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Figure 2-495. Tresca Stress in the TB-1 for 30-ft Drop Run 1 - SC-2 with Support
Structure Rotated 45 Degrees and Side Impact

2.12.5.7.2 831g Plutonium Metal Hollow Cylinder Angled with End Impact

The 831 g plutonium metal hollow cylinder contents was used for the 30-ft drop with end impact
since this case produced one of the most severe loadings of the aircraft end impacts. Pre-impact
model geometry shown in Figure 2-496, and the final displacement shown in Figure 2-497. The
kinetic energy history is shown in Figure 2-498 to verify that the analysis ran through the time of
rebound. The T-Ampoule equivalent plastic strain was zero, and there were no T-Ampoule
elements exceeding the experimental strain locus. The negligible 0.255% equivalent plastic
strain in the localized outer surface of the TB-1 (due to a minor contact modeling artifact) is
shown in Figure 2-499. Tresca stress in the TB-i is shown in Figure 2-500, with through-
thickness values below even the NCT allowables from Table 2-4.
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Figure 2-496. Finite Element Mesh for 30-ft Drop Run 2 - Angled 831 g Plutonium Metal
Hollow Cylinder with End Impact

Figure 2-497. Final Displacement for 30-ft Drop Run 2 - Angled 831 g Plutonium Metal
Hollow Cylinder with End Impact
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Figure 2-498. Kinetic Energy for 30-ft Drop Run 2 - Angled 831
Hollow Cylinder with End Impact
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Figure 2-499. EQPS in TB-I for 30-ft Drop Run 2 - Angled 831 g Plutonium Metal Hollow
Cylinder with End Impact
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Figure 2-500. Tresca Stress in the TB-I for 30-ft Drop Run 2 - Angled 831 g Plutonium
Metal Hollow Cylinder with End Impact

2.12.5.7.3 831g Plutonium Metal Hollow Cylinder Angled with CGOC Impact

The angled 831 g plutonium metal hollow cylinder contents was used for the 30-ft drop with
comer impact since this case produced one of the most severe loadings of the aircraft CGOC
impacts. Pre-impact model geometry is shown in Figure 2-501, and the final displacement
shown in Figure 2-502. The kinetic energy history is shown in Figure 2-503 to verify that the
analysis ran through the time of rebound. The T-Ampoule equivalent plastic strain was zero, and
there were no T-Ampoule elements exceeding the experimental strain locus. There was zero
equivalent plastic strain in the TB-1. Tresca stress in the TB-1 is shown in Figure 2-504, with
through-thickness values below even the NCT allowables from Table 2-4.
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N

Figure 2-501. Finite Element Mesh for 30-ft Drop Run 3 - Angled 831 g Plutonium Metal
Hollow Cylinder with CGOC Impact

Figure 2-502. Final Displacement for 30-ft Drop Run 3 - Angled 831 g Plutonium Metal
Hollow Cylinder with CGOC Impact
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Figure 2-503. Kinetic Energy for 30-ft Drop Run 3 - Angled 831 g Plutonium Metal
Hollow Cylinder with CGOC Impact

0

Figure 2-504. Tresca Stress in the TB-1 for 30-ft Drop Run 3 - Angled 831 g Plutonium
Metal Hollow Cylinder with CGOC Impact 0
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2.12.6 Bolt Analysis

The following section is an analysis of the bolts that secure the TB-I lid when subjected to the
loads applied during the high-speed aircraft accident test condition (10 CFR 71.74). The impulse
loads are obtained from the component analyses (see Section 2.12.5).

The TB-1 lid is secured by (12) '/2 -20 UNJF-3A bolts. The following calculation shows that the
total bolt preload is approximately 108,000 lbs.

Bolt torque: T = 75 tt - lbs

Nominal bolt diameter d = 0.5 in

Friction coefficien t : K = 0.2

Shigley1 Boltforce : Fi =
T

Kd

Fi
900

(0.2)(0.5)
9000 lbf

(12 bolts)x 9000 = 108,000 lbf

The contact force of the redwood pushing on the top of the TB-1 to decelerate it is shown as the
dashed curve in Figure 2-505. The bolt preload is also shown along with the sum of the contact
force and the total bolt preload. These are the forces holding the lid in place during the end
impact event.

Lid Retaining Forces

400000

350000

300000

250000 -

- - - -Wood Contact Force

w 200000 - Bolt Preload
0 -- Sum

150000 ,

100000----

50000

0

0 00005 0001 00015 0002 00025 0003 00035

Time (sec)

Figure 2-505. Contact Forces on the Top Surface of the TB-I Lid
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The force generated by the impacting components calculated in Section 2.12.5 along with the
redwood contact force and bolt preload are shown in Figure 2-506. As shown in the figure, the
forces from the components are only a fraction of the bolt preload. The peak impulse load is a
factor of 2.1 less than the bolt preload and a factor of 6 less than the total of the sum of the wood
retaining force and the bolt preload. Therefore, the lid of the TB-I will remain tight and torqued
during the aircraft impact accident.

Lid Retaining Forces and Component Impulse Loads

-Bolt Preload
400000

-Preload Plus Wood
Contact Force350000 - - 831 g End

300000 -- 831g Rot End

200 731g End
25000731g Rot End

200000 -- SC-1 End
S•SC-2 End

150000
SC-1 CGOC

100000 -- SC-2 CGOC

50000SC-i COOC 45d

SC-2 CGOC 45d

0 0.0005 0001 0.0015 0.002 0.0025 0003 0.0035

Time (sec)

Figure 2-506. Contact Forces on the Top Surface of the TB-I
Loads from Various Contents

Lid Along with Impulse

2.12.6.1 References

1. Shigley, J. E. Mechanical Engineering Design. McGraw-Hill, 1977.

2.12.7 Sample Input

The PRONTO3D input file for Run 3 of the high speed aircraft impact analysis (831 gram angled
cylinder with CGOC impact) which resulted in the highest tearing parameter in the T-Ampoule is
included below. Dollar signs designate comment lines.

TITLE
Full Overpack with TBI with 831g cylinder top rot CGOC impact
$

TERM TIME,0.006
PLOT TIME,0.00003
PLOT NODAL,DISPLACEMENT, VELOCITY, ACCELERATION,reactions,force

PLOT ELEMENT, STRESS, VONMISES,DOPT, EPS
PLOT STATE, EQPS

SUM NODAL MOMENTUMY MATERIAL 5
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SUM CONTACT FORCEY NODESET 500
SUM CONTACT FORCEX NODESET 500
SUM CONTACT FORCEZ NODESET 500
write restart .0005

$ symmetry boundary condition

$ no dispi, y, 100
$ no displ, x, 100

no displ, z, 100
no displ, z, 101

$ hourglass control
$

$ assumed strain hourglass
hourglass stiffening .08 .09

$

$ set up initial velocity
$

initial velocity material 1 0.0 5064.0 0.0 $ cantop
initial velocity material 2 0.0 5064.0 0.0 $ canbot
initial velocity material 4 0.0 5064.0 0.0 $ TB-l top
initial velocity material 5 0.0 5064.0 0.0 $ PU cylinder (1)
initial velocity material 6 0.0 5064.0 0.0 $ TB-s hot
initial velocity material 20 0.0 5064.0 0.0 $ spreader
initial velocity material 21 0.0 5064.0 0.0 $ copper
initial velocity material 22 0.0 5064.0 0.0 $ top plate 7075
initial velocity material 23 0.0 5064.0 0.0 $ lower plate 7075
initial velocity material 10 0.0 5064.0 0.0 $ shell
initial velocity material 24 0.0 5064.0 0.0 $ wood 1 X
initial velocity material 25 0.0 5064.0 0.0 $ wood 1 Z
initial velocity material 26 0.0 5064.0 0.0 $ wood 1 X
initial velocity material 27 0.0 5064.0 0.0 $ wood 2 X
initial velocity material 28 0.0 5064.0 0.0 $ wood 2 Z
initial velocity material 29 0.0 5064.0 0.0 $ wood 2 X
initial velocity material 30 0.0 5064.0 0.0 $ wood 3 X
initial velocity material 31 0.0 5064.0 0.0 $ wood 3 Z
initial velocity material 32 0.0 5064.0 0.0 $ wood 3 X
initial velocity material 33 0.0 5064.0 0.0 $ wood 4 X
initial velocity material 34 0.0 5064.0 0.0 $ wood 4 Z
initial velocity material 35 0.0 5064.0 0.0 $ wood 4 X
initial velocity material 36 0.0 5064.0 0.0 $ wood 5 X
initial velocity material 37 0.0 5064.0 0.0 $ wood 5 Z
initial velocity material 38 0.0 5064.0 0.0 $ wood 5 X
initial velocity material 39 0.0 5064.0 0.0 $ wood 6 X
initial velocity material 40 0.0 5064.0 0.0 $ wood 6 Z
initial velocity material 41 0.0 5064.0 0.0 0 wood 6 X

