 in Table 3), and T = 1080°F (582.2°C, 855.4 K) for the PAT-1 hypothetical
accident cond:ion, there would be a pressure increase of”
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4-39



PAT-1 Safety Analysis Report Addendum Docket No. 71-0361 Rev. 1, September 2010

« , |
(eszoma:e)(azoss AMCN ek ){355.4 K) |
P= 0501 =20.38 atm {11 !

or 299.49 psi due to the assumed o-fing degradation products. Once the hydrogen and flyorine
are consumed in the formation of HF(g) and CF{¢), there is a theorelical excess of

{......_...._...“6296 }::0347 moles of carbon in the virgin etastomer minus 0.027 moles carbon in
12.011
mole

CF,, or 0.320 moles.

Al this point we could assume that (1) the theorelical excess of carbon will remain as solid,
unreactive char, or that (2) the excess carbon can be further reacied with oxygen to form CO{g)
or CO2{0) (the formation of either CO(g) or CO2{g) would produce the same number of moles of
gaseocus reaction products and therefore, in the ideal gas case, an equal pressure contribution),

The formation of residual carbon char, as opposed o the formation of CO{g) or CO4(g), would i
be supported based on (a) any oxygen present at the time of initiad packaging is scavenged |
complelely by ihe formation of plulonium oxide, and (b) the TB-1 remains intact at the |
theoretical accident condiions. Solid char is experimentally observed, even in the oxidative |
t
|
i

thermal decomposition of fiueroetastomers. »9 Fyrther, for studies of the thermal degradation

of Viton A® in non-oxidizing environments, an incomplete volalilization of the polymer is

evidenced by a low yield of fiuorine with respect to the theoretical quantity.™ However, for the

purposes of a conservative estimale, we assume the case where additional oxygen were to be

made avalable in the TB-1 and samp'e containers, in a quantity sufficient to react completely

with the extess carbon from the etastomer, to produce CO(g) or CO: (). Such a reaction wou'ld !

increase the overal mo'es of gaseous reaction products to 0,320 moles [HF(g) + CF.(g)) ?

+0.320 motes [CO(g) or CO{g)], thereby {approximately) doubting the overall pressure rise |

from 20.38 atm {0 40.76 atm, or 598.98 psi. ‘
i

Tab’e 2 summarizes the calculation givén above, which, again, represents the elastomer
inventory in Packaging Configuration #3, along with a similar calautation of the remaining two
Packing Configurations, which have a reduced elastomer loading. §
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Table 2. Calculation of elastomer degradation products for the three Packing Configurations
described in Table 1 and shown schemalically in Figure 2. The summation in the right-hand
column of each row i3 the fotal number of moles assuming that the excess carbon reacts
completely to farm gaseous product, either CO{g) or CO.{g).

Packing 4.385 G (0.068 moles) CFCH, | 0.138 9 (0.137 moteyH | 0:137 moles HF(g)
Configuration 1 0.012 moles CF{g)
BIZBam’ ol | o0 0 608 motes) CF, o010 m)} ¢ | o19moesco)

Viton A%) 2379(0. ) CiFe $32910. Z=0.299 moles

Packing ' 0.241 moles HF(g)
o 7731 g(0. 121 moles) CF,CH, | 0.243 9 (0.241 moles) H 0.022 mo'es CF {g)

Configuration 6264 ‘
244 ¢ (0.329 moles) F

(5.5085 o’ of 1900 | 0283 motes cotg)
Vitonm A9) 218190015 moles) CiFy | 34249(0.28Smaes)C | oo WO -
19 | 9.4049(0.147 motes) CF.CH; | 02089 (0294 motegy 1 | 23 maieo HF(G)

Configuration £3 . 0.027 moles CF g}

(68381 em’a! | o) 0 10,018 motes) € Z’ﬁ“gﬁ mates) g 0.320 moles CO(g)
Viton A%) 9(0. Fs | 41859(0.347 moles) I'= 0,640 moles

Tab'e 3 gives the overa’t pressure rise calculation for the three Packing Configurations,
using the appropriate O-ring inveniory (Table 1) and unoccupied TB-1 volume (Table 3) for each
Configuration,
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Table 3. Intemnal volume of the TB-1 confainer (top line), and s¢-d volumes ¢f T-ampoule, filer
ring, sample containers (SC-1 or SC-2) and Pu metal payioads for each Patking Configuration
(volume of O-ing lubricant and oplional tantalum foil are not indluded). The amount of lubricant
on the O-nng wou'd be minimal to permit joining the £d (o the body of the T-Ampoule or sample
containers. Column 4 gives the pressure rise for the case of complete volatifzation of afl
conteined o-fing materials. Cofumn § is a summaltion of the pressure rise from Calumn 4 plus an
addlional 2.9 atmospheres, due to an in‘sal 1 atm of pressure assumed (o be present in the TB-
1 at the tme of packaging, and then heated from ambient (0 882.2 K dunng the sccident

scenarno. ;
Velume | Volume | Pressure Pressure
compornents (in®) {cm?) rise (psi) fise (psia)
Emply T8-1 §9.10 | 1460.09 |
Packing Configuration #1
T-ampoule 7.83 128.31
Fil'er ring 0.0 14.75 i
Pu ¢viinder 831 g 2.57 421 '
Unsccup’ed T8-1 volume 77.80 | 1274.91 24163 284.25
Packing Configuraton $2
T-ampoule 783 128.31
Fil'er fing 0.90 14.75
SC-2 2.75 45.06
SC-2 2.75 45,06 |
SC-2 Cradie Assembly 4.90 80.30

Pucylnger1.1"@x 1.1°h 1.05 17.21
Pucyinger 1.1"0x 1.1°h 1.05 17.21

Unoccup’ed T8-1 volume 67.87 | 111219 488.33 530.94
Packing Configuration 3 f
T-ampoule 783 128.31 :
Filler ring -0.90 14,75 :
SC-1 2.15 35.23
SC-1 '2.15 35.23
SCA 2.15 35.23
SC-1 Cradle Assembiy 5.02 82.26

Pu cyiinder 0.88'© x 0.88" h 0.53 8.69
Pu cyinder 0.88°0 x 0.88" h 0.53 8.69
Pu cyinder 0.88°0 x 0.88° h 0.53 8.69

Unoccupled TB-1 volume 67.31 ]} 1103.01 598.94 641.56
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The PAT-1 SARP (section 4.4.2) stipulates that the maximum allowable internal TB-1 pressure,
in the theoretical accident conditions, must remain less than 1,110 psia. The results of this
MMMGNWWdMA‘hNWW
conditions show that this maximum intemnal pressure is not exceeded for any of the three

mszd”deMWt
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*_From SAE AS568C, “Aeraspace Size Standard for O-fings”. 1D, w, and Volume are provided
from Table 4, r and R are derived.

¥ The TB-1 O-ring is not used for p'utonium meial shipments.

2 AK. Bumham and R K. Weese, “Kinetics of thermal degradation of explosive binders Vilon A,
Estane, and Kei-F", Thermochimica Acta 426 (2005) pp. 85-92.

¥, H. Aito and R, Soda ‘“Pyrolysis Products of Polytelrafivoroethylene and
Po’ytetraﬂuomethy:enepmpﬁene with Reference to [nhafation Toxicology’, Korean J. Chem.
Eng. 12 (1995) pp. 247-255.

¥, L.D. Scheel, W.C. Lane and W.E, Co'emen, “The Toxicity of Polytetraethylere Pyrolysis
Preduds- Including Carbonyl Ftueride and a Reaction Product, Siticon Tetrafluoride®, Amer. Ind.
Hygene Ass. 29 (1968) pp. 41-48.

¥ J. F. Smih and G. T, Perkins, "The Mechanism of Post Cure of Viton A* Flucrocarbon
Elastomer”, J. Appl. Polym. Sci. 16 (1961) pp. 460-467.

“. Technical Information - Viten® fuoroelastomer Flu'd Resistance Guide (CuPont Dow |
Elastomers, 1998). ‘

“3_Technical Information - Viion® A-100 (DuPont Dow Elastomers, 2003).

*_ The ideal gas law gives relates pressure, as a funciion of temperature and volume, as

P = nRT/V. if temperature (T) is expressed in Kelvin, volume (V) is expressed in em?, and mass
(n) in moles, then the pressure can be expr%sed in units of aimospheres (atm) using a

conversion factor of ; 82.056 amem

/moeK l

* Anaiytical Pyreysis of Synihetic Qraanic Poivmers, ed. by Serban Mo'doveany (2005) p.289.

s . L Lee, R.R. Reed, V.L. Brady, and S.A. Finnegan, *Energy release in the reaction of metat

pmvders with fluorine containing polymers®, J. Thermal Anal. 49 (1997) pp. 1699-1705. ’
Y AE. Venger, el al, ‘Thermogravimetric. Study of the Thermal Decomposition of '
pohtetrafivoroethylene) under Nonisothermal Conditions®, Vesisi Akademii Navuk BSSR.

Seryya Fizika-Energetychnykh Navuk 2 (1976) pp. 65.

©. G, J. Knight and W. W. Wrighi, “The Thermal Degradation of Hydrofiuoro Potymers”, J. Appl.

Polym. Sci. 16 (1972) pp. 683-693.
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4.5.5 Determination of A, for the PAT 1 Package with Plutonium Contents
Prepared by Monty L. Goins, LLC, and Reviewed by Drew Winder, LLC

DETERMINATION OF A; FOR THE PAT-1 PACKAGE
WITH PLUTONTUM CONTENTS

Introduction

The containment critenia for radioactive, fissile matenial packages are given in
10 CFR 71.51(a)(1) for Norma!l Conditions of Transport (NCT) (=10°° Ayh), in 71.51(a)(2)
for Hypothetical Accident Conditions (HAC) (< A, in a week), and 71.64(a)(1)(i) for Accident conditions
for air transport of phutonium (< A, in a week). The A, value for this mixture of radioisotopes nmst be
defermined fo establish the content coniainment criteria and to determine the maximum release quaniity
that is allowed by the regulations. These values for a mixture of isotopes are determined by the
methodology given in 10 CFR 71, Appendix A, *Determination of A; and A,,” Sect. IV. The results of
these analyses are used to demonstrate comphance of the PAT-1 package with the containment
requirements of 10 CFR 71.

Scope

The A ; value of the plutomum content to be shipped is evaluated bnsed on the mnss and weight
percents of materials shown in Tables 4.5.5.1 and 4.5.5.2 defined in Sect. 1.2.2. The analysis documented
1n this section was conducted to establish the upper limit for the total activity and the maximum munber
of Ass proposed for transport in the PAT-1 package. The maximum activity (53281 TBq (1440.02 CD]
eccurs at initial fabrication. However, the maxinmm activity-to-A; vatue (5.5708 x 10%) of the contents
occurs when the Pu-241 fully decays to Am-241. These values have been determined using a maximm
of 1300 gram of plmomum. By appl)mg the weight percents of isotopes shown in Tables 4.5.5.1 and
4.5.5.2, the maximum activity, minirmm A» value, and the minimum leakage requirements were
detennmedformepmposedcomemsandaresummanzemeabl&s-‘# 5.5.4,455.5,and4.5.5.6. The
mass and isotopic concentrations used for the proposed content do not take inio consideration limits based
on shielding, criticality or strucural.

According fo 10 CFR 71, Appendix A, parent and daughter miclides are considered to be
a mixture of different miclides than those of the parent nuclide. The radioactive decay of uranium (refer
to the decay chains presented by Dr. David C. Kocher, Radioactiva Decay Daza Tables [Kocher 1981])
creates isotopes that will accunmlate encugh activity to exceed their respective criteria for limited
quantities (Shippers-~General Requirements for Shipments and Packagings {49 CFR 173.425], Table 4,
Activity Limits for Limited Quantities, Instruments, and Articles”) and for Type A quantities of
radionuclides (10 CFR 71, Table A-1, “A; and A, Values for Radionuclides™). Furthermore, the A value
for the mixture will change over time as a result of radicactive decay. The analysis below shows that the
As value for this mixiure reaches a minimum when the Pu-241 is fully decayed to Am-241.

Analysis

Mass Tables. The mass and weight fractions for the isotopes used in the containment
calculations are presented in Tables 4.5.5.1 and 4.5.5.2.
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Table 4.5.5. 1. Isotopic mass and weight percent for the Plutonium contents *

’ Mass
Nuclide Weight percent @
Pu-238 © 0.050000 0.650000
Pu-239 92.350000 1200.550000
Pu-240 6.500000 $4.500000 '
Pu-241 i 1.000000 13.000000
Pu-242 0.100000 1.360000
Am-241 0.000000 0.000000
Total 100.000000 1300.000000

¢ Entire weight of contenrs is assumed to be phrsonium. Maxinm content mass is assumed to be 1300 grany.

Table 4.5.5.3. Isotopic mass and weight percent for the Plutonium contents with full Pu-241
decay to Am-241"
Mass

Nuclide Weight percent @ .

Pu-238 0.050000 0.656000
Pu-239 92.350000 1200.550600
Pu-240 6.500000 84.500000
Pu-241 0.000000 0.000000
Pu-242 0.100000 1.300000
Am-241 . 1.000000 13.000000

Total 100.000000 1300.000000

* Enrire veight of contents fs assumed to be phronfum. Maximum content mass is assumed to be 1300 grams.
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Table 4.5.8.3. A, value and activity calculation for 1300 g of radioactive material at 0 vears '
AMazs Specific activity  Activiiy A, i A,
Izotope ] (TBq's) (TBg) (1Bqg) (TBo'TBg) (VTBg)
Pb-210 040000 25600=+00 0.00005+00 $.00005-02 0.0000E+00 00000200
P12 060000 5.20002+04 0.0000E+00 10000201 0.00002+00 0.00002+00
B:210 0.00000 46000203 Q.0000E:00 6.00005-01 0.0000E+00 0.00008+00
BiN2 0.00000 5.40002+05 0.0000=+00 4.00002-01 0.00008-00 0.00002+00
Po-210 000000 1.70008+02 0.00002+00 2.00002-02 0.00002+00 0.00002:00
Re-212 000000 $.70008+03 0.0000E+00 40000203 0.0000E<00 0.00042+00
Ra-233 0.60000 190002403 0.00002+60 70000503 0.00002-00 000002400
Ra-224 0.00000 5.90002+03 Q.00008400 2.06000=-0% 0.0000E+00 0.00002+00
Ra-22§ 0.00000 1.50002:03 0.0000E+00 40000203 0.0000E~00 0.0000E+00
Ra-228 0.00600 3.7000202 Q0000E+00 3.00005-03 0.0000E=00 0.00002:60
Ra-228 0.00000 1.06002+01 0.0000500 2.0000E-02 0.0000E+00 0.0000=2+00
Ac-223 0.00000 2.10002+03 0.00008+00 6.00002-03 0.0000E+00 0.00002:00
Ac-237 0.00000 2,70008+00 Q.0000E100 $.00002-03 0.0000E+00 0.00005+00
Ac228 £.00000 3.4000E+04 0.00008+400 $.00002-01 0.0000E-00 00000200
T 227 460090 110002403 0.00005+00 $.00005-03 0.0000E+00 000002400
Th228 0.00000 3.00008+01 6.0000E+00 1.00002-03 0.00002+00 0.00002+00
Th-229 0.00000 79000203 G.00002+00 $.00005-03 0.00002-400 0.00002+00
Th-230 0.00000 1.6000204% 0.0000E:00 1.0000=-03 0.0000E+00 0.00002+00
Th-231 0.00000 2.00002+04 0.0000=+00 20000202 0.00008+00 0.00002+00
Th-232 0.00000 40000200 0.00002:00 1.00002+75 0.00002-00 00000200
P>-231 0.00000 1.70002-03 0.00002+30 40000204 0.0000E-00 00000200
Pa-233 000000 7.70002+02 000002400 7.00002-01 0.0000E+00 00000200
U232 0.00000 83000501 0.00002+00 1.0000%-03 0.0000E~00 00000200
U-233 0.00000 36000204 0.00002+00 $5.00002-03 0.0000E-00 00000260
U-234 0.00000 23000204 Q.0000=+00 30000503 0.0000E+00 0.00002+00
U-2s 0.00000 8.0000E-03 0.60005+00 1.00008+75 0.0000E+00 0.0000+00
U-236 0.00000 23000246 0.0000E+00 50000203 0.0000E+00 00000200
Np-237 000000 26000205 0.0000E00 20000203 0.0000E~00 0.00002+00
Pa-23§ 000000 20000201 0.0000=+00 3.00002-03 0.0000E+00 00000200
Pu-238 ©.55000 $30002-03 30950501 1.00005-03 7.68575-03 76857200
Pa-239 1200.5500 23000203 276138400 1.0000-03 5.18252.02 5.18255-01
Pa-230 $4.50000 8.4000203 7.0830801 10000203 1332250 133222401
Pa-24) 13.0000 3.5000200 293002401 50000502 9.27162-01 154538401
Pa-242 130000 1.50002-04 19500504 1.00002-03 36599206 36569203
= 13000000  ACINTIVSUM=  5.3281E+01 STMOPFA; =  8.82892:01
(mixture) = ! = l = 11326 « 107 TBq
‘ TR/ A 8.8289 » 10* (I/TBq)
7
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Table 4.5.5.4. A, value and activity calculation for 1300 g of radioactive material with full Pu-241
decay to Am-241

Afass Specific activity  Actinily A, ) HOTEW

I:otope ® (ITBa’g) (IBq) (TBa) (TBg/TBq) (/TBq)
-0 G.00000 2800020 0.00002+C0 5.0000z-02 0.00002+00 0.00000+00
A2 0.00003 5.2000204 0.0000=2+00 2,0000z0} 0.00002+00 000002400
Bi-210 0.03002 4.6300=+03 0.0000z+00 $.0000:z01 0.00002+C0 0.0000e+00
Bi-212 0.003000 55000205 0.0000z-00 $.0000201 0.00002+00 0.0002e+00
#o-210 0.00(0) 1.70002-02 0.00002+00 2.0000:42 0.00002<00 0.0000e+00
Ro212 9.03002 5.70002+03 0.0000=~00 2,0000203 0.00002-00 0.0000:+00
Ra-223 0.03000 1.90002+03 0.0000=+00 1.0000:03 0.0000=+00 0.0000e+00
Ra-24 0.05000 59000203 00000200 20000202 0.00002+00 0.00002-00
B>225 0.03¢0 1.5000=-03 €.0000=+00 2.00002-03 0.0000=+00 00000+
R>226 0.0300) 3.7000z02 000002+~(0 3.0000z-03 0.0000z-00 0.00002+00
Ra-228 0.02003 1.000Q=+01 0.0000z-00 2.0000z.02 0.00002+00 0.00002+00
A5 0.03000 210002+03 0.0000=+00 $.0000=-03 0.0000=+00 0.0000:+00
A Y} 0.00000 27000200 ¢.00002-00 9.0000z-05 0.00002+00 0.0002e+00
Ac8 0.00003 8.40002+0% 00300200 5.0000z01 0.02002+00 0.0000:+00
™27 0.02000 L1000=+03 0.00002+00 5.0000203 0.0000=-00 0.0000e+00
Th28 9.00600 3.0000=-01 0.0500=2+00 1.00002-03 0.0000=2+00 0.000e+00
™29 0.00000 7.9000:-03 00000200 5.0000=-04 0.0000=+00 0.00002+0%
230 0.00000 7.6000z-04 0.00002+(0 1.0000203 0.00002+00 0.0000e+03
™23t 0.00000 200002+04 0.00002+C0 2.0000:0% 0.00002-00 0.0000e+00
232 0.00030 4.0000z-09 0.00002+(0 1.00002+75 0.00002+00 0.0000+00
R-231 0.00000 1.7000z-03 00000200 4.00002-0+4 0.00002+00 0.0000e+00
Re-233 0.0000) 7.30002+02 0.00002+00 70000201 0.0000=2+C0 0.0000e+00
U232 0.00000 8.30000-0} 0.0000=+00 1.0000x03 0.0000=+00 00000800
U-233 9.00000 3.5000=-04 000(0z+() $§.0000:203 0.00002+00 000000
U233 0.00000 230002-04 0.0300=+00 $.0000203 0.00002+C0 0.0003e+00
U-235 0.00007 8000003 0.00002-C0 1.00002+75 Q.0000=+00 0.0000e+00%
U-235 0.00000 24000208 0.03002-00 §.0000203 0.0000=-00 0.0000+00
Np-237 0.0000% 2.63002-05 Q000200 2.0002:03 0.00002-00 40000+
Pu-236 0.00000 20000801 0.00002-00 3.0000203 0.00002+00 0.0000e+00
B3 0.65000 6.30002-01 4.093502-01 1.0000z-03 7.3500202 7350%e+01
A-23e 1300.3500 2.3000z-03 A7513e~00 10000203 2956701 495670}
240 $4.50000 8.4000z-03 7.09802-01 1.0000203 13742501 127426402
P 241 0.0300 3.80002+00 0.00002-00 £.0000202 0.00002+(0 0.0000e+00
Pu-222 130000 1.5000z-04 1.950Qz-04 1.0000z03 3.5003205 35004802
Am24] 130000 1.3000:-0} 16300200 1.0000:-03 3.0337e01 3033732
Mass = 1300.06000 Activity sam = 5.57082+00 Sumof fA: = 1.0000r+03

. 1 1
A; (uxture) = TED/A: = 10000x10°(TBg = 1.0000x10°TBq
The total number of A proposed for shipmeni is equal to the ratio of total activity divided by the As of
s
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this particular mixfure as shown in Table 4.5.5.5.

Table 4.5.5.5, Activiry, A2 value, and number of A; proposed for transport

Activiey Ay
Isotopic distriburion (TBq) : (TBq) Actl A
Full Pu.241 531812401 1.1326:.02 4.7042e+03
(cee Table 4.5.5.1)
Full Am-241 5.57082+60 1.00005-03 5.57082+03

(see Table 4.5.5.2)
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4.5.6 Calculation of the PAT-1 Containment Vessel’s Regulatory Reference

Air Leakage Rates

Prepared by Monty L. Goins, LLC, and Reviewed by Drew Winder, LLC

CALCULATION OF THE PAT-1 CONTAINMENT VESSEL'S
REGULATORY REFERENCE AIR LEAKAGE RATES

Introduction

The PAT.1 leak-testing requirements of the containment boundary are based on the smallest
maxinnms allowable leakage rate generated from the maximmun plutonivan content defined in Tables 4.5.5.1
and 4.5.5.2. Section 5 of ANSIN14.5-1997 defines the maximum allowable leakage rate based on the
maximum allowable release rate. These leakage rates, Ly, L4, and Ly, | are the maximum allowable seal
leakage rates for Normal Conditions of Transport (NCT), Hypothetical Accident Conditions (HAC), and
Accident condition for air transport of phitoninm (ACATP). The worst-case maximum allowable leakage
rates are used {o calculate an equivalent leakage hole diameter following ANSI N14.5-1997, Appendix B, for
each condition of transport. This leakage hole diameter is used to calculate a reference air and a helium
leakage rate for leak testing. A bounding mass for the plutonium content of 1300 gram is used in this
caleulation to certify the PAT-1 package for shipment. The maxiomm allowable leakage rates are calculated
using this maxirmum content mass in a much more dispersive form (oxide powder) at the highest calculated
pressures and temperatures. This section shows the following procedure used to calculate the leak criteria for
the plutonium constituents at initial fabrication. Table 4.5.6.1 shows the results of using this procedure for
both set of isotopic distributions.

Plutonium Content with no Pu-241 decay

Calculate Ry, Ry, and Rpg:

where
Ry = allowable release rate for normal conditions of transport;
Ry = allowable release rate for hypothetical accident condition, and
Bea = allowable release rate for accident condition for air fransport of plutonium.

The maximim allowable release rate is based on using Ax.

A = 11336102 TBq (30611 x 10 Ci). Table 43.5.5
The confainment requirements for NCT , HAC, and ACATP are:

Ry - Arx10%TBgh = A:1x278x10°TBgs,  ANSINI4.5-1997 (Eg. 1)

11326 % 107 x 278 107 TBafs,
3.1488x 10" TBqfs, (8.5102 = 107" Cis).

A: (TBgfweek),

Axx 1.65 % 107 (TBgfs), ANSIN14.5-1697 (Eq. 2)
1.1326 % 107 x 1.65 = 10" TBqfs,

1.8689 x 1075 TBq/s, (5.0510 x 1077 Cifs). or limited to 10 Ax/wveek of “Kr

A, (TBg/week),

Ayx 1.63 % 1075 (TBqfs), ANSI N14.5-1997 (Eq. D)
1.1326 1072« 1.65 x 10°* TBq/s,

1.8689 x 10" TBq/s, (5.0510 = 107 Cis).

Tt o #

(LI I

Raa

oo

13
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Following ANSI N14.5-1997, the medium aerosol activity must be calculated to determine the leakage rates.

m = tofal puclide mass in the package available for release {g),
TotA = tofal activity in the package available for release (TBq),
TSA = total specific activity in the package available for release {TBq/g).
For the plutonium content:
TSA = TotA/m,
TSA = 5.3281 x 10! (TBq) / 1300 (), Tabled4
TSA = 40985 x 10 TBq/g.
pp = 9 107 glem’. The maxinnun density of powder aerosols in the &l gas '
Curren, WD. and RD. Bond 1980, Leskage of :
Radioaciive Powders from Containers.
For the packaging arrangement:
Gy = achivify per unii volume of medium that could escape from the containment system
(TBg/em’).
Cx = TSA x pp,
= 40985 10" (Iqug)xQxlo ¢ (gem®),
Cx = 3.6887 x 10" TBg/em’. NCT

Using Curren’s maxinnm aergsol density, Ca = Gy = Cpa:

Ca = activity per unit volume of exiting gas (TBg/crs®), HAC
Ca =  3.6887x 10" Toglem’.
Coay = activity per umz volume of exiting gas (TBg/cr), ACATP

Ca = 3.6887 x 107 TBg/em’.

Section 6.1 of ANSIN14.5-1997 calculates Ly with (Eq. 3) and L, and Lpa with (Eq. 4). Lv.La and1pa
are the maximuon aliowable leakage rates for the containment vessel fill gas aerosol dwring NCT, HAC, and

ACATP, respectively.

&
]

maximun allowable leakage rate for the medhum for NCT {TBqfem®).

Ix = RuiCy ANSIN14.3.1997 (Eq. D)
in = 3.1488 x 10" (TBq/s) / 3.6887 = 1077 (TBg/em),

Iy = 8.5363 » 107% em¥s.

L, = maximum allowable leakage rate for the medium for HAC (TBg/em®),

La = RyICy,

La = 1.8689 x m“aws);z 6887 x 1077 (TBq/em?),

s = 5.0665 x 107 em’fs. '
Loa = reaximum allowable leakage rate for the medium for ACATP (’I‘qucm’),

lpa = Rpa ! Cpa,

Loy = 1.8689 10‘3 (TBy/s)/3.6887 » 10° - (TBg/em®),

Ipa = 5.0665 x 107 cm’s.

Ly, L3, and L5, comespond to the upstream volumetric leakage rate (1) at the upsiream pressure (P,)

14
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in the ANSI N14.5-1997 formulas for use later in this section. The reference air leakage rates Ly ;. Ly, and
Lzapy for NCT. HAC. and ACATP based on the Ly, L. and Ly, are then calcwlated using the maximum
tentperatures and pressure combinations from Sections 4.2, 4.3, and 4.3.1.

Determination of the Leakage Test Procedure Requirements for the Plutonium Content

Thus calculation will examine the most conservative effects of a fully loaded containment vessel with
a plutonium mass of 1300 gram. The smallest allowable leakage values are shown in Table 4.5.6.1. The A,
value and the maxinmum content activity-to-A: value ratio for this mixture were calculated in Section 4.5.5
and sunmarized in Table 4.5.5.5. As calculated in Section 4.5.5, the A: value and the maximum content
activity-to-A; ratio used in the following calculations occur at initial fabrication and are 1.1326 » 102 TBq
(3.0611 x 107} Ci) and 4.7042 x 10° respectively. These values are used to determine the leakage fest
procedural requirements when packaging the TB-1 containment vessel. :

The following analysis determines the maxinnum allowable seal air reference leakage rate for NCT,
HAC, and ACATP. The ANSI N14.5-1997 recommended method using a straight circular tube to mode} the ¢
leakage path is applied. Using this “standard® leakage hole mode! permits the calculation of equivalent
reference leakage rates from which leak-test requirements can be established. Viscosity data for air and
helnum used in the following analyses were obtained from curve fitting routines at specific temperahures based
on viscosity data for air (Handbook of Chemisary and Physics, 55th ed.) and helium (NBS Teclmical Note
631).

Ly and L4 correspond to the upstream volumetric leakage rate (L) at the upstream pressure (P,).

Ix = 8.5363 x 10° cm’s,
L, = 5.0665 x 10° cm’s,
Lpa = 5.0665 x 107 cm¥s.

Find the maximum pressure and temperature in the containmen vessel:
Converting the temperature to degrees Kelvin: '

T = 27315+ T(*C),

T = 27315+ 579 CF - 3D (X).