$

$ Death
$
$
$ set up contact by region for model
$

contact material 1
contact material 2
contact material 4
contact material 5
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contact
contact
contact
contact
contact
contact
contact
contact
contact
contact
contact
contact
contact
contact
contact
contact
contact
contact
contact
contact
contact
contact
contact

$ contact
contact
contact
contact
contact

material
material
material
material
material
material
material
material
material
material
material
material
material
material
material
material
material
material
material
material
material
material
material
surfaces
surface
surface
surface
surface

6
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41

30
31
800
801

$ mid tbl
$ mid tbl

$ top wood by pipe
$ top of pipe

$
$
$

$

define surface pairs

contact data surface 800 surface 801 $
kinematic partition 1.0
friction static -1.0
capture tolerance 0.005
end
contact data surface 30 surface 31 $
kinematic partition 0.5
friction static -1.0
capture tolerance 0.005
end

$ define friction
$
$ Top of Tamp and Cylinder

contact data material 1 material 5
kinematic partition 0.1
friction static 0.36
friction dynamic 0.3

end
$ Bottom of Tamp and Cylinder

contact data material 2 material 5
kinematic partition 0.1
friction static 0.36
friction dynamic 0.3

end
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$ Rigid surface
$
rigid surface 700 0.0 23.45 0.0 0.0 -1.0 0.0 $ top impact

$
$ define the shell thickness
$

scale shell thickness 10 0.0625 $ can shell

$
$

$ define material properties
$
$

MATERIAL, 1, ep power
YOUNGS MODULUS,
POISSONS RATIO,
YIELD STRESS,
HARDENING constant,
hardening exponent
luders strain

END
MATERIAL, 2, ep power

YOUNGS MODULUS,
POISSONS RATIO,
YIELD STRESS,
HARDENING constant,
hardening exponent
luders strain

END
Material, 4, ep power

YOUNGS MODULUS,
POISSONS RATIO,
YIELD STRESS,
HARDENING constant,
hardening exponent
luders strain

END
MATERIAL, 5, ep power

YOUNGS MODULUS,
POISSONS RATIO,
YIELD STRESS,
HARDENING constant,
hardening exponent
luders strain

END
Material, 6, ep power

YOUNGS MODULUS,
POISSONS RATIO,
YIELD STRESS,
HARDENING constant,

hardening,
15.5E06

0.3
141.7E03
12. 6E04

0.6554
0.0

hardening,
15.5E06

0.3
141.7E03

12. 6E04
0.6554
0.0

hardening,
30 .E06
0.30

141E03
30e4

1
0.0

hardening,
14. 1E06

0.3
36. 0E03

85000
0.4
0.0

hardening,
30. E06
0.30

141E03
30e4

0.000414, $ titanium

0.000414, $ titanium

0.00074, $ TBl Top

0.001853, $ PU alpha phase 1

0.00074, $ TBI Left

hardening exponent I
luders strain 0.0

END
MATERIAL, 10, ep power hardening, 0.00074, $ 304 stainless shell

YOUNGS MODULUS, 28.E6
POISSONS RATIO, 0.27
YIELD STRESS, 40.E3
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HARDENING constant, 192746.
hardening exponent 0.748190
luders strain 0.0

END
MATERIAL, 20, ep power hardening

YOUNGS MODULUS, 9.9E06
POISSONS RATIO, 0.3
YIELD STRESS, 45.0E03
HARDENING constant, 37852
hardening exponent 0.55
luders strain 0.0

END
MATERIAL, 21, ep power hardening

YOUNGS MODULUS, 17.2E06
POISSONS RATIO, 0.33
YIELD STRESS, 45.0E03
HARDENING constant, 38000
hardening exponent 0.55
luders strain 0.0

END
MATERIAL, 22, ep power hardening

YOUNGS MODULUS, l0.4E06
POISSONS RATIO, 0.33
YIELD STRESS, 73.0E03
HARDENING constant, 37852
hardening exponent 0.55
luders strain 0.0

END
MATERIAL, 23, ep power hardening

YOUNGS MODULUS, 10.4E06
POISSONS RATIO, 0.33
YIELD STRESS, 73.0E03
HARDENING constant, 37852
hardening exponent 0.55
luders strain 0.0

END
MATERIAL 24 = ORTHOTROPIC CRUSH,

Compacted YOUNGS MODULUS
Compacted POISSONS RATIO
Compacted YIELD STRESS =

X ID = 1 Y ID 1
Z ID = 2 XY ID = 4
YZ ID = 5 ZX ID : 4
Full Compaction = 0.9 $ 0
Modulus x = 1.5e6
Modulus y = 0.3e6

Modulus z = 0.3e6

Modulus xy = 0.2e6
Modulus yz = 0.25e6
Modulus zx = 0.2e6

, 0.0002536, $ 6061

, 0.000414, $ copper

f 0.000264, $ 7075

f 0.000264, $ 7075

5. 682e-5
= 1.5e6
= 0.3

20000.

= no compaction, 1 = very flat

End
Function 1 $

0.
0.14
0.28
0.42
0.57

x-direction ( T-
2000.
4200.
5100.
5430.
6100.

.Direction)
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0.71
0.80
0. 90

End
Function 2

0.
0.14
0.28
0.42
0.57
0.71
0.80
0.90

End
Function 4

0.0
0.60
0.70
0.90

End
Function 5

0.0
0.60
0.70
0.90

10100.
15000.
20000.

y-direction (L-Direction) z-direction approx the same
400.
986.
1200.
1275.
1432.
2371.
3521.
4690.

$ sigxy or sigxz vs volume
1000.
1000.
10000.
10000.

$ sigyz vs volume
1000.
1000.
10000.
10000.

End
MATERIAL 25 = ORTHOTROPIC CRUSH, 5.682e-5

Compacted YOUNGS MODULUS = 1.5e6
Compacted POISSONS RATIO = 0.3
Compacted YIELD STRESS - 20000.
X ID = 2 Y ID 1
Z ID = 1 XY ID - 4
YZ ID = 5 ZX ID : 4
Full Compaction = 0.9 $ 0 = no compaction, 1

Modulus x = 1.5e6

very flat

Modulus y
Modulus z
Modulus xy
Modulus yz

0.3e6
0.3e6

S0. 2e6
0.25e6

Modulus zx = 0.2e6
End
Function 1 $

0.
0. 14
0.28
0. 42
0.57
0.71
0.80

0. 90
End
Function 2

0.
0.14
0.28
0.42
0.57

x-direction ( T-Direction)
2000.
4200.
5100.
5430.
6100.
10100.
15000.
20000.

$ y-direction (L-Direction) z-direction approx the same
400.
986.
1200.
1275.
1432. 0
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0.71
0.80
0.90

End
Function 4

0.0
0.60
0.70
0.90

End
Function 5

0.0
0.60
0.70
0.90

2371.
3521.
4690.

$ sigxy or sigxz vs volume
1000.
1000.
10000.
10000.

$ sigyz vs volume
1000.
1000.
10000.
10000.