Ty = 27315+ 519 18.00°F - 32) (K), (T=218.00°F) ,
Tx = 376.48K. NCT (Section4.2) 1
T, = 27315+ 5/9Q76.00°F - 32) (K), (T=276.00"F)

Ta = 408.71 K. ' HAC (Section 4.3)

Tea = 273.15 + 5/ 9(1080.00°F - 3 (K), {T=1030°F)

Tea = 855.37K ACATP (Section 43.1)

Converting the pressures from psia to atmospheres: ;

Py = P (psia) / 14.696 (psiafatm), where P is the pressure in Section 4.2 ",
Py = 18.872 (psia) / 14.696 {(psia/atm), for NCT :
Py = 12%0m :
P = P (psia) / 14.696 (psia/atm), where P is the pressure in Section4.3 l
Pa = 20.486 (psia) / 14.696 (psiafaim), for HAC :
Pa =  139%40am. |
s |

[
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For ACATP conditions. two different pressures will be analyzed:

Pouw = P (psia) / 14.696 (psia/atm), where P is the pressure in Section 4.3.1 ‘:
Pow = 613 (psia) / 14.696 (psiafatm), for ACATP I
Pp_u = 41.7120 amm.
CPo = Priax / 14.696 (psia‘atm), where Pyuax is the maxioum design pressure of the
TB-1 containment vessel
o = 1125 (psia) / 14.696 (psia‘atm),
Powr = 76.55 am.

The molar gas percentages, determined later in this section for ACATP at 613 psia, will be used for both the
Pay and Py, analysis during ACATP.

NCT Leakage Hole Diameier for the Plutonium Content

Tke following calculations determine the leakage hole diameier that generates the maxinmum
allowable leakage rate during NCT. To keep these calculations conservative, the maximum values for
temperature and pressure were used as steady-state conditions for NCT. According to Sect. 4.1.1, the gas
inside the containment vesse} roay consist of nitrogen‘helium/argon with a maximmum 100 parts per million of
oxygen Based on sampe calculations, the lowest regulatory leakage rate was predicted with 100 percent
helium in the void volumes of the TB-1 canfainment vessel and T-Ampoule. The leak path length was
assumed to be 0.022 inches (0.056 cm) based on the length of the copper gasket seal compression.

Input data for NCT with 1060% helium gas:

In = 8.5363 x 1078 cms, Maximum upstream leakage
P, = 1.2842 atm, Upstream pressure = 18.872 psia
Py = 0.2382 atm, Downstream pressure = 3.5 psia, per 10 CFR 71.71(3)
a = 0.056 am, Leak path length (copper gasket seal compression)
T = 376.48 K, Fill gas temperature = 218.00°F
M = 002310 cP, Viscosity at temperature
M = 4.0 glg-mole. Molecular weight of fill gas
The average pressure is:
P, = (P, P92,
= (12842 4+ 0.2382) /2,
P. = 0.7612 atm. Average pressure during NCT

According to ANSIN14.5-1997. the flow leakage hole diameter is unknown. Therefore, the
mass-like leakage flow rate nmist be calculated to caleulate the average leakage flow rate.
Q is the mass-like leakage for flow using the upstream leakage, L., and pressure, P,:

Q = Pl (Eq. BY)
L. = In NCT leakage
Q = (1.2847)(atm) (.5363 10" %(c’fs).

Q = 1.0962 » 10™ amm-cm’s. NCT mass-like leakage rate
Q = P, L., (Eq.BD)

16
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L = Q/P, = 1.0962 x 10" (atm-cm™s) / (0.7612)(atm),

L = 1.4403 » 10 cro¥s. NCT average leakage rate ‘
Solve equations BY B4 from ANSI N14.5-1997: i
L, = (AR @ -PYem’ss, (Eq. B2)

i, = (F.+Fo) (1.2842 - 0.2382),
L, = (1.0469) (F. + F.) cm¥s.

FEE = Q.49 % 10 n‘fca 1) (an’atm-<), (Eq.B3)

£ = Q.49 % 10 nl((ooss)(ooano))
Fo = (1.9245 x 10°) D' em™atm-s.

Fo = G81-100DT M By (cw’ratm.), (Eq.B4) ‘
Fo = (3.81x10°) D’ (376.48/4.0)° 1 ((0.056) (0.7612)), |
Fo = (8.6717 » 109 D* cm’ram-s.
From the mass-hke leakage caleudation:
L = 1.4403 « 107 em™s. NCT average leakage rate
Find the leakage hole diameter that sets; )
L o 1.
Using the equations;
Ly = (1.0360) (F +
Fe = (1.9245 xl D cm:atm-s,
Fo o (86717 x 1 em’/amn-s.
To get a batter guess on a psw D use:
D = Dy (L, /L)%,
Now a guess must be made for Ds to solve Eq. B2 for NCT:
D, = 0.001 cm. and solve for L= 14403 » 10" cm™s.  NCT average leakage rate

Diameter F, Fa : L, L/
1.0000£-03 1924503 S.6TLTE-04 ‘ 29201E-03 0.0049
26221E-04 9.0966E-06 1.5632£-05 2.58867E-05 0.5568
22623204 $.041CE-06 1.0C41E-05 . LSTISE-05 09129 |
22110804 4.5987£-06 9.3723E.06 . L4614E-05 0.9855 .
2202804 4.5315E.06 9.26932-06 1.4436E.05 0.9976
22015204 4.5207e-06 9.2528:.06 I 1.4407e-05 0.9996 !
2201304 4.5190E-06 9.2502e-06 ¢ 14403205 0.9999 :
22013504 4518706 . 2498E-06 LA4402E-05 1.0000 K
17
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The NCT leakage hole diameter for the plutonium content:
D = 2.2013 x 107V cm.

NCT Reference Air Leakage Rate for the Plutonium Content

The leakage hole diameter found for the maximum allowable leakage rate for NCT will be used to
determine the reference air leakage rate. O-ring seal leakage tstmg must ensure that no leakage is greater
than the leakage generated by the hole diameter D =2.2013 x 10~ cm. Therefore, the NCT reference leakage
flow rate (Ls ») must be calculated to determine the allowable test leakage rate.

Input data for NCT reference air leakage rate:

D = 22013 x 107 cm, From NCT

a = 0.056 cm, Leak path length {copper gasket seal compression),

Pa = 1.0 atm, Upstream pressure

Py = 0.01 atm, Downstream presswre

T = 298K, Fill gas temperatwe, 77°F

M = 29 g/g-mole, . Molecular weight of air

M = 0.0185 cP, Viscosity of air at reference temperature
Calculate P,

P, = @, +P9/2,

= (1.0+0.01) 72,

P. = 0.505 atm. NCT average pressure

F. = (2.49 » 109 D*/ (a p) (cm*atmes), (Eq. B3)

F. = (2.49 = 109 (2.2013 = 109 * 1 ( (0.056) (0.0185)),

F, = (2.4035 » 10°) (2.2013 » 107%7,

F.. = 5.6433 x 10" cm */atm-s.

Fo = (:SlxIO’)D’(TIM)’f(aP)(cm’lann-s) (Eq B4)

Fo = G831 x10) Q2013 x107H3 (”98!”9)’:‘((0 056) (0.505) ).

F= = (43187 x 109 22013 %1072,

Fa = 4.6066 x 10~ cm *atm-s.

L. = (Fc+F) (@Pa- Pa) P/ P (e fS) (Eq. BS)

Lo = (5.6433 » 107% + 4.6066 =« 10" (cm’/atm-s) (1.0 - 0.01)atm) (0.505 7 1.0).

L. = (10250 x 10" Y(cm*fatm-s) (0.49995)atxs),

i, = 5.1244 = 10" cm®¥s.

The reference air leakage rate as defined in ANSI N14.5-1997, Sect. B.3. is the upstream leakage in air.

Lo = 5.1244 5 107 refcm ¥fs.

The same equations can be used to calculate an allowable leakage rate using helium for leak testing.

4 gfg-mole,
0.0198 cP.

=
0o

NCT diameter

plutonium content

Molecular weight of helium
Viscosity of helium at temperature
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The allowable leakage rate using heliwm for leak testing is:
$.8373 x 10" em¥s.

Lyew =

19

F.oo=  Q49x109D'/(ap) (cn’famns), (Eq. B3
F. = Q.49 x 109 (22013 x 107%) */( (0.056) (0.0198) ),

F. = 2.2457 = 10°) 2.2013 x 1079 ¥,

F. = 52728 x 10~ em¥/atm-s.

Fz = .81 x 1) D} (T /M) 1@ B (em¥amm-s), (Eq. B9
Fa = (.81 % 100 (2.2013 = 10°%3(298/4.0)% 7 ((0.056) (0.505) ).

F. = (1.1629 = 10% (2.2013 x 1079 ?,

Fo = 1.2404 « 107 cm¥atm-s.

L = . +F) B - PP,/ P) (cm¥s), (Eq.B3)
L = (5.2728 % 10°% + 1.2404 » 10" H{cm*/atm-5) (1.0 - 0.01}{atm) (0.505/ 1.0),

a (1.7676 x 10°){cm ¥amm.s) (0.49995)(amm),

L = $.8373 x 1078 em™s.

HAC Leakage Hole Diameter for the Pluconium Content

The calculation of 2 maximuum allowable leakage rate hole diameter is based on the temperature and
pressure of the fill gas aerosol for HAC, assuming the content is in an oxide powder form. Keeping this
calculation conservative, the maximum values for tenperature and presswre were used as steady-state
conditions for a week. The maximum values were generated during the 30.min bum test for HAC,

Input data for HAC:
La B 5.0655 x 107 em Vs, Maximum exit leakage
P, @ §.3940 atm, Upstream pressure = 20,486 psia
Py o 1.0 atm, Downstream pressure
T = 408 7L K, Fill gas temperature = 376°F ‘
# o 0.02442 ¢P, Viscostty of gas mixture at iemperature !
M = 29 g/g.mole, Molecular weight of gas mixnure :
a = 0.036 cm. " Leak path length (copper gasket seal compression)
P, = (Pa+P4)/2
= (1.3940+1.0)/2, HAC average pressure
P, = 1.1970 atm.

Q is the mass.like leakage for flow using the upsiream leakage, L. and pressure, P,

Q = Pola (Eq. BD)
L = La HAC leakage
Q = (1.3940)(atm) (5.0665 « 10")(cm ¥s) 3
Q = 7.0626 x 107 atm-cm¥s. . HAC mass-like leakage mte ‘
Q = P, L. (Eq.BY)

NCT helium test vatue
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Q/Pp,

L. = 7.0626 x 107 (atm-cm¥s) / (1.1970)atm),

L, = 5.9003 x 10° cm’s. HAC average leakage rate
Solve equations B2-B4 from ANSI N14.5-1997:

L = F +F) (.- P (cm¥s), (Eq.BD)

L = (€ +Fo) (13940 - 1.0),

L = 0.3940 (F. + Fo) em *s.

F. = Q49 105D/ (a ) (cm¥atm.s), (Eq.B3)

F. = (2.49 » 109 D*/ ( (0.056) (0.02442)),

F, = (1.8211 = 10°) D¥ am ¥atm-s.

Fo = GS1 x 1) D (T /M) /(@ P) (cm¥atm-s), (Eq. BY)

Fo = (3.81 = 10%) D* (408.71 / 4.0) / ( (0.056) (1.1970)),

Fo = (5.7454 x 10 D’ cm atm-s.

From the mass-like leakage calculation:
L, = 5.9003 x 107 em¥s. HAC average leakage rate
Find the leakage hole diamefer that sets:

1_3 = L,
Using the equations:
L = 0.3940(F. + Fo) em ¥s,
F. = (1.8211 x 16°) D* em Yfatm-s,
F. = (5.7454 » 109 D’ cm Yatm-s.

To get a better guess on a new D use:
D = DL/
Now a guess must be made for D, to solve Eq. B2 for HAC:

D, = 0.001 (cm), and solve for L= 5.9003 x 107 (cm¥s). HAC average leakage rate
Diameter F. Fo L L./L:
1.0000z5-02 1.8211E+01 5.7454£-01 7.40148+01 0.0079%
2.9593£-03 1.3967€-02 1.4890£-02 | 6.0896£.02 0.96891
2.9359z.03 1.3530E-02 1.4539£-03 ¢ 5903402 0.99948
2.9355£.03 1.3523E-02 1.4533£-03  5.9004E-02 0.99999
2935503 1352302 1.4533£-03 5.5003e-02 1.00000

20
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The HAC leakage hole diameter for the Plutonium content is:

D =  2935x107em HAC diameter
HAC Reference Air Leakage Rate for Plutonium Content

The leakage hole diameter found for the maxirmum allowable leakage rate for HAC will be used to
determine the reference air leakage rate. O-ring seal leakage testing must assure that no leakage is greater
than the leakage generated by the hole diameter D= 29355 x 10 em. Therefore, the HAC reference air
leakage rate (Ly_4) st be calculated to determine the acceptable test leakage rate for post-HAC leakage
testing.

Input data for HAC reference air leakage rate:

D = 29355 % 10 cm, From the HAC of transport
a = 0.056 cmn, . Leak path length (copper gasket seal compression)
Py = 1.0 am, Upstream pressure
Pa = 0.01 atm, Downstream pressure ;
T = 293 K, ' Fill gas temperature, 77°F ;
M = 29 g/e-mole, ‘ Molecular weight of air '
i = 00185 cP. Viscosity at temperahure
Calculate P;:
P, = P.+P)/2
= 0.505 am. _ HAC average pressure
£ = (249 x 109D/ (a n) (cm¥atm-s), (Eq. B3)
F. = (249 x 109 (2.9355 x 107 *7( (0.056) (0.0185) ),
Fe. = (2.4035 x 10°) (2.9355 = 1073,
F. = 1.7847 x 10 cm¥am-s.
| .81 x 10) D’ (T/MY? 1 (a Y (e’fatmr-s), (Eq. BA)
F. = (.81 x 10°) 2.9355 x 10" * (298 7 29)° / ((0.056) (0.505) ),
Fo. = (43187 % 10% (29355 = 10°% *,
Fo = 1.0924 x 10> cm¥atms,
L, = Fc+F) By - PP/ P) (ew'ls), (Eq. BS)
L. = (1.7847 % 16} +1.0924 < 10°? Y(em®/atm-s) (1.0 - 0.01)(atm) (0.505/1.0),
L, = (1.8939 x 10” Y(cm */atm-s) (0.49995)(atm),
L = 9.4636 = 1072 cms.

The HAC reference air leakage rate as defined in ANSI N14.5-1997, Sect. B.3, is the upstream leakage in air.
Lsaar = 9.4636 x 10 ref-cms. for plutonium content

The same equations can be used to calculate an allowable leakage rate using helium for leak testing.

M = dg/gmole, ' . Molecular weight of helium '~
u = 0.0198 cP. Viscosity of helium at temperature
FE. = Q49x109D* /G p (co’atm-s), : (Eq.BY) (.

21 |
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(2.49 x 10% 2.9355 x 10 em) */ ((0.056) (0.0198)),
(22457 = 109 2.9355 » 107 cm) ¥,
1.6675 x 10 cm*atm-s.

m o
nsu

~

.81 % 10H D’ (T/M)™/ (a B (cor/atm-s), (Eq.B4)
(3.81 x 10%) (2.9355 x 107 cm) * (298 / ) / ( (0.056) (0.505) ),

(1.1629 x 10%) (2.9355 x 10°> cm)’,

29415 x 107 cm¥atm-s.

F.+F) P, - PP,/ P (em¥s), {Eq. B3)
(1.6675 x 107 +2.9415 5 10" Ycm™/atm-s) (1.0 - 0.01){atm) (0.505/ 1.0),
(1.9617 x 10" Yem®/atm-s) (0.49995)(atm),

9.8072 x 10" cm’s.

3} 1]

"'1'71[;"1"1

o

seErr
nonouo

The allowable leakage rate using helium for leak festing for HAC 1s:
Loase = 98072 %1077 em¥s. HAC helium test value
Accident Condition for Air Transport of Platonium (ACATP)

The calculation of a maxinmm allowable leakage rate hole diameter is based on the temperature and
pressure of the fill gas aerosol for ACATP, assuming the content is in an oxide powder form. Keeping this
calculation conservative, the maxinnun values for temperature and pressure were used as steady-state
conditions for a week. The maxirmum values were generated during the 60-min burn test for ACATP (10
CFR 71.74(a)(5). In accordance with Section4.5.3, 1.42 x 10" moles of He gas are generated per gram of
plutonium in one year. Therefore, using 1300 grams of plutonium, 1.846 » 107 moles of helium is generated
inone year. The original assumption for packaging assumed that the glove box was filled with helium gas.
However, for air transport accident conditions, the contents are conservatively assumed to be loaded mside
the T-Ampoule and T-Ampoule inside the TB-1 containment in an air environment. Therefore, the 1103.01
cm’ of void volume would contain 0.00897 moles of oxygen and 0.0337 moles of nitrogen. According
fo the o-ring decomposiiion and pyrolysis of ancillary high density polyetrylene analysis shown in Section
453, the following molar quantity of gases are created during ACATP: 0.009286 moles of COy; 0.29340
moles of HF; 0.03493 moles of Ny; 0.02711 moles of CF; and, 0.28866 moles of hydrocarbon gas. The gases
are assumed perfectly mixed generating the following gas percentages:

1.417 % of CO; [(0.009286/0.65557) x 100%]

45.060 % of HF ((0.2954/0.65557) x 100%)

5.328 % of Ny [(0.03493/0.65557) x 100%)

4.135 % of CF; [(0.02711/0.65557) x 100%]

44,032 % of hydrocarbon gas mixture [(0.28866/0.65557) x 100%)
0.028 % of He ((0.00018/0.65557) x 100%]

Ot L 1

The molar gas percentages, determined above for 613 psia, will be used for both the 613 psia and 1125 psia
analysis during ACATP. The hydrocarbon gas is a mixture of approximately seventy three different gases.
The mixture has an average molecular weight of approximately 240 g/g-mole. The comesponding
hydrocarbon gas with this molecular weight is Cy;Hys. Therefore, the viscosity of Cy;Hyswill be used for the
hydrocarbon gas mixture in the following leakage calculations for ACATP. Equations shown in Perry’s
Chemical Engincers” Handbook . 7° Edition, provide a method of determining the viscosity of this
hydrocarbon gas as a function of temperature. Normally, the leakage hole length, a, is assumed to be the
basic diameter of the O-ring seal. In this case where the seal is created by deformation into a copper gasket,
the value for “a”, is the indentation depth into the copper gasket of 0.022 inches (0.056 cm.). Varying this
value by a factor of 10 will increase the leakage rates by approximately the same factor. The following

22
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caleulations are shown for the case where the Pu-241 has not decayed to Am-241. Table4.3.6.1 summanizes

the results for both decay conditions.
Input data for ACATP: i
S |
Ipy = 5.0665 » 107 ems, Meximum exit leakage i
P. = 41.7120 atm, Upstream pressure = 613.00 psia (Ppay) ;
P, = 1.0 atm, Downstream pressure ’
T = 85537 K, Fill gas temperature = 1080°F |
it = 0.03694 cP, Viscosity of gas mixture at tempersture
M = 12044 g/g-mole, Molecular weight of gas mixture :
a = 0.056 cm. Leak path length (copper gasket seal compression) i
P, =  (BiP)/2 :
= 417120+ 1.0)/72, ACATP average pressure :
P, = 21.3560 amn.

Qs the mass-like leakage for flow using the upstream leakage, L., and pressure, P.;

Q = P L., (Eq. B1)
i, = La ACATP leakage
Q = (41.7120)(atm) (5.0665 = 10 (em¥s), !
Q = 2.1134 atm-cm’s. ACATP mass-like leakage rate i
Q = PBL. (Eq. BI) ;
L. = Q/P ;
i, = 2.1134 (atm-cm’fs) 7 (21.3560){atm), i
L = 9.8958 x 107 em’s. .' ACATP average leakage rate V
Solve equations B2-B4 from ANSI N14.5-1097:
i
L = EAEIC.- P, (Eq B)
i, = F.+F)ELT120- 1.0), :
L. = 407120(F.+F)em¥s. |
E. = 049 109D (ap)(em Yatm-¢), {Eq B3} i
F. = (249 » 109 D7 ((0.056) (0.03694)), i
F. = {12037 x 10 D* em ¥atm-s. ,
F. = (.81 x 10 D (T/M)*/ (@ P) (cm¥atm-), (Eq. B4 ‘
F. = (3.81 = 1% D’ (855.37/ 120.44) 1 ({0.036) (21.3560)), ;
F. = . {84899 x 10 D’ cm*atme-s. i
From the mass-like leakage caleulation:
L = . 9.8958x107 ecm¥s. ACATP average leakage rate {-
|
Find the leakage hole diameter that sets: '
i
L‘} = L,. :
23 1
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Using the equations:
L: = 40.7120(Fc+Fo)cm’s, ;
F, = (12037 » 1) D' em ¥atm-s,
Fo = (84899 10%) D’ em*ams.

To get a better guess on a new Duse:

D = Dy (L LY*=.

Now a guess must be made for D, to colve Eq. B2 for ACATP:
D: = 001 (cm) andsolve forL,=9.8958 » 107 (cm¥s). ACATP average leakage rate

-

Diameter F. ' Fa L, L1,
10000202 1.2037e-01 . 5.4899E.03 4.9032E-02 0.00020
LI7I7E.03 22691503 .+ 13858805 9.2937e.02 106478
1.1904£.03 24173803 14322805 9.88992.02 0.9995%
Lis03E.03 24163203 14318208 9.8958E02 1.00000

The ACATP leakage hole diameter for the Plutonium content is:

D = 11903 » 10 e ACATP diameter
ACATP Reference Air Leakage Rate for Plutonium Content

The leakage bole dinmeter found for the maxinnum allowable leakage rate for ACATP will be used to
determine the reference air leakage rate. O.ring seal leakage testing nust asswre that no leakage is greater :
than the leakage generated by the hole diameter D = 1.1903 « 10°* cm. Therefore, the ACATP reference air !

feakage rate (L3 pa.am) must be calculated 1o determine the acceptable test leakage rate for post- ACATP
leakage testing. ‘

Togac data for ACATP reference air leakage rate:

D =  11803x10% cm ‘ From the ACATP of transport

a - 0.056 cn, Leak path length (copper gacket seal compression)

I A = 1.0atwn, Upstream pressure

Pg = 0.01 atm, Downstream

T = 298K Fill gas temperatwre, 77°F

M = 29 gfg.mole, , Molecular weight of air

f = 0.0185cP, Viscosity at temperature

Caleulate P,
P, = @.+PY12 ' 1

= 0.505 atm. ACATP average pressure j
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F. = (249 x 109D*/(ap) (cm¥atm-s), (Eq. B3)
F, = (2.49 x 10% (1.1903 x 107 *7((0.056) (0.0185)),

F, = (2.4035 x 10°) (1.1903 = 10°) *,

E. = 49246 x 107 em¥atm-s.

. = G481 x 1Y D} (T /M) /(2 ) (cm’fatm-s), (Eq. B4)
F. = (3.81 % 10% (11903 x 1073 2 (298 / 29)* / ((0.056) (0.505)),

Fo = (4.3187 x 10 (1.1903 = 103 3,

e = 72832 % 107" cm’atm-s.

L = F+F) oz PYP./PY (cm'ss), (Eq. BS)
La. = (4.8246 x 107 +7.2832 x 107*)(cm¥atm-5) (1.0 - 0.01)(atm) (0.505 7 1.0),

L. = (5.5529 x 10° Y(cm Yatm-s) (0.49995)atm),

L. = 27762 % 107 em¥s.

The ACATP reference air leakage rate as defined in ANSI N14.5-1997, Sect. B.3, is the upstream leakage in
m. .

Lepaax = 2.7762 x 10 ref-cm¥s. for plutonnum content

The same equations can be used to calculate an allowable leakage rate using helium for leak testing.

M = 4 gfg-mole, Molecular weight of helium

i = 0.0198 cP. Viscostty of helium at temperature

E. .49 x 109 D4/ (a ) (c¥/atm-s), (Eq.B3)
(249 x 109 (1.1903 x 103 cm) */7( (0.056) (0.0198)),

ol
nonon o

F. (22457 x 16 (1.1903% 107 cm) ¥,

F. 4.5078 x 107 em’/atm-s.

= = G81x10)Da/mm¥/e ! (cm¥amm.s), (Eq.B4)
Fo = (3.81 x 10%) (1.1903 x 107 cm) (08 14)° 1((0.056) (0.505)),

Fz = (1.1629 » 10° (1.1903 x 107> cm)’,

F. = 1.9611 x 107 em¥atm-s.

L = (Fe+F) (Pe- PYH@./PY (c'ls), (Eq. BS)
L. = (4.5078 x 107 +1.9611 = 107 Y(cm¥atm-s) (1.0 - 0.01){atm) (0.505/ 1.0),

L, = (6.4689 » 10 Ycro/aim-s) (0.49995)(atm),

L, = 3.2341 x 107 cm¥s.

The allowable leakage rate using helium for leak testing for ACATP is:
Leprwa= 32341 % 107 em’s. . ACATP helium test value

In accordance with Table 4.2 of the SAR, the highest measured air leakage rate following the ACATP
conditions was 4.5 x 10” cc/sec at atmosphere conditions (atm ce/s). Thisleakage rateis considerably lower
than the calculated maxinum allowable regudatory leakage rate requirement of 1.3152 x 107 ref cefs shown
in Table 4.5.6.1. Therefore, the TB-1 containment vessel inside the PAT-1 shipping package maintains
consainment for NCT, HAC, and ACATP condifions.

" 25 ‘
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Mass Release During ACATP

To determine the amount of material that leaks out of the containment boundary in one week under
ACATP conditions, the measured volumetric leakage rate shown in Table 4.2 (4.5 x 107 cm¥s ) is nmultiplied
by the aerosol mass density (9.0 x 10 g/cm®) and by time (6.048 x 10*sec/week). You obtain a mass release
of approximately 2.45 x 10~ grams in one week. This release amount disregards orifice size and particle size
timts.

The regulatory release mass limit for the matenal in the confainment vessel is calculated by using the
regulatory actvity limit of an A; in cne week divided by the specific activity of the mixfure. Assuming a
homogerous mixture, the material leaving the containment vessel has a specific activity detenmined by
dmdmg the total activity (TBg) by the total mass (grams) or TBq/gram. Therefore, the allowable mass
release is then the A, in a week (TBafweek) divided by the specific activity of the mixture (TBg/gram) or
grams/week. Using this approach for the material that has no Pu241 decay and Table 4.5.3.3, you obtain an
activity release rate of 1.1326 x !0 TBgfweek; total activity of 53.2808 TBq; total mass of 1300 §mms a
specific activity of 4.0985 x 107 TBq/g; and finally an allowable mass release of 2.7634 x 107
Againusing this approach for themnterml with total Pu241 decay to Am241 and Table 4.5.3.4, you obmm an
alfowable mass release 0f 2.3336 x 10" grams, Since both of these nmterial conditions release nnuch less than
the regulatory allowable mass release, the TB-1 containment vessel inside the PAT-1 shipping package
maintains centainment during ACATP conditions.
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Table 4841 Regulatory Leakage Criteria for 1300 g platontum

NCT - HAC ACATP ACATP
fsotopic i 218°F ~ 18.872 psia @ YI6°F - 20,486 psia | (@ 1080°F - 613 psia (Pray} | @ 1080°F ~ 1125 psia (Pony)
Distribution
| P L!u Lw Lu-:&r L)u;t & ot La: g
(mf-:n: ) (cﬁg;g (rtf-cma) {om ig {ref-cm’/z) {em z';; {Mf-ﬁfa} cmﬁg
anmhgdl 312 E08 ERITIEL5 D688 02 SEOT2E2 2TFaZE-G3 I2HMIEDE 1A ECS LEBSITES
Complete
Puddl decay | 42787E06 | G473IEDS | 79317EMn | 23008EA2 | 235705403 | 1761EL3 | 13199E03 1.5870 £43
10 Am- 241
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S. SHIELDING EVALUATION

This section describes the shielding evaluation for incorporating plutonium (Pu) metal contents
as a new payload into the PAT-1 package. The Pu metal is packed in an inner container

(T- Ampoule Assembly,” Drawing 2A0261, designated the T-Ampoule) that replaces the PC-1
inner container. The T-Ampoule and associated Pu metal content packing configurations are
described in Section 1.2.1 and Section 1.2.2 of this addendum, respectively.

To demonstrate compliance with the dose rate limits of 10 CFR 71.47(a) (non-exclusive use) for
normal conditions of transport (NCT) and 10 CFR 71.51(a)(2) for hypothetical accident
conditions (HAC), an evaluation of the shielding performance of the Plutonium Air
Transportation (PAT-1) package has been completed. The evaluation assumes a package loaded
with up to 1.3 kg* of Pu metal or plutonium/beryllium (Pu/Be) sources with a total mass of

200 g* or less of Pu; a combined Pu/Be contact surface area of 91 cm® or less; and an isotopic Pu
composition, including allowance for decay, such that the total neutron source from the (a,n)
reaction with beryllium (Be) metal does not exceed 363 n/s/cm” (see Table 5-13). A detailed
descripti?n of the shielding characteristics of the PAT-1 packaging is provided in Section 5.4 of
the SAR.

5.1 Description of Shielding Design

5.1.1 Design Features

The shielding design features of the PAT-1 include the stainless steel overpack drum (Overpack,
AQ," Drawing 1002 in the SAR,' designated the AQ-1); the stainless steel (PH13-8Mo) TB-1
Containment Vessel (Drawing 1017, designated the TB-1); and the titanium ampoule (T-Ampoule
Assembly, Drawing 2A0261, designated the T-Ampoule), which secures the contents inside the
containment vessel. In addition, the aluminum (Al) load spreader assembly, the copper heat
conductor tube, and the redwood assemblies (both inner and outer) provide minimal additional
shielding. While these additional features are largely designed for other purposes, they perform
a dual role as shielding features. The lid and the bottom of the overpack drum, the containment
vessel, and the T-Ampoule provide shielding in the axial direction. Shielding credit is not taken
for the T-Ampoule (or for packing materials contained therein), the inner redwood assembly, or
the thicker portions of the TB-1 vessel.