End
MATERIAL 26 = ORTHOTROPIC CRUSH, 5.682e-5

Compacted YOUNGS MODULUS = 1.5e6
Compacted POISSONS RATIO = 0.3
Compacted YIELD STRESS = 20000.
X ID = 1 Y ID 1
Z ID = 2 XY ID = 4
YZ ID = 5 ZX ID = 4
Full Compaction = 0.9 $ 0 = no compaction, 1
Modulus x = 1.5e6

Modulus y = 0.3e6
Modulus z = 0.3e6

Modulus xy = 0.2e6
Modulus yz = 0.25e6

Modulus zx = 0.2e6

very flat

End
Function 1 $

0.
0. 14
0.28
0.42
0. 57
0.71
0.80
0. 90

End
Function 2

0.
0.14
0.28
0.42
0.57
0.71
0.80
0.90

x-direction ( T-Direction)
2000.
4200.
5100.
5430.
6100.
10100.
15000.
20000.

$ y-direction (L-Direction) z-direction approx the same
400.
986.
1200.
1275.
1432.
2371.
3521.
4690.

End
Function 4

0.0
0.60
0.70
0.90

End

$ sigxy or
1000.
1000.
10000.
10000.

sigxz vs volume
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Function 5
0.0
0. 60
0.70
0.90

End

$ sigyz vs volume
1000.
1000.
10000.
10000.

0

MATERIAL 27 = ORTHOTROPIC CRUSH,
Compacted YOUNGS MODULUS

5. 682e-5
= 1.5e6
= 0.3

20000.
Compacted POISSONS RATIO
Compacted YIELD STRESS -
X ID = 1 Y ID= 1
Z ID = 2 XY ID = 4
YZ ID = 5 ZX ID : 4
Full Compaction = 0.9 $ 0
Modulus x = 1.5e6

Modulus y = 0.3e6

Modulus z = 0.3e6
Modulus xy = 0.2e6
Modulus yz = 0.25e6
Modulus zx = 0.2e6

no compaction, 1 very flat

End
Function 1 $ x-direction (T-Direction)

0 2000.
0. 14 4200.
0.28 5100.
0.42 5430.
0.57 6100.
0.71 10100.
0. 80 15000.
0.90 20000.

End
Function 2 $ y-direction (L-Direction) z-direction approx the same

0. 400.
0.14 986.
0.28 1200.
0.42 1275.
0.57 1432.
0.71 2371.
0.80 3521.
0.90 4690.

End
Function 4 $ sigxy or sigxz vs volume

0.0 1000.
0.60 1000.
0.70 10000.
0.90 10000.

End
Function 5 $ sigyz vs volume

0.0 1000.
0. 60
0.70
0.90

1000.
10000.
10000.

End
MATERIAL 28 = ORTHOTROPIC CRUSH,

Compacted YOUNGS MODULUS
Compacted POISSONS RATIO
Compacted YIELD STRESS

5. 682e-5
= 1.5e6
= 0.3

20000.
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X ID = 2 Y ID= 1
Z ID = 1 XY ID 4
YZ ID = 5 ZX ID = 4
Full Compaction = 0.9
Modulus x = 1.5e6
Modulus y = 0.3e6
Modulus z = 0.3e6

Modulus xy = 0.2e6

Modulus yz = 0.25e6

Modulus zx = 0.2e6

$ 0 = no compaction, 1 very flat

End
Function 1 $

0.
0.14
0.28
0.42
0.57
0.71
0.80
0.90

End
Function 2

0.
0.14
0.28
0.42
0.57
0.71
0.80
0.90

End
Function 4

0.0
0.60

0.70
0.90

End
Function 5

0.0
0.60
0.70
0.90

x-direction ( T-
2000.
4200.
5100.
5430.
6100.
10100.
15000.
20000.

.Direction)

$ y-direction (L-Direction) z-direction approx the same
400.
986.
1200.
1275.
1432.
2371.
3521.
4690.

$ sigxy or
1000.
1000.
10000.
10000.

sigxz vs volume

$ sigyz vs volume
1000.
1000.
10000.
10000.

End
MATERIAL 29 = ORTHOTROPIC CRUSH,

Compacted YOUNGS MODULUS
Compacted POISSONS RATIC
Compacted YIELD STRESS
X ID = 1 Y ID = 1
Z ID = 2 XY ID = 4
YZ ID = 5 ZX ID = 4
Full Compaction = 0.9 $
Modulus x = 1.5e6
Modulus y = 0.3e6
Modulus z = 0.3e6

Modulus xy = 0.2e6

Modulus yz = 0.25e6

Modulus zx = 0.2e6

5. 682e-5
= 1.5e6

) = 0.3
= 20000.

0 = no compaction, 1 = very flat
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End
Function 1

0.
0. 14
0.28
0.42
0.57
0.71
0.80
0. 90

End
Function 2

0.
0.14
0.28
0.42
0.57
0.71
0.80
0. 90

End
Function 4

0.0
0.60
0.70
0.90

$ x-direction ( T-Direction)
2000.
4200.
5100.
5430.
6100.
10100.
15000.
20000.

$ y-direction (L-Direction) z-direction approx the same
400.
986.
1200.
1275.
1432.
2371.
3521.
4690.

$ sigxy or sigxz vs volume
1000.
1000.
10000.
10000.

End
Function 5

0.0
0.60
0.70
0 . 90

$ sigyz vs volume
1000.
1000.
10000.
10000.

End
MATERIAL 30 = ORTHOTROPIC CRUSH,

Compacted YOUNGS MODULUS
Compacted POISSONS RATIO
Compacted YIELD STRESS
X ID = 1 Y ID = 1
Z ID = 2 XY ID = 4

YZ ID = 5 ZX ID = 4

Full Compaction = 0.9 $

Modulus x = 1.5e6
Modulus y = 0.3e6
Modulus z = 0.3e6

Modulus xy = 0.2e6

Modulus yz = 0.25e6
Modulus zx = 0.2e6

5. 682e-5
= 1.5e6
= 0.3

20000.

0 = no compaction, 1 very flat

End
Function 1 $ x-direction ( T-Direction)

0. 2000.
0.14 4200.
0.28 5100.
0.42 5430.
0.57 6100.
0.71 10100.
0.80 15000.
0.90 20000.
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End
Function 2

0.
0.14
0.28
0.42
0.57
0.71
0.80
0.90

End
Function 4

0.0
0.60
0.70
0.90

End
Function 5

0.0
0.60
0.70
0.90

$ y-direction (L-Direction) z-direction approx the same
400.
986.
1200.
1275.
1432.
2371.
3521.
4690.

$ sigxy or
1000.
1000.
10000.
10000.

sigxz vs volume

$ sigyz vs volume
1000.
1000.
10000.
10000.

End
MATERIAL 31 = ORTHOTROPIC CRUSH,

Compacted YOUNGS MODULUS
Compacted POISSONS RATIO
Compacted YIELD STRESS -

X ID = 2 Y ID 1
Z ID = 1 XY ID = 4
YZ ID = 5 ZX ID 4
Full Compaction - 0.9 $ 0
Modulus x = 1.5e6

Modulus y = 0.3e6
Modulus z = 0.3e6

Modulus xy = 0.2e6
Modulus yz = 0.25e6

Modulus zx = 0.2e6

5. 682e-5
- 1.5e6
= 0.3
20000.

no compaction, 1 very flat

End
Function 1 $

0.
0. 14
0 .28
0. 42
0.57
0.71
0.80
0. 90

End
Function 2

0.
0.14
0.28
0. 42
0.57
0.71
0.80
0. 90

x-direction ( T-Direction)
2000.
4200.
5100.
5430.
6100.
10100.
15000.
20000.

y-direction (L-Direction) z-direction approx the same
400.
986.
1200.
1275.
1432.
2371.
3521.
4690.
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End
Function 4

0.0
0.60
0.70
0.90

End
Function 5

0.0
0. 60
0.70
0.90

$ sigxy or sigxz vs volume
1000.
1000.
10000.
10000.

$ sigyz vs volume
1000.
1000.
10000.
10000.

0

End
MATERIAL 32 = ORTHOTROPIC CRUSH,

Compacted YOUNGS MODULUS
Compacted FOISSONS' RATIO
Compacted YIELD STRESS =

X ID = 1 Y ID= 1
Z ID = 2 XY ID = 4
YZ ID = 5 ZX ID = 4
Full Compaction = 0.9 $ 0
Modulus x = 1.5e6
Modulus y = 0.3e6

Modulus z = 0.3e6
Modulus xy = 0.2e6
Modulus yz = 0.25e6

Modulus zx = 0.2e6

5. 682e-5
= 1.5e6
= 0.3

20000.