The stainless steel 304 materials are fabricated with a density of 7.9 g/cm’ with the exception of
the TB-1 containment vessel, which is fabricated with a PH13-8Mo material® with a density of
7.5 g/lem’. The copper tube is fabricated from pure copper metal with a density of 8.94 g/cm’,
and the Al load spreader is fabricated from Al 6061 with a density of 2.6989 g/cm’. The
redwood is assumed to be cellulose (C6H|005)3’4 with a density of 0.36 g/cmz.

A The drawing titles are in italics and are used interchangeably with the designated names in this addendum. See
Section 1.3.2 in this addendum and Chapter 9 of the SAR! for drawing number, title, and revision.

* The plutonium quantities analyzed in this shielding section represent a conservative upper bound for analysis and
are higher than the payload quantities shown in Table 1-1 of Section 1 of this addendum.
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The shielding design requirements for these packages are minimal due to high purification and
relatively low specific activity of the desired contents. Thus, with generous bounding
assumptions on the source magnitude, the dose rates are still demonstrated to be small fractions
of the regulatory limits.

5.1.2 Summary Table of Maximum Radiation Levels

The dose rates shown in Table 5-1 indicate that the PAT-1 meets regulatory dose limits as
specified in the respective 10 CFR sections under NCT and HAC for nonexclusive use. The
analysis for the limiting contents is based on the natural radioactivity produced from the decay of
1300 g of plutonium metal under bounding conditions that include peak dose rates due to decay
(Pu shelf-life after separation), worst-case scenario for the various isotopes of Pu, and (a,n)
production from an oxide matrix instead of a metal matrix. Details of the source generation and
shielding analyses for the limiting contents are described in Sections 5.2 and 5.3, respectively.
Description of an alternate content of Pu/Be sources 1s described in Section 5.5.3. It is shown in
this section that Pu/Be is not the limiting content.

Table 5-1. Summary Table of External Radiation Levels (Non-Exclusive Use)

NCT Package Surface 1 Meter from Package Surface
mSv/h (mrem/h) mSv/h (mrem/h)

Radiation Top Side Bottom Top Side Bottom
Gamma 0.060 (6.0)* [0.277 (27.7) | 0.055 (5.5)“ | 0.006 (0.6)* | 0.015 (1.5) | 0.006 (0.6)"
Neutron 0.036 (3.6)" [ 0.319(31.9)| 0.038 (3.8)“ | 0.003 (0.3)" | 0.014 (1.4)* | 0.003 (0.3)"

Total 0.096 (9.6)° | 0.596 (59.6) | 0.093 (9.3)* [ 0.009 (0.9)* | 0.029 (2.9) | 0.009 (0.9)°

10 CFR 2 (200) 2 (200) 2 (200) 0.1 (10) 0.1 (10) 0.1 (10)

71.47(a) Limit

¢ Monte Carlo statistics of 5% or less; all others 1% or less.

® Transport index may not exceed 10.

1 Meter from Package Surface
HAC mSv/h (mren;g/h)

Radiation Top Side Bottom
Gamma 0.024 (2.4) 0.035 (3.5) 0.021 (2.1)
Neutron 0.015(1.5) 0.018 (1.8) 0.014 (1.4)

Total ‘ 0.039 (3.9) 0.053 (5.3) 0.035 (3.5)

10 CFR 71.51(a)(2) Limit 10 (1000) 10 (1000) 10 (1000)

5.2 Source Specification

Because of the variety of contents envisioned for the PAT-1, a procedure to determine and
generate bounding sources was developed that allows for a great deal of flexibility of allowed
package contents. The gamma and neutron sources are based on a limiting Pu isotopic vector
(see Table 5-2) that should allow for almost any form of plutonium metal to be loaded into the
package, subject only to the mass and heat constraints of 1300 g of Pu and 25 watts, respectively.
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The Pu isotopic distribution (Pu isotope versus mass fraction seen in Table 5-2) was generated
through simulation of all conceivable routes of Pu production from different reactor types. The
package was limited to 1300 g and a heat load of 25 watts although the isotopes for the radiation
source are based on 2197 g with a heat load of 40 watts. For each isotope, the largest weight
percent was selected across all the reactor types; taking the largest weight percent for each
isotope regardless of other restrictions results in a total that exceeds 100 weight percent (wt %).
The source definition is the upper bound of the actual source and therefore, yields an
overestimate of the expected package doses. The analysis to support these Pu isotopic values is
further described in Section 5.5.2.

Table 5-2. Plutonium Isotopics Used for Source Generation

Isotope Mass Fraction Mass (g)
Pu-236 2.0E-07 0.00026
Pu-238 0.04 52
Pu-239 1.00 1300
Pu-240 0.40 520
Pu-241 0.15 <195¢
Pu-242 0.10 130
Am-241 0.15¢ <195¢
Total 1.69° 2197

a

The initial Am-241 is assumed to be zero, with 195 g of Pu-241. The time-varying source is optimized such
that the maximum dose is computed with respect to the decay of Pu-241 to Am-241.

As a conservative assumption, the mass fractions used to generate the radiation source are allowed to exceed
unity. The package is limited to 831 g (1300 g was used as an upper bound), although the isotopics for the
radiation source are based on 2197 g. In addition, the allowed heat load is limited to 25 watts, while the
radiation source used in this analysis i1s based on isotopics that would generate about 40 watts of heat.

5.2.1 Gamma Source

The gamma source arises from the beta and gamma decay of the Pu isotopes, each of which has
distinct time and energy characteristics. The specific radiation characteristics of each of these
isotopes are discussed further in Section 5.5.2. From this analysis, a gamma source is derived
that bounds all realistic forms of plutonium metal. This source is given in Table 5-3 in the
SCALE 18 group structure. This source corresponds to 2197 g of Pu (1300 g of Pu with the
mass fractions specified in Table 5-2) and a decay time since Pu separation of 18.0 years
(referred to as the shelf-life). While this decay time does not represent the peak source, it does
represent the peak dose rate due to the dominance of the high-energy photons from the decay of
Pu-236, which peaks at 18.0 years. In contrast, the lower-energy photons from predominately
Pu/Am-241 have a very broad peak of about 75 years (see Figure 5-3).

5.2.2 Neutron Source

The neutron source consists of spontaneous fission and (a,n) components, as shown in Table 5-4.
The spontaneous fission component is invariant relative to the Pu matrix material (oxide or
metal), is uniquely defined for each isotope, and decreases slightly with decay time. The (a,n)
component is a function of the impurities in the Pu matrix and exhibits a broad peak with decay
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due to the variation of the Pu/Am-241 concentrations (see Figure 5-3). The (a,n) component of
the neutron spectrum, shown in Table 5-4, is based on an oxide matrix and represents a bound of
the contents for a metal matrix (see Section 5.5.2). Both components of the neutron source
shown are for a Pu decay time of 30 years, which corresponds to the peak source and dose with
respect to the decay time.

Table 5-3. Gamma-Ray Source Used in the Shielding Analysis (2197 g Pu)

ndaries

lg::;lgg Energ)(fl\};zill)d Photons/s
1 10 6.691E+02
2 8 3.182E+03
3 6.5 1.645E+04
4 5 4.162E+04
5 4 1.255E+05
6 3 6.089E+07
7 2.5 2 481E+05
8 2 7.277E+05
9 1.66 3.519E+06
10 1.33 2.546E+06
11 1 1.201E+07
12 0.8 1.396E+08
13 0.6 1.404E+08
14 0.4 4.397E+08
15 0.3 1.636E+09
16 0.2 7.217E+09
17 0.1 4.048E+12
18 0.05 5.459E+12
Total 9.517E+12

5.3  Shielding Model

5.3.1 Configuration of Source and Shielding

A slice of the three-dimensional shielding model used for the NCT evaluation is shown in Figure

5-1. This model is constructed with the dimensions given in Table 5-5 and contains the materials

as described in Table 5-6. The dimensions correspond to those from the reference drawings with

nominal dimensions used where given. The use of nominal dimensions is appropriate for this

analysis since the package materials are not designed as shielding bodies and, therefore,

produce minimal shielding effects. In addition, the inner redwood assembly, inner can assembly,
T-Ampoule, and thicker regions along the side of the TB-1 containment vessel are assumed to be

void in the shielding model. Since the geometry of the source material is variable, analyses were .
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performed to conservatively bound the configuration and magnitude of the source. The

bounding of the source magnitude was previously discussed in Section 5.2.

Table 5-4. Neutron Source Used in the Shielding Analysis (2197 g Pu)

Energy Energy Spontaneous Fission (a,n) Source Total
Group Boundaries (eV) (neutrons/s) (neutrons/s) (neutrons/s)
1 2.000E+7 1.161E+04 0.0 1.161E+04
2 6.434E+6 1.632E+05 2.658E+05 4.290E+05
3 3.000E+6 2.024E+05 5.305E+05 7.330E+05
4 1.850E+6 1.154E+05 1.185E+05 2.340E+05
5 1.400E+6 1.486E+05 7.443E+04 2.231E+05
6 9.000E+5 1.517E+05 5.428E+04 2.060E+05
7 4.000E+5 7.012E+04 2.719E+04 9.731E+04
8 1.000E+5 1.034E+04 4.798E+03 1.513E+04
9 1.700E+4 7.403E+02 3.497E+02 1.090E+03
10 3.000E+3 5.486E+01 2.255E+01 7.740E+01
11 5.500E+2 4.314E+00 1.855E+00 6.169E+00
12 1.000E+2 3.031E-01 1.385E-01 4.415E-01
13 3.000E+1 4 813E-02 2.516E-03 5.065E-02
14 1.000E+1 9.546E-03 8.739E-04 1.042E-02
15 3.05 1.081E-03 1.607E-04 1.242E-03
16 1.77 3.179E-04 5.900E-05 3.769E-04
17 1.30 1.025E-04 2.134E-05 1.238E-04
18 1.13 7.345E-05 1.632E-05 8.976E-05
19 1.00 1.040E-04 2.510E-05 1.291E-04
20 0.80 1.698E-04 5.021E-05 2.200E-04
21 0.40 2.504E-05 9.414E-06 3.445E-05
22 0.33 2.923E-05 1.255E-05 4.179E-05
23 0.23 2.847E-05 8.945E-06 3.742E-05
24 0.10 8.138E-06 0.0 8.138E-06
25 0.05 2.565E-06 0.0 2.565E-06
26 0.03 2.095E-06 0.0 2.095E-06
27 0.01 1.121E-06 0.0 1.121E-06
Total 8.743E+05 1.076E+06 1.950E+06
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The shape of the source in this scenario determines the (1) degree to which the source particles
are self-shielded for gamma emissions and (2) the magnitude of the neutron source
multiplication due to fission. The bounding source geometry is determined from a series of three
assumed source geometries (see Section 5.4.4):

e A full-density, solid sphere with a radius of 2.63 cm

e A reduced-density, smeared source that completely fills the central region shown in
Figure 5-1

e A full-density, thin, hollow cylinder with inner and outer radii of 5.249 and 5.4 cm,
respectively, and a height of 15.11 cm (the central cylindrical region shown in Figure
5-1).

Each of these three geometries is assumed to contain 1300 g of plutonium metal. The full-
density models assume the use of plutonium metal with a density of 17.0 g/em’ (see Table 5-6
for material reference and discussion below). The bounding source geometry for the neutron
dose is the solid, maximum-density sphere with the sphere moved outward so that it touches the
inside surface of the TB-1 vessel. The bounding source geometry for the gamma doses is the
smeared geometry, which minimizes the self-shielding effect and also moves the source material
closer to the detector locations. The maximum total side dose (neutron plus gamma components)
is simulated using the smeared geometry model for the gamma contribution and an intermediate
full-density off-center sphere (density of 17 g/cm®) for the neutron contribution; the predicted
total doses using this hybrid approach are some 20% greater than those using consistent
neutron/gamma contributions for the various geometry/density models. The top and bottom dose
values reported in Table 5-1 are based on the reduced-density, smeared Pu source model only
since these values are not limiting.

Spot checks were completed for the top and bottom geometries to ensure that the peak source
geometries were evaluated. The shielding source model for the HAC is the same as the NCT
reduced-density smeared source model with only the central Pu region and the TB-1 containment
vessel remaining.

5.3.2 Material Properties

The constituents of the materials used in the shielding calculations are shown in Table 5-6. All
materials are used at their stated densities, although the plutonium metal density is modified by
the ratio of the full-density volume to the smeared-density volume used in the reduced-density
source model that bounds the shielding results. The density for this case follows.

The volume of the bottom curved region (204.2 cm’) is taken from Section 6.9.2. The

cylindrical volume is given below and differs from that in Section 6.9.2 since a minimum
thickness of the TB-1 lid is assumed here.

Smeared-plutonium-source density = 1300 g / ([1*5.4°*¥15.11] + 204.2) cm’ = 0.818 g/cm’
The non-Pu materials use the SCALE standard definitions for the isotopic compositions, while

selecting the minimal density from other sources, if available. The references used for each
material are also presented in Table 5-6.
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5.4 Shielding Evaluation

5.4.1 Methods

The shielding evaluation is performed by calculating the dose rates at the top, bottom, and radial
directions of the PAT-1 package to verify compliance with the 10 CFR Part 71 nonexclusive
dose rates during NCT. The dose rates are 2 mSv/h (200 mrem/h) at the package surface and
0.01mSv/h (10 mrem/h) at 1m from the accessible package surface under NCT, and 10 mSv/h
(1000 mrem/h) at Im, the 10 CFR Part 71 dose rate limit, under HAC.

Figure 5-1.  Cylindrical Shielding Model of PAT-1 Used in This Analysis
(see Table 5-6 for Dimensional Information)

The evaluation has been performed for the PAT-1 package containing up to 1300g of plutonium
metal. The Shielding Analysis Sequence #4 (SAS4)’ code was utilized to determine the dose
rate at the surface and at 1 m from the surface, in both the axial and radial directions, for
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bounding gamma and neutron sources. The dose locations evaluated in this scenario are shown
in Figure 5-2. As shown in Table 5-1, the surface side dose is the most restrictive and is
composed almost equally of gamma and neutron dose components.

The spatial distribution for each source used in these analyses was uniform within each of the
defining cylindrical or spherical volumes (i.c., reduced-density, smeared cylinder; full-density
annular cylinder; full-density sphere), as described in Section 5.3.1.

Table 5-5. Dimensions of Materials Regions Used in Shielding Analyses

Body R(i(:ll)ls Bottor(r;l:l))cation H(ilfll)lt Description
1 — cylinder 5.40 -5.64 15.11 cylindrical inside of TB-1
2 — sphere 5.72 -3.74¢ — curved inside of TB-1
3 — cylinder 6.795 -5.64 16.71 outside of TB-1
4 — sphere 7.12 -374°% — curved outside of TB-1
5 —cylinder 10.0 -5.64 16.71 dummy piece for geometry
6 — cylinder 6.875 -10.86 21.93 void outside TB-1
7 — cylinder 6.875 —18.25 7.39 wood block below TB-1
8 — cylinder 7.52 —-18.25 20.32 copper tube
9 — cylinder 8.74 2.07 9.00 void for thicker TB-1 region
10 — cylinder 13.97 -1825 36.79 wood inside Al spreader
11 — cylinder 13.97 -20.79 41.87 upper and lower Al spreader
12 — cylinder 13.97 -30.35 60.81 top and bottom wood inside Al
13 — cylinder 15.24 -30.35 60.81 Al on outside of spreader
14 — cylinder 28.58 -48.69 ' 99.13 wood inside drum
15 — cylinder 28.73 —48.84 99.43 steel drum

“ For spherical bodies, this value is the z location of the sphere; all bodies shown are centered at x and y = 0.

All shielding calculations were performed with the SCALE 5.1 version of the SAS4. This
sequence consists of multiple codes executed from a single input stream. The individual
modules used are the: |

e BONAMI and NITAWL codes, which process the cross sections into formats the
subsequent shielding codes can utilize.

e XSDRNPM one-dimensional discrete ordinates code, which is run in the adjoint mode to
automatically generate biasing parameters for the final shielding analysis.

e MORSE-SGC, which is the Monte Carlo shielding code that quantifies the fluxes and
dose rates at desired locations in the geometry.

Unless otherwise noted, all results reported in Table 5-1 are converged to a Monte Carlo
statistical value of 1% or less at the 1 sigma level, indicating that the results are well converged. .
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This degree of convergence is aided by the automated bias generation built into the SAS4
sequence. Automated biasing as implemented in SAS4 gives rise to some inherent geometry
limitations (e.g., axially symmetric models). Section 5.5.4 contains a discussion of how these
limitations were overcome.

Table 5-6. Elemental Compositions Used in Shielding Analysis

. Density Composition, wt %
Material (g/cms) (atoms/barn-cm)
PH13-8Mo’ 7.74 (7.5 used) Cr 12.75  (1.10753E-02)
N1 8.00 (6.15690E-03)
Al 1.13 (1.88319E-03)
Mo 2.25 (1.05924E-03)
Fe 75.88  (6.13662E-02)
Redwood®* 0.36 H 6.2 (1.33725E-02)
C 44 4 (8.02350E-03)
0 49.4 (6.68625E-02)
Aluminum®’ 2.6989 Al 100.0  (6.02375E-02)
304 Stainless Steel’” 7.9 C 0.080  (3.16873E-04)
Si 1.000  (1.69394E-03)
Cr 19.000 (1.73846E-02)
Mn 2.000 (1.73195E-03)
Fe 68.375 (5.82497E-02)
Ni 9.500 (7.70121E-03)
P 0.045  (6.91181E-05)
Copper’ 8.94 Cu 100.0  (8.47233E-02)
Plutonium metal® 15-19.7 (17.0 used) | Pu-239 100.0 (4.28259E-02)

The following is a complete list of the conservative assumptions and techniques used in this
analysis to ensure that the results generated bound those of the actual contents under any
circumstances.

1. The source is generated based on an extremely pessimistic representation of the Pu
isotopes. The use of a burned reactor-grade Pu vector allows for isotopes other than
Pu-239 to contribute significantly to the total source. The expected use of components
more in line with weapons-grade Pu (higher Pu-239; lower for other isotopes) should
produce radiation levels much lower than those assumed in this analysis. See estimates
of this effect in Section 5.5.2.

2. The metal matrix anticipated for shipments using this package should have a neutron

source that 1s significantly lower than the oxide matrix that was used for all source
calculations (see Section 5.5.2).
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3. The source generation scenario is based on a Pu mass 60% greater than allowed and a
heat generation rate also 60% greater than the allowed rate, ensuring that doses are
bounding. However, the actual mass of Pu in the package for self-shielding purposes is
only 1300 g.

4. The shape of the source was varied to determine the configuration that produced the
maximum dose for the bounding source spectrum described above and in Section 5.2.

5. The time variation of the source sbectrum and magnitude was analyzed to select a decay
time that produced bounding dose rates over any possible decay time.

6. The shielding analysis assumed the minimum Pu density expected for the various forms
of plutonium metal.

7. The T-Ampoule, the thicker steel portions'of the TB-1 containment vessel, and the inner
redwood assembly were omitted from the shielding analysis. The structural material
densities were the minimum values found in the literature.

In the model, the dose at a given location is obtained by assuming “point detectors,” which allow
the dose at a specific point in space to be tabulated. Dose estimation via point detectors is less
efficient than that based on radiation tracking across a specified surface length or area, but it allows
for greater detail in the reported results. In each case, a series of point detectors were placed side-
by-side to determine the location of the peak dose. In most cases, the peak dose was at the location
corresponding to or in alignment with the center of the source region. The point locations shown
in Figure 5-2 indicate where the point detectors were placed for the various locations reported in
Table 5-1. The use of point detectors directly on the outermost shielding surface 1s limited;
standard practice is to move the point detectors about 1 cm off the surface. The 1-m detectors are
located precisely 1 m from the outermost shielding surface. For the HAC cases, only the contents
and the TB-1 containment vessel were modeled, with the 1-m detectors placed at a distance of
precisely 1 m from the outermost surface of the TB-1 body.

The cross section set used for all analyses was the SCALE 27N-18COUPLE library. This is the
recommended library for all shielding calculations using the SCALE system.

5.4.2 Input and Output Data

A listing of the input data for the ORIGEN-S source generation is shown in Section 5.5.4. The
output of this source generation calculation is automatically written onto a file named f¢7//001
and subsequently read in by the shielding analysis modules. SAS4 inputs for the shielding study
of the radial neutron and gamma doses are also given in Section 5.5.4. SAS4 utilizes an
automated bias parameter generator, which typically allows for both neutron and gamma
problems to converge rapidly. In all cases, the results given in Table 5-1 are converged to 1% or
less unless otherwise noted.
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Figure 5-2. Dose Locations Analyzed for the PAT-1 Package

5.4.3 Flux-to-Dose-Rate Conversion

ANSI/ANS-6.1.1-1977 flux-to-dose-rate conversion factors are used in the SAS4 shielding
calculations. These factors are provided in Tables 5-7 and 5-8 for neutrons in the SCALE 27
neutron group structure and gamma radiation in the SCALE 18 group gamma structure.

5.4.4 External Radiation Levels

Radiation levels corresponding to up to 1300 g of plutonium metal loaded in the PAT-1 package
have been predicted in this section. The methods and techniques are based on current-
generation, well-known, and approved codes and procedures and should be accurate to within
10-20%. A number of bounding approximations included in each phase of the analysis should
ensure that the predicted results are larger than any actual radiation levels and, therefore, allow a
high level of assurance that an actual shipment should pass the dose-measurement tests at the
time approved contents are shipped. While no measurements of sufficient quality exist to serve
as benchmarks for expected dose rates near plutonium metal components, the results reported
herein are consistent with previous analyses’ performed prior to certification of Pu oxide
contents in the same PAT-1 package. The sources and final dose predictions from that study
differ only within a factor of 2 from those in this study, even though the techniques and
underlying data sets have been updated since the previous study.

A comparison of dose predictions at the top, side, and bottom package locations (both at the
surface and at 1 m) indicates very consistent relative dose values: the package surface values are
a factor of 5 greater along the side than those along the top and bottom. At 1 m , this factor of 5
1s reduced to approximately 3 (as expected), as the distributed Pu source will begin to
approximate a point source as the distance from the package increases. The top and bottom
doses are also consistent with each other as expected from a visual examination of Figure 5-1,
which shows similar top and bottom geometries and similar distances from the package contents
to the exterior surface locations.
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Although not included in the analyses, the effect of ground scatter during the loading process
should only be approximately 10-20%, which is readily bounded by the conservatisms included
in the analysis.

The bounding source configuration was found to be the reduced-density, smeared Pu source that
completely filled the inside of the TB-1 containment vessel volume. This conclusion is based on
the analysis of five other source configurations described as follows:

Table 5-7. Neutron Flux-to-Dose Conversion Factors Used in Shielding Analysis

Energy Bounds Dose Factor
Group Number (eV) (rem/h/neutrons/cm®/s)
1 2.000E+07 1.492E-04
2 6.434E+06 1.446E-04
3 3.000E+06 1.270E-04
4 1.850E+06 1.281E-04
5 1.400E+06 1.298E-04
6 9.000E+05 1.028E-04
7 4.000E+05 5.118E-05
8 1.000E+05 1.232E-05
9 1.700E+04 3.837E-06
10 3.000E+03 3.725E-06
11 5.500E+02 4.015E-06
12 1.000E+02 4.293E-06
13 3.000E+01 4.474E-06
14 1.000E+01 4.568E-06
15 3.050E+00 4.558E-06
16 1.770E+00 4.519E-06
17 1.300E+00 4.488E-06
18 1.130E+00 4.466E-06
19 1.000E+00 4.435E-06
20 8.000E-01 4.327E-06
21 4.000E-01 4.197E-06
22 3.250E-01 4.098E-06
23 2.250E-01 3.839E-06
24 1.000E-01 3.675E-06
25 5.000E-02 3.675E-06
26 3.000E-02 3.675E-06
27 1.000E-02 3.675E-06

e A full-density, solid sphere of radius 2.:63 cm located at the center of the TB-1 volume
e A solid sphere moved to the TB-1 vessel inner wall
e Three hollow cylindrical configurations with various radii and heights

The three hollow cylindrical sources are described as a small cylinder; a large cylinder; and a
large, thin cylinder. The first two are actual components under consideration for loading. The
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third is a hypothetical cylinder with an outer radius of 5.4 cm, which coincides with the inner
radius of the TB-1 vessel, and a height of 15.11 cm, which is the complete height of the
cylindrical section inside the TB-1 vessel. The inner radius was calculated to be 5.249 c¢m,
which corresponds to 1300 g of plutonium metal at a density of 17.0 g/cm’. The complete set of
results for the side surface of the package is shown in Table 5-9. These results show that the
reduced- density, smeared cylinder is the bounding source geometry; however, the results also
show very little sensitivity of the total dose to the source configuration. Hence, for the top and
bottom dose locations, only the reduced-density, smeared cylinder source configuration was
analyzed.

Table 5-8. Gamma Flux-to-Dose Conversion Factors Used in Shielding Analysis

Energy Bounds Dose Factor
Group Number (eV) (rem/h/photon/cm?/s)
1 1.000E+07 8.772E-06
2 8.000E+06 7.478E-06
3 6.500E+06 6.375E-06
4 5.000E+06 5.414E-06
5 4.000E+06 4.622E-06
6 3.000E+06 3.960E-06
7 2.500E+06 3.469E-06
8 2.000E+06 3.019E-06
9 1.660E+06 2.628E-06
10 1.330E+06 2.205E-06
11 1.000E+06 1.833E-06
12 8.000E+05 1.523E-06
13 6.000E+05 1.172E-06
14 4.000E+05 8.759E-07
15 3.000E+05 6.306E-07
16 2.000E+05 3.834E-07
17 1.000E+05 2.669E-07
18 5.000E+04 9.347E-07
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Table 5-9. Source Geometry Optimization Dose Results (at PAT-1 Side Surface)

Source Configuration Neutron Dose Gamma Dose Total Dose

(mrem/h) (mrem/h) (mrem/h)
reduced-density, smeared cylinder 18.9 27.7 46.6
centered sphere 26.1 10.3 36.4
off-center sphere 319 11.1 43.0
large cylinder 20.3 20.5 40.8
small cylinder 20.3 16.9 37.2
Large, thin cylinder 20.2 25.6 45.8

Dose profiles were generated for each separate analysis. In all cases the peak dose occurs at the
center point of the source region or just off the center point (due to the influence of the copper
pipe in the radial calculations). These are the expected results for a uniformly distributed source
and indicate no streaming through various regions of the PAT-1 geometry.
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5.5.2 Summary of Source Bounding Analyses

The isotopes of concern in generating a radioactive source for Pu are Pu-236, Pu-238, Pu-239,
Pu-240, Pu-241, and Pu-242. Each of these have very different behaviors with respect to neutron
and photon emissions and their variation over time since purification of the Pu product (referred
to as either decay time or shelf-life). The key parameters of the neutron source, photon source,
and decay heat per gram of each of these isotopes are given in Figures 5-3 through 5-5.

These values indicate that the primary contributors (per unit mass) to the photon source are, in
order, Pu-236, Pu-238, and Pu-241. Of these, Pu-241 is typically the most abundant isotope.
The primary contributors to the neutron source are the same three 1sotopes. The specific decay
heat values from Figure 5-5 are 18.2, 0.57, 1.9E-3, 7.1E-3, 0.10, and 1.2E-4 watts/g for Pu-236,
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Pu-238, Pu-239, Pu-240, Pu-241, and Pu-242, respectively. The value for Pu-241 corresponds to

the peak time-varying value and can be used per gram of both Pu-241 and Am-241. .
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Figure 5-3. Photon Source per Gram of Each Isotope of Pu Initially Present
(Note That Pu-241 Data Includes Buildup of Am-241)
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Figure 5-4. Neutron Source per Gram of Each Isotope of Pu Initially Present (Includes
Both Spontaneous Fission and (a,n) Components with an Oxide Matrix; Also Note That
Pu-241 Data Includes Buildup of Am-241)
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Figure 5-5. Watts per Gram of Each Isotope of Pu Initially Present
(Note That Pu-241 Data Includes Buildup of Am-241)

In order to bound the Pu sources in this study, a series of seven depletion calculations were
performed using the SCALE depletion code ORIGEN-ARP.> The ORIGEN-ARP code uses the
same ORIGEN-S code used to generate the neutron, photon, and decay heat values presented in
Figures 5-3 to 5-5. The ARP portion of ORIGEN-ARP takes reactor-based cross sections
tabulated for each reactor system and automatically interpolates to the desired burnup and
enrichment values appropriate for a given level of depletion. Three reactor systems were
selected for this study: a pressurized water reactor (PWR, Westinghouse 17x17 lattice), a
CANDU (Canadian design power reactor), and the Hanford N Reactor (a government reactor
primarily designed for Pu production). A total of seven depletion scenarios were performed for
these systems as defined in Table 5-10, corresponding to medium and high burnups for the PWR
and CANDU designs and to a low, medium, and high burnup for the N reactor. The goal of
these studies is to predict the full range of Pu isotopes that would result from these scenarios.
The resulting Pu isotope values are given in Table 5-10 for each scenario.
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Table 5-10. Pu Isotope Wt % Under Various Depletion Scenarios

Isotope PWR PWR CANDU CANDU N_Reactor | N_Reactor | N _Reactor
(35 GWd/t) | (60 GWd/t) | (SGWA/t) | (10 GWd/t) | (2 GWd/t) | (5 GWA/t) | (10 GWd/t)

Pu-236 2.4E-6 1.6E-5 8.5E-8 2.5E-7 2.0E-8 1.0E-7 2.2E-7
Pu-238 0.49 3.6 0.05 0.15 0.01 0.05 0.12
Pu-239 74.9 493 75.4 59.5 93.6 83.9 76.7
Pu-240 15.2 237 20.2 30.7 58 12.8 17.6
Pu-241 8.4 15.2 3.7 6.9 0.6 3.0 5.0
Pu-242 1.1 8.2 0.6 2.8 0.02 0.2 0.6
Total 100 100 100 100 100 100 100

From these individual results, the following Pu i1sotope definition is generated that bounds all the
above scenarios. The maximum weight percent from each isotope in Table 5-10 is used to define
the mass fractions given in Table 5-11 (for Pu-236, the value of 1.6E-5 is divided by 100 and
rounded to 2E-7). The use of this Pu isotope definition should allow any realistic Pu production
scenario to be accounted for.