= no compaction, 1 = very flat

End
Function 1 $ x-direction (T-Direction)

0. 2000.
0.14 4200.
0.28 5100.
0.42 5430.
0.57 6100.
0.71 10100.
0.80 15000.
0.90 20000.

End
Function 2 $ y-direction (L-Direction) z-direction approx the same

0. 400.
0.14 986.
0.28 1200.
0.42 1275.
0.57 1432.
0.71 2371.
0.80 3521.
0.90 4690.

End
Function 4 $ sigxy or sigxz vs volume

0.0 1000.
0.60 1000.
0.70 10000.
0.90 10000.

End
Function 5 $ sigyz vs volume

0.0 1000.
0.60 1000.

0

0
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0.70 10000.
0.90 10000.

End
MATERIAL 33 = ORTHOTROPIC CRUSH, 5.682e-5

Compacted YOUNGS MODULUS = 1.5e6
Compacted POISSONS RATIO = 0.3
Compacted YIELD STRESS = 20000.
X ID = 1 Y ID =1
Z ID = 2 XY ID : 4
YZ ID = 5 ZX ID = 4
Full Compaction = 0.9 $ 0 = no compaction, 1 = very flat
Modulus x = 1.5e6
Modulus y = 0.3e6

Modulus z = 0.3e6
Modulus xy = 0.2e6
Modulus yz = 0.25e6

Modulus zx = 0.2e6

End
Function 1 $

0.
0.14
0 .28
0.42
0 .57
0.71
0. 80
0. 90

End
Function 2

0.
0.14
0.28
0 .42
0. 57
0.71
0.80
0. 90

End
Function 4

0.0
0.60
0.70
0.90

End
Function 5

0.0
0.60
0.70
0.90

x-direction ( T-
2000.
4200.
5100.
5430.
6100.
10100.
15000.
20000.

Direction)

$ y-direction (L-Direction) z-direction approx the same
400.
986.
1200.
1275.
1432.
2371.
3521.
4690.

$ sigxy or sigxz vs volume
1000.
1000.
10000.
10000.

$ sigyz vs volume
1000.
1000.
10000.
10000.

End
MATERIAL 34 = ORTHOTROPIC CRUSH,

Compacted YOUNGS MODULUS
Compacted POISSONS RATIO
Compacted YIELD STRESS -
X ID = 2 Y ID 1
Z ID = 1 XY ID = 4
YZ ID = 5 ZX ID = 4

5. 682e-5
= 1.5e6
= 0.3
- 20000.
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Full Compaction = 0

Modulus x = 1.5e6

Modulus y = 0.3e6
Modulus z = 0.3e6
Modulus xy = 0.2e6
Modulus yz = 0.25e6

Modulus zx = 0.2e6

.9 $ 0 = no compaction, 1 very flat 0

End
Function 1 $

0.
0. 14
0.28
0. 42
0.57
0.71
0.80
0. 90

End
Function 2

0.
0.14
0.28
0.42
0.57
0.71
0.80
0.90

End
Function 4

0.0
0.60
0.70
0.90

End
Function 5

0.0
0.60
0.70
0.90

x -direction ( T
2000.
4200.
5100.
5430.
6100.
10100.
15000.
20000.

-Direction)

$ y-direction (L-Direction) z-direction approx the same
400.
986.
1200.
1275.
1432.
2371.
3521.
4690.

$ sigxy or sigxz vs volume
1000.
1000.
10000.
10000.

$ sigyz vs volume
1000.
1000.
10000.
10000.

End
MATERIAL 35 = ORTHOTROPIC CRUSH, 5.682e-5

Compacted YOUNGS MODULUS = 1.5e6
Compacted POISSONS RATIO = 0.3
Compacted YIELD STRESS = 20000.
X ID = 1 Y ID 1
Z ID = 2 XY ID : 4
YZ ID = 5 ZX ID : 4
Full Compaction = 0.9 $ 0 = no compaction, 1

Modulus x = 1.5e6

Modulus y = 0.3e6

Modulus z = 0.3e6

Modulus xy = 0.2e6
Modulus yz = 0.25e6
Modulus zx = 0.2e6

End
Function 1 $ x-direction ( T-Direction)

0. 2000.

very flat
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0 .14
0.28
0. 42
0.57
0.71
0.80
0. 90

End
Function 2

0.
0.14
0.28
0.42
0. 57
0.71
0.80
0. 90

End
Function 4

0.0
0.60
0.70
0.90

End
Function 5

0.0
0.60
0.70
0.90

4200.
5100.
5430.
6100.
10100.
15000.
20000.

$ y-direction (L-Direction) z-direction approx the same
400.
986.
1200.
1275.
1432.
2371.
3521.
4690.

$ sigxy or
1000.
1000.
10000.
10000.

sigxz vs volume

$ sigyz vs volume
1000.
1000.
10000.
10000.

End
MATERIAL 36 = ORTHOTROPIC CRUSH,

Compacted YOUNGS MODULUS
Compacted POISSONS RATIO
Compacted YIELD STRESS :
X ID = 1 Y ID =1
Z ID = 2 XY ID = 4
YZ ID = 5 ZX ID = 4
Full Compaction = 0.9 $ 0
Modulus x = 1.5e6
Modulus y = 0.3e6
Modulus z = 0.3e6

Modulus xy = 0.2e6

Modulus yz = 0.25e6
Modulus zx = 0.2e6

5. 682e-5
= 1.5e6
= 0.3

20000.

no compaction, 1 very flat

End
Function 1 $ x-direction ( T-

o. 2000.
0.14 4200.
0.28 5100.
0.42 5430.
0.57 6100.
0.71 10100.
0.80 15000.
0.90 20000.

End
Function 2 $ y-direction

0. 400.

.Direction)

(L-Direction) z-direction approx the same
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0.14
0.28
0.42
0.57
0.71
0.80
0.90

End
Function 4

0.0
0.60
0.70
0.90

End
Function 5

0.0
0.60
0.70
0.90

986.
1200.
1275.
1432.
2371.
3521.
4690.

$ sigxy or
1000.
1000.
10000.
10000.

sigxz vs volume

$ sigyz vs volume
1000.
1000.
10000.
10000.

End
MATERIAL 37 = ORTHOTROPIC CRUSH, 5.682e-5

Compacted YOUNGS MODULUS = 1.5e6
Compacted POISSONS RATIO = 0.3
Compacted YIELD STRESS = 20000.
X ID = 2 Y ID= 1
Z ID = 1 XY ID = 4
YZ ID = 5 ZX ID = 4
Full Compaction = 0.9 $ 0 = no compaction, 1 = very flat

Modulus x 1 l.5e6
Modulus y = 0.3e6

Modulus z 0.3e6
Modulus xy : 0.2e6
Modulus yz = 0.25e6

Modulus zx : 0.2e6
End
Function 1 $ x-direction (T-Direction)

0. 2000.
0.14 4200.
0.28 5100.
0.42 5430.
0.57 6100.
0.71 10100.
0.80 15000.
0.90 20000.

End
Function 2 $ y-direction (L-Direction) z-direction approx the same

0. 400.
0.14 986.
0.28 1200.
0.42 1275.
0.57 1432.
0.71 2371.
0.80 3521.
0.90 4690.

End
Function 4 $ sigxy or sigxz vs volume

0.0 1000.
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0.60
0.70
0.90

End
Function 5

0.0
0.60
0.70
0.90

1000.
10000.
10000.

$ sigyz vs volume
1000.
1000.
10000.
10000.

End
MATERIAL 38 = ORTHOTROPIC CRUSH,

Compacted YOUNGS MODULUS
Compacted POISSONS RATIO
Compacted YIELD STRESS
X ID = 1 Y ID= 1
Z ID = 2 XY ID = 4
YZ ID = 5 ZX ID 4
Full Compaction = 0.9 $
Modulus x = 1.5e6

Modulus y = 0.3e6
Modulus z = 0.3e6

Modulus xy = 0.2e6

Modulus yz = 0.25e6

Modulus zx = 0.2e6

5. 682e-5
= 1.5e6
= 0.3

20000.

0 = no compaction, 1 very flat

End
Function 1 $

0.
0.14
0.28
0.42
0.57
0.71
0.80
0.90

End
Function 2

0.
0.14
0.28
0.42
0.57
0.71
0 .80
0 .90

x-direction ( T-
2000.
4200.
5100.
5430.
6100.
10100.
15000.
20000.

-Direction)

$ y-direction (L-Direction) z-direction approx the same
400.
986.
1200.
1275.
1432.
2371.
3521.
4690.

End
Function 4

0.0
0.60
0.70
0.90

$ sigxy or
1000.
1000.
10000.
10000.

sigxz vs volume

End
Function 5 $

0.0
0.60
0.70
0.90

End

sigyz vs volume
1000.
1000.
10000.
10000.
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MATERIAL 39 = ORTHOTROPIC CRUSH, 5.682e-5
Compacted YOUNGS MODULUS = 1.5e6
Compacted POISSONS RATIO = 0.3
Compacted YIELD STRESS = 20000.
X ID = I Y ID 1
Z ID = 2 XY ID = 4
YZ ID = 5 ZX ID 4

Full Compaction = 0.9 $ 0 = no compaction, 1 very flat
Modulus x = 1.5e6
Modulus y = 0.3e6

Modulus z = 0.3e6

Modulus xy = 0.2e6

Modulus yz = 0.25e6
Modulus zx = 0.2e6

End
Function 1 $ x-direction (T-Direction)

0. 2000.
0.14 4200.
0.28 5100.
0.42 5430.
0. 57 6100.
0.71 10100.
0.80 15000.
0.90 20000.

End
Function 2 $ y-direction (L-Direction) z-direction approx the same

0. 400.
0 .14 986.
0.28 1200.
0. 42 1275.
0.57 1432.
0.71 2371.
0.80 3521.
0. 90 4690.

End
Function 4 $ sigxy or sigxz vs volume

0.0 1000.
0.60 1000.
0.70 10000.
0.90 10000.

End
Function 5 $ sigyz vs volume

0.0 1000.
0.60 1000.
0.70 10000.
0.90 10000.

End
MATERIAL 40 = ORTHOTROPIC CRUSH, 5.682e-5

Compacted YOUNGS MODULUS = 1.5e6
Compacted POISSONS RATIO = 0.3
Compacted YIELD STRESS = 20000.
X ID = 2 Y ID= 1
Z ID = 1 XY ID = 4
YZ ID = 5 ZX ID : 4
Full Compaction = 0.9 $ 0 = no compaction, 1 = very flat

Modulus x = 1.5e6
Modulus y = 0.3e6 0
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Modulu
Modulu
Modulu
Modulu

End
Function 1 $

0.
0.14
0.28
0.42
0.57
0.71
0.80
0. 90

End
Function 2

0.
0.14
0.28
0.42
0. 57
0.71
0.80
0. 90

End
Function 4 $

0.0
0.60
0.70
0.90

End
Function 5 $

0.0
0.60

0.70
0 . 90

5

IS

ISIS

Z :

xy
yz
zx

0. 3e6
= 0.2e6
- 0.25e6
- 0.2e6

x-direction ( T-Direction)
2000.
4200.
5100.
5430.
6100.
10100.
15000.
20000.

$ y-direction (L-Direction) z-direction approx the same
400.
986.
1200.
1275.
1432.
2371.
3521.
4690.

sigxy or
1000.
1000.
10000.
10000.

sigxz vs volume

sigyz vs volume
1000.
1000.
10000.
10000.

End
MATERIAL 41 = ORTHOTROPIC CRUSH,

Compacted YOUNGS MODULUS
Compacted POISSONS RATIO
Compacted YIELD STRESS =

X ID = 1 Y ID 1
Z ID = 2 XY ID - 4
YZ ID = 5 ZX ID : 4
Full Compaction = 0.9 $ 0
Modulus x = 1.5e6
Modulus y = 0.3e6
Modulus z = 0.3e6
Modulus xy = 0.2e6

Modulus yz = 0.25e6
Modulus zx = 0.2e6

5. 682e-5
= 1.5e6
= 0.3

20000.

no compaction, 1 very flat

End
Function 1 $ x-direction ( T-

o. 2000.
0.14 4200.
0.28 5100.
0.42 5430.

Direction)
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0.57
0.71
0.80
0.90

End
Function 2

0.
0.14
0.28
0.42
0.57
0.71
0.80
0. 90

6100.
10100.
15000.
20000.

$ y-direction (L-Direction) z-direction approx the same
400.
986.
1200.
1275.
1432.
2371.
3521.
4690.

End
Function 4 $ sigxy or sigxz vs volume

0.0 1000.
0.60 1000.
0.70 10000.
0.90 10000.

End
Function 5

0.0
0.60
0.70
0.90

End
exit

$ sigyz vs volume
1000.
1000.
10000.
10000.
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2.12.8 Design Pressure Calculations for the T-Ampoule (in Accordance with Section
VIII Division 1 of the ASME Boiler and Pressure Vessel Code

See stand-alone document that follows.
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Design Pressure Calculations for the

T-Ampoule

in Accordance with

Section VIII Division 1 of the ASME

Boiler and Pressure Vessel Code

The objective of the T-Ampoule (Drawing 2A0261) is to provide a eutectic prevention barrier
between the plutonium it contains and the PHI 3-8Mo stainless steel of the TB- I containment
vessel. The barrier will minimize any formation of a Pu/Fe eutectic under the elevated
temperature of 1080'F during a fire accident. In forming the barrier, the T-Ampoule becomes a
pressure vessel requiring analysis.

Section 1 describes the preparation of the pressure-temperature map which is necessary for a full
pressure vessel analysis. This includes not only the interaction between the TB-I pressure vessel
and the T-Ampoule, but also the impact of pyrolysis of both O-ring material and of any ancillary
plastic used for tagging and bagging within the T-Ampoule.

Section 2 presents an analysis performed to validate the maximum pressure specification of TB-I
taken from the original Safety Analysis Report (SAR).

The third section, Section 3, describes the actual pressure analysis for the T-Ampoule. The
criteria selected for the analysis of T-Ampoule pressure containing capability is the ASME
Boiler and Pressure Vessel Code (BPVC), Section VIII, Division 1.[1][2] The T-Ampoule's
unusual design has some aspects, e.g., its small size or the use of O-ring seals, that require

I



exceptions to Section VIII. This section enumerates these exceptions. It also identifies specific
paragraphs of the ASME Code that do apply to the T-Ampoule design.

Section 4 addresses the O-ring seal, a device not covered by Section VIII.

Throughout this report, individual sections identify and discuss instances of conservatism and
uncertainty in the analyses. Chapter 5 accumulates all of these discussions into a single location
to help the reader grasp the total level of conservatism and the risk associated with uncertainty
involved in the analysis.

Finally, Section 6 recaps the whole paper into a single discussion of the results.
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1 Pressure Temperature Map

A previous analysis described in LA-UR-10-05846, [3] addresses increased pressure inside the
TB-I pressure vessel in an aircraft accident scenario. This report treats the TB-I interior as a
single volume subjected to a uniform temperature of 1080'F. A uniform internal pressure is

determined by analysis. This is in fact a good description of the final state of the package.

However, the assembly starts out as two pressure envelopes. The T-Ampoule is a pressure
vessel itself. Subdividing the TB-I into two zones, the T-Ampoule forms the first zone; the

second zone consists of the extremely small annulus between the T-Ampoule and the TB-I wall,
referred to herein as the Annulus. These two zones exist as separate pressure envelopes until the
0-rings inside the vessels decompose and/or the 0-ring seal in the T-Ampoule fails and
pressures equilibrate. Before equilibration these two zones respond differently to temperature

changes. After equilibration, the whole assembly acts as the single pressure containing device
described by LA-UR-10-05846.