In order to estimate the amount of overprediction for the bounding radiation sources, the
bounding neutron and gamma sources are presented in Table 5-12 along with predicted sources
based on the “N_Reactor 2 GWd/t” case shown in Table 5-10. The Pu isotopic distributions
from this case correspond closely with typical weapons-grade plutonium metal along with
corresponding impurities.®

5.5.3 Analysis of Pu/Be Source Contents

An alternate content of Pu/Be sources is desired for the PAT-1 package. This section separately
analyzes the shielding concerns related to this content.

The radiation emitted from a Pu/Be source, both neutron source magnitude and energy spectrum,
is estimated using the SOURCEA4C’ code. The source configuration used in this study is an
interface source, where a particles emitted from the Pu and americium (Am) materials produce
neutrons via interaction with the Be material along a common interface. The source from such a
calculation is tabulated as n/s/cm’, with the source directly proportional to the contact surface
area between the two materials. For the materials expected to be shipped in this package, there is
also an alpha barrier, which places another material between the Pu and Be, effectively making
the neutron source much smaller. The influence of alpha barriers is conservatively ignored in
these source estimates.

The neutron source used in the Pu/Be source study is given in Tables 5-13 and 5-14. The
assumed Pu and Am isotopes are taken from Reference 10 and correspond to the expected
material to be shipped; as a bound on the source magnitude, the Pu-241 is assumed to be
completely decayed to Am-241. The neutron source spectrum is shown in Table 5-14.

The impurity content of the plutonium metal used for the Pu/Be sources is given in Reference 10;
however, for this study the impurities were replaced with plutonium metal to maximize the
quantity of a-producing material present in the calculations.
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Table 5-11. Bounding Pu Isotope Mass Fraction Used in This Study

Isotope Mass Fraction Mass (g)
Pu-236 2E-7 0.00026
Pu-238 0.04 52
Pu-239 1.00 1300
Pu-240 0.40 520
Pu-241 0.15 <195¢
Pu-242 0.10 130
Am-241 0.15¢ <195¢
Total 1.69° 2197

¢ The initial Am-241 is assumed to be zero, with 195 g of Pu-241. The time-varying
source is optimized such that the maximum dose is computed with respect to the
decay of Pu-241 to Am-241.

b As a conservative assumption, the mass fractions are allowed to exceed unity. The
package is limited to 1300 g, although the source is based on 2197 g. In addition,
the heat load is limited to 25 watts, while the source is based on a heating of about
40 watts.

Table 5-12. Estimation of Degree of Overprediction in Bounding Pu Source
Used in This Study

Case

Neutron Source

Gamma Source

(neutrons/s) (photons/s)
Bounding source 1.950E+6 9.517E+12
Typical source” 3.241E+5 2.623E+11
Ratio bounding/typical 6.0 36.3

“  Case based on 1300 g of Pu with isotopic distribution corresponding to source scenario “N_Reactor
2 GWd/t” in Table 5-12 with the following impurities: 200 ppm each of Be, Li, B, F, Al, and St;
300 ppm of Na; 500 ppm each of C and Mg.

In order to arrive at the total neutron source to be used in these shielding studies, the per-unit-
area sources given in Table 5-13 require a bounding contact surface area. The value used in this
study assumes that the diameter of the TB-1 container (a radius of 5.4 cm is given in Table 5-5)
provides a bounding surface area of 91 cm”. Thus, the sources loaded into the PAT-1 package
under this analysis must have total contact surface areas equal to or less than this area.
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Table 5-13. Pu/Be Source Specification Used in This Study

Isotope Mass Fraction | Atom Fraction Neugz?o;zlz;jse/:(::l‘z;’ure
Pu-238 0.0005 0.0005 65,000

Pu-239 0.9235 0.9238 171.85

Pu-240 0.0650 0.0648 637.58

Pu-241 0.0000“ 0.0000 5.36

Pu-242 0.0010 0.0010 8.53

Am-241 0.0100 0.0099 13,000

Total 1.0000 1.0000 363°

The Pu-241 is assumed to be completely decayed to Am-241 to bound the source for the typical
material isotopes expected to be shipped.

This neutron source value is the basis for the Pu/Be source shleldlng calculations in this section.
The value is obtained by multiplying the mass fraction values in column 2 by the neutron source
for pure isotope values in column 4 and summing over all isotopes. A source with mass fractions
that differ from those in this table can be shipped if the estimated source is less than this value
with allowance for decay. Typical Pu/Be source materials should fit this specification provided
the Pu-238 content is 0.4 wt % or less.

The mass of Pu material loaded into the package must also be bounded: the same value used in
the criticality analysis, 200 g of plutonium metal, is assumed. Using a mass of 200 g and the
default full density of a-phase plutonium metal (Reference 2 gives a density of 19.84 g/cc), the
dimensions of this sphere can be calculated for use in the shielding studies: a sphere of full-
density, a-phase plutonium metal with a mass of 200 g will have a radius of 1.34 cm. A
spherical source of this dimension with offset distances corresponding to the package surface and
1 m from the package surface was used in the shielding analyses.

As described above, the shielding model for the Pu/Be source study was a sphere with radius of
1.34 cm containing full-density, a-phase plutonium metal. The rest of the PAT-1 package is
conservatively omitted from the analysis. The offset distances used for the package surface and
1-m dose values were determined from the values in Table 5-5; the minimum distance from a
source to the surface detector along the cask side is specified as the difference in radii for bodies
15and 1 (28.73 — 5.4 =23.33 cm). Along the cask bottom, the minimum source-to-detector
distance 1s specified as the difference in bottom locations for bodies 11 and 15 (48.84 —20.79 =
28.05 cm). Along the cask top, the minimum source-to-detector distance is specified as the
differences in the top boundaries for bodies 11 and 15 (99.43 — 48.84 — 41.87 + 20.79 =

29.51 cm). These top and bottom distances assume that the source rests on the Al spacer
material, which is conservative. In addition, because the side detector locations are closer to the
source than the top and bottom locations, the side locations are used for side, top, and bottom
dose estimates. The 1-m dose location for side, top, and bottom locations is therefore 123.33 cm.
These locations are actually minimum distances from the outer surface of the spherical source
touching these named bodies, but for conservatism, the code input assumes these distances are
from the source center, not the edge.
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Table 5-14. Neutron Source Spectrum Used in the Pu/Be Source Shielding Analysis

Energy Group Energy Boundaries (eV) (a,n) Source Spectrum
1 2.000E+7 2.90211E-01
2 6.434E+6 4.11765E-01
3 3.000E+6 2.26912E-01
4 1.850E+6 1.91999E-02
5 1.400E+6 2.54550E-02
6 9.000E+5 2.39615E-02
7 4.000E+5 2.58964E-03
8 1.000E+5 8.56173E-05
9 1.700E+4 3.16844E-06
10 3.000E+3 4.29906E-08
11 5.500E+2 0.0
12 1.000E+2 0.0
13 3.000E+1 0.0
14 1.000E+1 0.0
15 3.05 0.0
16 1.77 0.0
17 1.30 0.0
18 1.13 0.0
19 1.00 0.0
20 0.80 0.0
21 0.40 0.0
22 0.33 0.0
23 0.23 0.0
24 0.10 0.0
25 0.05 0.0
26 0.03 0.0
27 0.01 0.0

0.00001
Total 1.000E+00

The SAS1 module of the SCALE system, version 5.1° was used to quantify the dose rates from a

Pu/Be source using the source and geometry described above. Briefly, the SAS1 shielding

model for both NCT and HAC consisted of an unshielded Pu sphere with a mass of 200 g. The

NCT and HAC dose locations were specified as the minimum source-to-detector locations

possible. The SASI1 code explicitly accounts for both secondary gamma radiation and subcritical

source multiplication. The cross section library was the same SCALE 27N-18COUPLE library

used for the other source configurations described in Section 5.4. The flux-to-dose conversion ‘

5-22



PAT-1 Safety Analysis Report Addendum Docket No. 71-0361 Rev. 0, September 2009

factors were also the same used for the other source calculations, the ANSI/ANS 6.1.1-1977
standard. See Section 5.5.4 for a listing of the inputs for SAS1 and SOURCES4C.

The results for the Pu/Be source analysis are given in Table 5-15. The full-density results under
conservative conditions show that the doses from the Pu/Be sources described herein are well
below those of the other contents considered in Sections 5.2 through 5.4. The maximum total
doses for the Pu/Be sources shown in Table 5-15 are 28, 41, and 88 times less than the limiting
cases shown in Table 5-1 for NCT surface, NCT 1-m, and HAC 1-m locations respectively. The
plutonium metal used in the Pu/Be sources also has a natural component of radiation; however,
the Pu mass limit of 200 g for the Pu/Be sources is a factor of 6 lower in mass than the metal-
only limits. The conservatisms built into this Pu/Be source analysis include the following:

1. PAT-1 packaging is ignored.
2. Both sides of a Pu/Be disk are assumed to have contact surface areas.
3. Complete decay of Pu-241 to Am-241 is assumed.

4. The minimum source-to-detector distance is used for the surface and 1-m dose locations.
The center of the source is assumed to contact the innermost package boundary.

S. No a barrier is included in the calculations, although one is physically present in the
sources to be shipped. '

6. Comparisons of void source material to full-density sources in the shielding analysis
indicate that doses for full-density material are higher due to source multiplication.
Comparison of a- and 8-phase Pu also indicated that higher densities produced higher
dose estimates.

7. In the shielding model, the source containing Pu was assumed to contain 100% Pu-239 to
maximize the source subcritical multiplication.
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It can therefore be concluded that the addition of Pu/Be sources as allowable contents of the
PAT-1 package have no influence on the limiting dose results given in Table 5-1.

Table 5-15. Dose Results for Pu/Be Source Content

Detector location M
Case description for top, bottom, Neutron dose (gamma Total dose, doubled
. dose) mrem/h mrem’h
or side geometry
Full-density, a-phase Pu surface 0.838 (0.004) 1.68
l m 0.030 (0.0001) 0.06
Voided source surface 0.680 (1e-8) 1.36
lm 0.024 (1e-9) 0.05

Dose rates for a doubled case are given to account for the possible rearrangement of multiple Pu/Be sources
such that both sides of the Pu surface come in contact with the Be material, doubling the radiation emitted. The
comparison of doubled doses to regulatory limits effectively allows the summing of contact surface areas from
multiple disks without regard to possible restacking. For example, while a single disk would only have a
surface area corresponding to the actual contact area between the Pu and Be, two disks could properly align
such that there were three contact surfaces, and three disks could properly align such that there were five
contact surfaces. By applying a factor of two, only the actual contact areas for individual sources or multiple
sources need to be considered.

5.5.4 List of Various Code Inputs

The ORIGEN-S computer code calculates the neutron and gamma source based on the initial
loadings of each isotope as specified in Table 5-2. The code then generates the neutron and
gamma spectrum in the specified SCALE 27 neutron and 18 gamma group structures for a series
of decay times. The case below determines the sources at the following decay times: 0.1, 0.3, 1,
3, 10, 18, 30, 50, 75, and 100 years.

Code Listing 5-1 ORIGEN-S Input

'This SCALE input file was generated by
'OrigenArp Version 5.1 October 27, 2006
#origens

0$$ all 71 e t

Decay Case

38 21 1 1 27 alé 2 a33 18 e t

3588 0 t

54$% a8 1 all 0 e

56$$ a2 10 a6 1 all0 0 al3 6 ald4 5 alb 3 al7 2 e
57** 0 a3 le-05 e

95%% 0 ¢

Case 1

0 MTU

60** 0.1 0.3 1 3 10 18 30 50 75 100

61** £0.05

65%$

'Gram-Atons Grams Curies Watts-All Watts-Gamma
3z 1 0 0 3z 3z 3z 6z

3z 1 0 0 3z 3z 3z 6z

3z 1 0 0 3z 3z 3z 6z

81l$$ 2 0 26 1 a7 200 e

825 2 222222 222e

83**

1.0000000e+07 8.0000000e+06 6.5000000e+06 5.0000000e+06 4.0000000e+06
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3.0000000e+06 2.5000000e+06 2.0000000e+06 1.6600000e+06 1.3300000e+06

1.0000000e+06 8.0000000e+05 6.0000000e+05 4.0000000e+05 3.0000000e+05
2.0000000e+05 1.0000000e+0S 5.0000000e+04 1.0000000e+04 e

84**

2.0000000e+07 6.4340000e+06 3.0000000e+06 1.8500000e+06

1.4000000e+06 9.0000000e+05 4.0000000e+05 1.0000000e+05 1.7000000e+04
3.0000000e+03 5.5000000e+02 1.0000000e+02 3.0000000e+01 1.0000000e+01
3.0499900e+00 1.7700000e+00 1.2999900e+00 1.1299900e+00 1.0000000e+00
8.0000000e-01 4.0000000e-01 3.2500000e-01 2.2500000e-01 9.9999850e-02
5.0000000e-02 3.0000000e-02 9.9999980e-03 1.0000000e-05 e

73$S 942360 942380 942390 942400 942410 942420
74** 0.00026 52 1300 520 195 130
75%$$ 222 2 2 2

t

565$$ 0 0 al0 1 e t
565$ 0 0 al0 2 e t
56$$ 0 0 al0 3 e t
5658 0 0 al0 4 e t
56$% 0 0 al0 5 e t
56$$ 0 0 al0 6 e t
5655 0 0 al0 7 e t
565$ 0 0 al0 8 e t
565 0 0 al0 9 e t
5658$ 0 0 al0 10 e t
56$$ f0 t

end

=opus

LIBUNIT=21

TYPARAMS=NUCLIDES

UNITS=WATTS

LIBTYPE=ALL

TIME=YEARS

NPOSITION=1 2 3 4 56 7 8 9 10 end

End

=shell

[command to copy file £ft71f001 to a local directory]
end

The Shielding Analysis Sequence #4 (SAS4) code reads the shielding problem definitions from a
single input stream, then proceeds to automatically execute the BONAMI, NITAWL,
XSDRNPM, and MORSE-SCG computer codes in sequence. The SCALE driver software reads
the single input stream and prepares individual inputs for each of the above codes, automatically
executes each code, and then collects all output into a common output file. The source file
written by the ORIGEN-S code with the input stream shown in Code Listing 5-1 is copied into
the ft301001 file just prior to execution as described in the first =she11 input shown in Code
Listing 5-2. '

The input options for SAS4 were carefully chosen to ensure accurate dose estimates. The radial
calculations along the package side utilize the IDR=0 option with full automated biasing as well
as point detectors because the code is fully applicable under these conditions. The axial
calculations for the package top and bottom used the IDR=2 option and effectively turned off the
automated biasing (note all void materials in the one-dimensional adjoint model). The axial
biasing produces inaccurate results for a nonsymmetric axial model because the SAS4 code is
designed to bias particles in opposite directions above and below the model axial centerline. The
effective removal of the automated biasing allows the underlying MORSE-SCG code to run
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without the axial symmetry requirement. The accuracy of these results was tested by comparison
to another SCALE module under development that removes these limitations.