This analysis uses LA-UR-10-05846's conclusion that packing configuration #3, shown in

Figure 1, is the worst case. It also adopts LA-UR-10-05846's assumption that sufficient oxygen

somehow enters the vessels to oxidize all char and heavy hydrocarbons resulting from pyrolysis.
It is, however, possible to provide a more realistic estimate of the pyrolysis impact. This less

conservative calculation is included to provide a measure of the degree of conservatism in this

analysis.

1.1 Package Volumes

Consider the assembly drawing in Figure 1: TB-I Assembly for Packing Configuration #3.

Three sample plutonium containers reside within the T-Ampoule. These three containers are

designed to carry plutonium and are not pressure vessels. The T-Ampoule with the three
containers fits snuggly within the TB-I containment vessel. This leaves a small annulus volume

between the TB-I wall and the external surface of the T-Ampoule. More detailed inspection of
Figure 1 illustrates just how small the annulus volume is. The TB-I vessel's inner diameter is
4.250 inches. The T-Ampoule's outer diameter is 4.220 inches. Both numbers are average

values. Assuming they are somehow perfectly centered, these dimensions leave a 0.015 inch

radial gap between the two vessels. This gap integrated around the whole surface of the

T-Ampoule creates an annulus volume ofjust 37.7 cubic centimeters (2.30 cubic inches). This
analysis uses SI units to maintain consistency with the LA-UR-10-05846 report.

The T-Ampoule uses an 0-ring seal to contain pressure. The three SC-I containers also use 0-
rings. However, they are not considered pressure vessels. The T-Ampoule may also contain

some PVC labels or polyethylene bags (referred to as ancillary plastic). As temperature
increases during a design fire accident, the 0-rings and ancillary plastic will decompose, or
pyrolyze, increasing the mass of vapor in each pressure envelope. The amount of new vapor
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differs between the T-Ampoule and the annulus. These differences plus the volumetric
differences cause different pressure responses to temperature increase.

i
T A.

0.380-INCH
I

1/2-20 x 0.75 SHCS

CU SEAL

RING,
FILLER

ELASTOMERIC
O-RING IN

BORE SEAL

7.40-INCH
OUTER

T-AMPOULE

A

7.4384NCH
2.04NCH INNER
SAMPLE TB-1

CONTAINER VESSEL

T-AMPOULE A

0.259-INCH41

0.884NCH

V
TB-1

SPACER

0.3804NCH
V

-<{ 3.04NCH
SAMPLE CONTAINER

• 4.220-INCH OUTER DIAMETER T-AMPOULE -

- 4.254NCH INNER DIAMETER TB-i VESSEL ---

Figure 1: TB-1 Assembly for Packing Configuration #3

The following analysis tracks the response of three individual pressure envelopes:

* The annulus zone is the space between the TB-I containment vessel and the T-Ampoule.

" The T-Ampoule zone consists of the volume within the T-Ampoule less the volume of

solids contained there.

* The third zone is TB-1 volume. It is the sum of the first two volumes.

As will be discussed in detail below, the TB-1 becomes meaningful only after the T-Ampoule's
seal fails and pressure equilibrates between the first two zones.
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The volumes for each zone are listed in Table 1. They were taken from the LA-UR- 10-05846
paper. In addition, the empty internal T-Ampoule volume of 1280 cm3 was estimated
specifically for this analysis. The vapor volume of the TB-I container remains 1103 cm3. The
T-Ampoule, designed to nestle within the TB-1 container, is only slightly smaller with an
internal volume of 1065 cm3 . The difference between these two volumes is the volume of the
annulus at 37.7 cm3.

Table 1: Summary of Pressure Envelope Volumes

Description TB-1 T-Ampoule Annulus Units
Empty Volume 1460 1280 cm

Metal Volume 128

Occupied Volume 1410cm3

Filler Ring 14.75 cm
T-Amp Contents Volume 214 cm-
Vapor Volume (cm3 ) 1103 1065 37.7 cm3

Vapor Volume (mi) 0.001103 0.001065 0.000038 m

The TB-1 device is fabricated from PH13-8Mo, equivalent to l3Cr-8Ni-2Mo, stainless steel
while the T-Ampoule is fabricated of Ti-6A1-4V titanium alloy. These two materials have
different thermal expansion coefficients with the stainless steel expanding slightly faster with
temperature. The relative volume change with temperature between the two materials would be
proportional to the cube of the thermal expansion coefficients integrated over the temperature
range. These cubes of the thermal expansion coefficients are plotted in Figure 2. The values for
thermal expansion coefficients for the two metals were taken from the BPVC, Section II Part D
[2]. The volumes are expected to equilibrate pressures at approximately 800'F when O-ring
seals fail. At that temperature, the value for the cube of thermal expansion factor for stainless
steel is 1.015 in3/in3. For the titanium alloy of the T-Ampoule, the value at the same temperature
was 1.0 11 in3/in3 . Roughly estimated, the annulus volume would grow by the difference
between these two values or by about 0.4% when the assembly is heated from 70°F to 8000 F.
Since the stainless always expands more than the titanium, the annulus volume change with
temperature is always positive.

Subsequent analyses assume zero thermal growth. The above discussion demonstrates that the
relative volume change with temperature is small but positive. Trying to quantify this volume
change further would require significant analysis given the complex shapes involved. Further,
since the annulus volume change with temperature is always positive, pressures calculated
ignoring this change will slightly exceed actual pressures. Hence the assumption of no growth is
conservative.
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1.2 O-ring Decomposition

Table 2 provides a summary of O-ring volumes and masses with the initial volumes extracted
from LA-UR-10-05846. The T-Ampoule contains three 0-rings, one for each sample container
seal. In addition, this analysis allocates one half of the O-ring volume used to seal the T-
Ampoule to the T-Ampoule zone's volume. The remaining one half of the T-Ampoule O-ring
seal is allocated to the annulus zone volume. The TB-I column in Table 2 contains the sum of
the T-Ampoule and the annulus columns. The masses listed on the last line of Table 2 are based
on an O-ring density of 1.8 g/cm3.

Table 2: O-ring Volumes and Weights

Description Annulus TB-1 T-Ampoule Units
T-Ampoule Seal 1.56 3.12 1.56 cm2

SC-I Seals (3 times) 0.00 3.58 3.58 cm 3

Total Volume 1.56 6.70 5.14 cm 3

Total O-ring mass 2.81 12. 1 9.24 g
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According to LA-UR-10-05846, a fluoro-elastomeric O-ring decomposes per equation I

0. 147CF2CH2 (s) + 0.0178CF6 (s) -- 0.320C(s) + .294HF(g) + .0265CF4 (g)

This equation differs slightly from LA-UR-10-05846 in the coefficients of the products. This
difference is due to rounding. LA-UR-10-05846 asserts, based on references, that the O-ring
initially contains 78% by mass CF2HC 2 and 22% by mass C3F 6. The report also assumes
complete 0-ring decomposition by 1080'F. For the purposes of the pressure temperature map,
this report assumes pyrolysis based on a simplified version Figure 3 that assumes complete
pyrolysis by 1080'F.

In fact, fluorocarbon decomposition, or pyrolysis, is a function of temperature as shown in
Figure 3. This figure was constructed from data for Viton® A also known as poly (vinylidene
fluoride-co-hexafluoro-propylene) CAS # 9011-17-0. The first steep loss of mass on this curve
between 700 and 900'F marks the transition of O-ring material to hydrogen fluoride (HF). The
remaining slow decline traces the conversion of the remaining material to CF4. At 1080'F,
approximately 78% of the O-ring material has pyrolized. The above notwithstanding,
subsequent analyses assume the O-ring pyrolizes completely at the first step (800 0F). The figure
was included to illustrate the degree of conservatism involved.[4]
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An additional conservative assumption involves the sequence assumed for pressure release. This
analysis assumes that the O-ring contains all pressure until the device reaches full design
temperature of 1080'F. Only then does the pressure barrier fail. In fact, failure of the O-ring as
a pressure containing device would occur gradually between 700'F when pyrolysis starts and the
final temperature of 1300'F.