Code Listing 5-2 SAS4 Input Stream for NCT Reduced-Density Smeared Cylinder Source
(radial side gamma)

=shell
[copy ORIGEN-S ft71f001 output file previously saved to file named ft30£001)
end
'Input generated by Espn 5.1 Compiled on 8-07-2006
=sasid parm=size=1000000
pat-1 pu large cyl 3d case
27n-18couple infhommedium
pu 1 den=0.818 1 300 end
redwood 3 den=0.36 1 300 end
aluminum 4 den=2.6989 1 300 end
ss304 5 den=7.9 1 300 end
copper 6 den=8.94 1 300 end
mgconcrete 7 1 300 end
arbmphl3-8mo 7.5 5 0 0 0 24000 12.75 28000 8 13000 1.125 42000 2.25
26000 75.875 2 1 300 end '
end comp :
izm=6 mhw=2 frd=5.4 end
5.4 6.8 13.97 15.24 28.58 28.73 end
120435 end
xend
ran=000003600621 tim=1200 nst=4000 nmt=12000 nit=900 nco=4 ist=0 ipr=0
iso=0 nod=16 sfa=9.517e+12 igo=4 inb=0 ine=0 mfu=2 isp=6 ipf=0 isd=4
nda=1000 end
det 30 0 0 30 0 2 30 0 4 30 0 6 300 8 300 10 30 0 15 30 0 20
128.7 0 0 128.7 0 5 128.7 0 10 128.7 0-15 128.7 0 20 128.7 0 25 128.7 0 30
128.7 0 35 end
sxy 1 -5.4 5.4 -5.4 5.4 0 10 100 100 100 100 end

gend

shielding problem
0 00O
rcc 0 0 -5.64 0 0 15.11 5.40
sph 0 0 -3.74 5.72
rcc 0 0 -5.64 0 0 16.71 6.795
sph 0 0 -3.74 7.12
rcc 0 0 -5.64 0 0 16.71 10
rcc 0 0 -10.86 0 0 21.93 6.875
rcc 0 0 -18.25 0 0 7.39 6.875
rcc 0 0 -18.25 0 0 20.32 7.52
rcc 0 0 2.07 0 0 9 8.74

rcc 0 0 -18.25 0 0 36.79 13.97
rcce 0 0 -20.79 0 0 41.87 13.97
rcc 0 0 -30.35 0 0 60.81 13.97
rcc 0 0 -30.35 0 0 60.81 15.24
rcc 0 O -48.69 0 0 99.13 28.58
rcc 0 0 -48.84 0 0 99.43 28.73
sph 0 0 0 300
rcc 0 0 -2.936 0 0 5.872 4.032
rcc 0 0 -2.936 0 0 5.872 4.445
end
src +1
src +2 -3
tbl +3 -1

tbl +4 -2 -5
vod +6 -5 -4 or 6 5 8 -3
wod +7 -6
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exv -16
end
111111111111 1111
00000000000000O00
11 2 2 1000 1000 6 1000 1000 4 3 4 3 5 1000 O
0
End

Code Listing 5-3 SAS4 Input Stream for NCT Reduced-Density Smeared Cylinder Source
(radial side neutron)

=shell . ‘

[copy ORIGEN-S ft71£f001 output file previously saved to file named ft30£f001]
end

'Input generated by Espn 5.1 Compiled on 8-07-2006

=sas4 parm=size=1000000
pat-1 pu large cyl 3d case

27n-18couple infhommedium

pu 1 den=0.818 1 300 end

redwood 3 den=0.36 1 300 end

aluminum 4 den=2.6989 1 300 end

ss304 5 den=7.9 1 300 end

copper 6 den=8.94 1 300 end

mgconcrete 7 1 300 end

arbmphl3-8mo 7.5 5 0 0 0 24000 12.75 28000 8 13000 1.125 42000 2.25
26000 75.875 2 1 300 end

end comp

ity=1 irf=9029 izm=6 mhw=2 frd=5.4 end

5.4 6.8 13.97 15.24 28.58 28.73 end

120435 end
xend

ran=000003600621 tim=1200 nst=4000 nmt=12000 nit=200 nco=4 ist=0 ipr=0
is0=0 nod=16 sfa=1.95e+6 igo=4 inb=0 ine=0 mfu=2 isp=7 ipf=0 isd=4
nda=1000 end

det 30 0 0 30 0 2 30 0 4 300 6 3008 30010 30 0C 15 30 0 20
128.7 0 0 128.7 0 5 128.7 0 10 128.7 0 15 128.7 0 20 128.7 0 25 128.7 0 30
128.7 0 35 end :

sxy 1 -5.4 5.4 -5.4 5.4 0 10 100 100 100 100 end

gend :
shielding problem

00O00O0

rcc 0 0 -5.64 0 0 15.11 5.40

sph 0 0 -3.74 5.72

rcc 0 0 -5.64 0 0 16.71 6.795

sph 0 0 -3.74 7.12

rcc 0 0 -5.64 0 0 16.71 10

rcc 0 0 -10.86 0 0 21.93 6.875

rcc 0 0 -18.25 0 0 7.39 6.875

rcc 0 0 -18.25 0 0 20.32 7.52

rcc 0 0 2.07 0 0 9 8.74

rcc 0 0 -18.25 0 0 36.79 13.97

rcce 0 0 -20.79 0 0 41.87 13.97
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rcc 0 0 -30.35 0 0 60.81 13.97
rcc 0 0 -30.35 0 0 60.81 15.24 ‘
rcc 0 0 -48.69 0 0 99.13 28.58
rcc 0 0 -48.84 0 0 99.43 28.73
sph 0 0 0 300

rcc 0 0 -2.936 0 0 5.872 4.032
rcc 0 0 -2.936 0 0 5.872 4.445
end

src +1

src +2 -3

tbl +3 -1

tbl +4 -2 -5
vod +6 -5 -4 or 6 5 8 -3

wod +7 -6
cop +8 -7 -6
vod +9 -3

alu +11 -10

34 3510000

Code Listing 5-4 SAS4 Input Stream for NCT Reduced-Density Smeared Cylinder Source ‘
(axial top neutron)

=shell

[copy ORIGEN-S ft71f001 output file previously saved to file named ft30£f001]
end

'Input generated by Espn 5.1 Compiled on 8-07-2006

=sas4 parm=size=1000000

pat-1 pu large cyl top 3d case

27n-18couple infhommedium

pu 1 den=0.818 1 300 end

redwood 3 den=0.36 1 300 end

aluminum 4 den=2.6989 1 300 end

ss304 5 den=7.9 1 300 end:

copper 6 den=8.94 1 300 end

mgconcrete 7 1 300 end

arbmphl3-8mo 7.5 5 0 0 0 24000 12.75 28000 8 13000 1.125 42000 2.25

26000 75.875 2 1 300 end
end comp '

idr=2 ity=1 irf=9029 izm=6 mhw=2 frd=5.4 end

9.46 11.06 18.54 21.08 50.44 50.59 end

000O0CO0CO end
xend

ran=000003600621 tim=1200 nst=4000 nmt=12000 nit=1000 nco=4 ist=0 ipr=0
is0=0 nod=7 sfa=1.95e+6 igo=4 inb=0 ine=0 mfu=2 isp=7 ipf=0 isd=4

nda=1000 end

det 0 0 52 2 0 52 4 0 52 6 0 52

0 0 150.59 5 0 150.59 10 0 150.59 end

sxy 1 -5.4 5.4 -5.4 5.4 0 10 100 100 100 100 end . »
gend ’
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shielding problem

0000

rcc 0 0 -5.64 0 0 15.11 5.40
sph 0 0 -3.74 5.72

rcc 0 0 -5.64 0 0 16.71 6.795
sph 0 0 -3.74 7.12

rcc 0 0 -5.64 0 0 16.71 10

rcc 0 0 -10.86 0 0 21.93 6.875
rcc 0 0 -18.25 0 0 7.39 6.875
rcc 0 0 -18.25 0 0 20.32 7.52
rcc 0 0 2.07 0 0 9 8.74

rcc 0 0 -18.25 0 0 36.79 13.97
rcc 0 0 -20.79 0 0 41.87 13.97
rcc 0 0 -30.35 0 0 60.81 13.97
rcc 0 0 -30.35 0 0 60.81 15.24
rcc 0 0 -48.69 0 0 99.13 28.58
rcc 0 0 -48.84 0 0 99.43 28.73
sph 0 0 0 300

rcc 0 0 -2.936 0 0 5.872 4.032
rcc 0 0 -2.936 0 0 5.872 4.445
end

src +1

src +2 -3

tbl +3 -1

tbl +4 -2 -5
vod +6 -5 -4 or 6 5 8 -3

exv -16
end .
11111111111 11111
000000000000O0CO0OO0CDO0
1 12 2 1000 1000 o 1000 1000 4
0
end

4 3 51000 0

Code Listing 5-5 SAS4 Input Stream for HAC Reduced-Density Smeared Cylinder Source

(radial gamma)

=shell

[copy ORIGEN-S ft71£001 output file previously saved to file named ft30£001]

end

'Input generated by Espn 5.1 Compiled on 8-07-2006

=sas4 parm=size=1000000
pat-1 pu large cyl 3d case
27n-18couple infhommedium

pu 1 den=0.818 1 300 end
redwood 3 den=0.36 1 300 end
aluminum 4 den=2.6989 1 300 end
$ss304 5 den=7.9 1 300 end
copper 6 den=8.94 1 300 end
mgconcrete 7 1 300 end

arbmphl3-8mo 7.5 5 0 0 0 24000 12.75 28000 8 13000 1.125 42000 2.25
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26000 75.875 2 1 300 end
end comp

izm=6 mhw=2 frd=5.4 end

5.4 6.8 13.97 15.24 28.58 28.73 end

120000 end
xend

ran=000003600621 tim=1200 nst=4000 nmt=12000 nit=900 nco=4 ist=0 ipr=0
iso=0 nod=10 sfa=9.517e+12 igo=4 inb=0 ine=0 mfu=2 isp=6 ipf=0 isd=4
nda=1000 end

det 106.8 0 0 106.8 0 5 106.8 0 10 106.8 0 15 106.8 0 20 106.8 0 25 106.8 0 30

106.8 0 35 0 0 -110.98 0 0 111.06 end
sxy 1 -5.4 5.4 -5.4 5.4 0 10 100 100 100 100 end

gend

shielding problem
0000
rcc 0 0 -5.64 0 0 15.11 5.40
sph 0 0 -3.74 5.72
rcc 0 0 -5.64 0 0 16.71 6.795
sph 0 0 -3.74 7.12 .
rcc 0 0 -5.64 0 0 16.71 10
rcc 0 0 -10.86 0 0 21.93 6.875
rcc 0 0 -18.25 0 0 7.39 6.875
rcc 0 0 -18.25 0 0 20.32 7.52
rce 00 2.07 0 0 9 8.74
rcc 0 0 -18.25 0 0 36.79 13.97
rcc 0 0 -20.79 0 0 41.87 13.97
rcc 0 0 -30.35 0 0 60.81 13.97
rcc 0 0 -30.35 0 0 60.81 15.24
rcc 0 0 -48.69 0 0 99.13 28.58
rcc 0 0 -48.84 0 0 99.43 28.73
sph 0 0 0 300
rcc 0 0 -2.936 0 0 5.872 4.032
rcc 0 0 -2.936 0 0 5.872 4.445
end
src +1
src +2 -3
tbl +3 -1

tbl +4 -2 -5
vod +6 -5 -4 or 6 5 8 -3

wod +7 -6
cop +8 -7 -6
vod +9 -3

wod +10 -9 -8
alu +11 -10
wod +12 -11
alu +13 -12
wod +14 -13
drm +15 -14
vod +16 -15

exv -16
end
1111111111111 111
000C0O00O0O0DO0COCOCOOOCOCOQ
1 12 2 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 ©
O .
end

The Shielding Analysis Sequence #1 (SAS1) code reads the shielding problem definitions from a

single input stream, then proceeds to automatically execute the BONAMI, NITAWL,

XSDRNPM, and XSDOSE computer codes in sequence. The SCALE driver software reads the '
single input stream and prepares individual inputs for each of the above codes, automatically "
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executes each code, and then collects all output into a common output file. The (a,n) source
description written by the SOURCES4C code with the input stream shown in Code Listing 5-6 is
entered by hand into the SAS1 input stream.

Code Listing 5-6 SAS1 Input Stream for Pu/Be spherical source with full density alpha-Pu
metal

=sasl parm=nitawl

pube neutron source alpha phase - no void

27n-~18couple infhommedium

plutoniumalp 1 1.0 293 end

end comp

end

last

neutron case

spherical

11.34 1 -1 00 33040

end zone

2.9021le-1 4.11765e-1 2.26912e-1 1.91999%e-2 2.54550e-2
2.39615e-2 2.58964e-3 8.56173e-5 3.16844e-6 4.29906e-8
17z 18z

ndetec=2

read xsdose

23.33 123.33

end

The SOURCESAC code is designed to predict the (a,n) source generation for homogenous and
interface problems. This analysis uses the interface option to determine the (a ,n) source per unit
area of contact between the a generator and a target nucleus. In this case, the a generator is
plutonium metal and the target material is Be. The code can output the neutron source in any
group structure; in this case, the 27-group structure used in SCALE is specified and the source
spectrum from SOURCES4C 1s used directly in the SAS1 case shown above.

Code Listing 5-7 SOURCES4C Input Stream for Pu-Be Interface Source Problem

WPu-Be Interface Problem

221
2 0 6.50 0.0000001
94 0.99
95 0.01
100
5
942380 0.0005
942390 0.9238
942400 0.0648
942420 0.0010
952410 0.0099
target is composed of Be
10
4 1.0

-27 20.0 le-11
20 6.43 3 1.85 1.4 0.9 0.4 0.1 0.017 0.003 0.00055
le-4 3e-5 le-5 3.05e-6 1.77e-6 1.3e-6 1.13e-6 le-6
8e~7 de-T7 3.25e-7 2.25e-7 le-7 5e-8 3e-8 le-8
1 4000

40090 1.0
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