The LA-UR-10-05846 analysis assumes only two materials evolve during pyrolysis, carbon
tetrafluoride (MW = 88 g/mol) and hydrofluoric acid (MW = 20 g/mol). These materials
combine for an average molecular mass ratio on the order of 25 to 30 g/mol. On the other hand,
Moldoveanu suggests that these reactions are more complex but fails to adequately quantify this
assertion. His analysis did, however, say that the resulting products of pyrolysis would have
higher molecular mass ratios than were used by LA-UR-10-05846. Compounds with molecular
mass ratios exceeding 154 g/mol were seen but were not identified.[4] Higher molecular mass
ratios would result in fewer moles released per gram of material generating lower pressures. Use
of the LA-UR-10-05846 analysis is therefore conservative.
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This analysis assumes, as does LA-UR-10-05846, that the solid carbon, or char, generated in
equation I is subsequently oxidized into carbon dioxide.

0.320C(s)+0.32002 (g) -+ 0.320CO2 (g) 2

While LA-UR-10-05846 assumes carbon converts to carbon monoxide, at temperatures less than

3000'F (1920 K) the carbon monoxide/carbon dioxide equilibrium strongly favors carbon

dioxide. In either case the reaction forms the same number of moles of vapor. No attempt is

made to identify the source of the oxygen.

The moles of reactants in Equation 1 are based on the calculation summarized in Table 3. The

first line, total 0-ring mass for the three cases under consideration is a repetition of the last line

of Table 2. For the purposes of this table, the molar mass ratio of CF2CH2 is 64.0 g/mol and the
molar mass ratio of C3F 6 is 150.0 g/mol.

Table 3: O-ring Decomposition Results -- Reactants

Description T-Ampoule Annulus TB-1 Units

Total 0-ring mass 9.25 2.81 12.06 g

Mass of CF2CH2  7.21 2.19 9.41 g

Mass of C3F 6  2.04 0.62 2.65 g

Moles of CF 2CH2  0.113 0.0342 0.147 mol

Moles of C3F 6  0.0136 0.00412 0.0177 mol

Note that LA-UR-10-05846 has adjusted the coefficients in Equation I to match the moles of
reactants for the TB-1 column. This means the moles products for TB-I will also match the

coefficients of the products in Equation 2 also. The moles of reactants and products for the

T-Ampoule and the Annulus will vary as the ratio of the 0-ring mass for that volume to the
0-ring mass for TB-i. The 0-ring mass reported in the TB-1 column is the total of the masses

from other two volumes. This results only after equilibration. This carries through to the
products also, as shown in Table 4.

Table 4: O-ring Complete Oxidation -- Products

Description T-Ampoule Annulus TB-i Units

Moles of HF 0.225 0.0685 0.294 mol

Moles of CF4  0.0203 0.00618 0.02650 mol

Moles of CO2  0.246 0.0747 0.320 mol

Total Moles from 0-rings 0.491 0.149 0.640 mol

These molar quantities are constant and contribute a specific amount to the pressure calculation

of Section 1.5.
9



1.3 Ancillary Plastic Pyrolysis/Oxidation

T-Ampoule assembly procedures allow the inclusion of labels and bags inside the T-Ampoule.
Labels are typically metalized Poly(Ethylene Terephthalate) or metalized PET. MylarTM is an
example of this material. No specification exists regarding the exact composition and quantity of
this packaging material. Nonetheless, this plastic will degrade with temperature in a manner
similar to the 0-ring pyrolysis discussed in the previous section. The four most likely candidates
for inclusion in a PAT-1 package are:

1. Metalized PET, Poly(Ethylene terephthalate), of which only the polyester (Polyethylene
terephthalate) is active.

2. Poly(Ethylene) (all densities)
3. PVC, Poly(Vinyl Chloride)
4. PTFE, Poly(TetraFluoroEthylene). An example of PTFE is TeflonTM.

For any plastic composed of hydrocarbons and other chemicals, the products of a complete
oxidation to carbon dioxide reaction depends on the chemical composition of the plastic's
monomer. Each plastic consists of chains built by repeating the same monomer. What happens
to that monomer happens to the whole chain. The complete oxidation reaction equations for the
four plastics monomers listed above are listed in Table 5.

Table 5: Monomer Complete Oxidation Reactions

Plastic Monomer Reaction
PET Ethylene Terephthalate CloH 80 4 +1002 -- 10C0 2 +4H 20

PE Ethylene CH2 +1.502 -- C02 ±+H20

PVC Vinyl Chloride C2H 3Cl-+ 2.750 2 -> 2C0 2 ±1.5H20+.5Cl2

PTFE TetraFluoro Ethylene C2F4 +202 -- 2C02 + 2F2

Table 6 extends the information in Table 5 to include some statistics of the reactions including
the number of moles of vapor formed per mole of monomer, the number of moles of oxygen
consumed per mole of monomer consumed and the molecular mass ratio of the monomer.
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Table 6: Complete Oxidation Reaction Statistics

Moles of
Monomer Moles Mols 02 per

Plastic Molecular Vapor per molMole of
Mass (g/mol) Mone monomerMonomer

PET 192 14 10
PE 14.0 2 1.5
PVC 98.0 4 2.75
PTFE 100 4 2

This information will be used in pressure calculations in Section 1.5. The total number of moles
of vapor from ancillary plastic will be adjusted to achieve the final maximum allowable pressure.
The number of moles will be the same for any plastic. However, the mass in grams of ancillary

plastic allowed depends on the plastic.

1.4 Helium Generation from Alpha Decay

Based on the discussion in Section 4.5.3 of this addendum, alpha decay of plutonium generates
an insignificant molar quantity, nhe, of helium equal to a rate, rhe, of 1.42E-07 mol of helium per
gram of plutonium per year. Design mass of plutonium is 821 grams. The value used here is
1300 grams of 24Pu, a bounding condition for the analysis. For the purposes of this study, it was
assumed that the T-Ampoule was assembled one year prior to the accident and that no helium
leaked from the container via molecular diffusion. With this assumption, the total of helium
generated is 4.62E-05 moles. This quantity is assumed constant for this report. It contributes a
specific amount to the pressure calculation of Section 1.5.

1.5 Pressure Calculation

Table 7 contains a summary of the pressure calculation to be completed for this report. The first
calculation estimates the molar mass of argon initially trapped in the PAT-I package during
loading in the glove box. The second calculation uses the specified final temperature and
pressure to estimate the limiting amount of ancillary plastic allowed in the package. This
information then contributes to the final calculation of the pressures in the two initial volumes,

annulus and T-Ampoule, prior to and after equilibration.
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Table 7: Pressure Cases

Temperature Mass Involved
Description Pressure (psia) T r e (nol Zones Involved(O-F) (moo)

Initial 14.7 75 to be calculated Annulus,

T-Ampoule

Just before to be calculated 800 Initial, Annulus,

equilibration Ancillary Plastic, T-Ampoule
O-Rings,

He from alpha

decay

Final 1110 1080 to be calculated TB-1

Pressure in a pressure envelope is driven by the quantity and properties of the vapor phase

constituents in that volume. There will be no liquids in the package; and solids' impact on

pressure is so small that its impact is lost in rounding. For a vapor, the relationship between

mass, temperature and pressure is

P =z(<J) RT 3 0

In SI units, the universal gas constant R, is 8.314 N-m/mol-K, temperature, T, is in Kelvin,

volume, V, is in cubic meters and vapor mass, n, is in mols. This analysis will assumes ideal

conditions (z = 1) in order to maintain consistency with LA-UR-10-05846 analysis.

As Figure 4 illustrates, ideal gas is a reasonable assumption. This figure contains a standard

corresponding states plot over which estimated compressibility factors for the gases involved are

plotted for the three cases listed in Table 7. Most points cluster around the z = 1 line. The two

outliers are Cl2 and F 2, which only show up in rare choices of ancillary plastic.
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1.5.1 Initial Charge of Argon

The PAT-I package will be assembled in a glove box. It is assumed here that the glove box
contains argon. Since pressure depends only on the moles of vapor present any other inert gas
would require the same mass. This report also assumes that the glove box assembly occurs at
14.7 psia (I atmosphere) and 75 'F. The amount of argon can be estimated via a manipulation of
equation 3.

n
PV
R T

4

Note the omission of the compressibility factor (assumed = 1.0). Table 8: displays the results.

Table 8: Initial Molar Contents

Parameter T-Ampoule Annulus TB-I Units

Temperature, T 297. 297. 297. K

Pressure P 101,325 101,325 101,325 N/M2

Gas Constant, R, 8.314 8.314 8.314 N-m/mol-K
Volume, V 0.001065 3.77E-05 0.00110 mr3

moles, n 0.0437 0.00155 0.0453 mol
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These moles of initial argon are constant and contribute a specific amount to the pressure
calculation.

1.5.2 Final State - Estimate of Ancillary Plastic Content

As Table 7 indicates, the final pressure and temperature are known. The only unknown is the
mass of ancillary plastic that can be allowed. With known pressure, temperature and volume, the
total moles can be calculated from Equation 3 after minor algebraic manipulation. The
calculation returns a total molar mass equaling 1.19 mol. The breakdown by source is shown in
Table 9. The molar quantities from argon, helium generated from alpha decay of plutonium, 0-
ring decomposition, and char oxidation are known. The molar quantity from oxidation of
ancillary plastic is back-calculated by subtracting the sum of the above sources from the total
moles calculated using equation 3.

Table 9: Final Conditions Molar Estimate

Contribution Pressure
Source C ot o Mol Fraction Contribution

(mol) (psia)

Argon (Original Atmosphere) 0.0453 0.0381 42.3
He (from Alpha Decay) 0.000185 0.00016 0.173
HF (from O-Ring decomposition) 0.294 0.248 275
CF4 (from O-Ring decomposition) 0.027 0.0227 25.2
C0 2 (from oxidation of char) 0.32 0.27 299
Ancillary Plastic Oxidation 0.501 0.422 468
Total mols Vapor 1.19 1.00 1110

0

Table 9 provides the allowable contribution to pressure (468 psi) from ancillary plastics based on
an allowable amount (0.501 mol). The question to be answered is how much initial plastic in
grams should be allowed. Table 10 answers that question.

The first five lines of Table 10 (excluding the titles) contain information repeated from Table 5
and Table 6. Below these lines, the allowable quantity of vapor from plastic (0.501 moles)
comes from Table 9. The quantity of moles of monomer derives from the number of moles of
vapor per mole of monomer, 14 in the case of metalized PET. The allowable mass is calculated
by multiplying the allowable moles of monomer by the molecular mass of the monomer, 6.87
grams of plastic in the case of metalized PET. Note that this is only plastic. Metalized PET will
have some additional mass from the metal layered with the plastic.

For the purposes of discussion only, this mass was equated to an equivalent square sheet of 0.001
inch thick material assuming an average density for plastics of 1.4 g/cm3 . For metalized PET, for
example, 6.87 grams of plastic can be rolled out to a sheet 0.001in. thick and 17.3 in. x 17.3 in.

14



on each side. For reference, a typical kitchen sandwich

0.005 in. thick.

bag is 0.001 in. thick and a plastic tarp is

Table 10: Conversion of Vapor Mass to Grams of Ancillary Plastic

Common Name Metalized Poly PVC PTFE Units
PET ethylene

Chemical name of ethylene ethylene vinyl tetrafluoro
monomer terephthalate chloride ethylene

Monomer formula CloH80 4  CH, C2H4Cl CF4

Monomer mol/mass ratio 192 14 98 100 g/mol
mol vapor/ 14 2 4 4
mol monomer
mol 02/mol monomer 10 1.5 2.75 2

Allowable mols from 0.501 0.501 0.501 0.501 mol
plastic vapor
Allowable mols monomer 0.0358 0.251 0.125 0.125 mol
Allowable mass (plastic 6.87 3.51 12.2 12.5 g
only)
Size of 0.001 in thick 17.3 12.4 23.2 23.3 in
square (for illustration
only)

As Table 5 demonstrates, the products of oxidation of ancillary plastic differ with monomer.

Table 11 lists the pressure contribution of these different products.
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Table 11: Pressure Results Showing All Components

Common Name Metalized PET Polyethylene PVC PTFE
mol psia mol psia mol psia mol psia

Original Atmosphere 0.0452 42.3 0.0452 42.3 0.0452 42.3 0.0452 42.3
Helium generated from alpha 0.0002 0.173 0.0002 0.173 0.0002 0.173 0.0002 0.173
decay
O-ring Thermal Decomposition
HF 0.2940 275 0.2940 275 0.2940 275 0.2940 275
CF4  0.0270 25.2 0.0270 25.2 0.0270 25.2 0.0270 25.2

CO2 from char oxidation 0.3200 299 0.3200 299 0.3200 299 0.3200 299

Subtotal of all above sources 0.6864 642 0.6864 642 0.6864 642 0.6864 642
Ancillary Plastic -- thermal
pyrolysis with oxidation
CO2  0.3577 334 0.2504 234.1 0.2504 234.1 0.2504 234.1
H2O 0.1431 134 0.2504 234.1 0.1878 175.6
C12  0.0626 58.53
F 2  0.2504 234.1
Total Pressure 1.1872 1110 1.1872 1110 1.1872 1110 1.1872 1110
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It is important to remember that these quantities are mutually exclusive. It is allowable to

include 6.88 g of metalized PET or 3.51 grams of grams polyethylene or 12.3 grams of PVC or

12.5 grams of PTFE.

All that remains is to estimate the amount of oxygen required to support all the reactions

discussed above. Table 12 provides that answer.

Table 12: Oxygen Required for Oxidation

Description Metalized Poly PVC PTFE Units
PET ethylene

Moles to oxidize 0-ring char 0.320 0.320 0.320 0.320 mol

Moles to oxidize Ancillary mol
Plastic 0.358 0.377 0.344 0.250
Total moles of oxygen (02) mol
required 0.678 0.697 0.664 0.570
Equivalent Pressure at 75 'F 220 226 216 185 psia

The moles of 02 required to oxidize 0-ring char is constant because 0-ring char mass is

constant. The moles of 02 required to oxidize ancillary plastic varies with the plastic. The
calculated amount is the product of line 6 (mol 0 2/mol monomer) and line 8 (Allowable moles

monomer) of Table 10. The last line of Table 12 contains the result of a simple calculation using

equation 3 for the full volume of the TB-I vessel. In order to enable all of the oxidation assumed

in this section, a package assembly containing 12.3 grams PVC (the allowable limit from Table

10) must contain 02 at 216 psi over and above its original charge of argon. This is impossible
and its assumption represents an extreme degree of conservatism. To illustrate the degree of

conservatism, Section 1.7 presents an alternative but still conservative calculation of allowable

ancillary plastic.

1.6 Pressure before and after Equilibration

Figure 5 contains a plot of the pressure/temperature map for the package. The upper (green) line
represents pressure in the small annular space between the TB-I wall and the T-Ampoule. The

solid line denotes pressure before equilibration. The dashed line is what the pressure would be
without equilibration. The bottom (red) line represents pressure in the large volume of the T-

Ampoule. Again, the dotted line extends the pressure curve to what could be without
equilibration. The solid (blue) line denotes the pressure in the combined volumes, called the TB-
1 volume in previous sections.

Pressures prior to about 600'F are equal in both the annulus and the T-Ampoule. At these low

temperatures, mass and volume are both constant. After 600'F, the 0-rings and plastic begin
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pyrolysis. The changing mass affects the pressure in the low volume Annulus more severely

than it affects the T-Ampoule pressure.

2500
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Figure 5: Pressure Temperature Map for Package

At approximately 800'F, the pressure difference between the two pressure envelopes has reached

a point such that the 0-ring seal fails by design (See Chapter 4). Pressure in the Annulus is

higher than is pressure in the T-Ampoule. At this point, the pressure in the two volumes

equilibrates and the two pressure envelopes merge into the single TB-I pressure. The Annulus

pressure drops and the T-Ampoule pressure rises. Pressure continues to rise with increasing

temperature in the single volume until it reaches 1110 psia at 1080°F.

An issue arises in Chapter 4 regarding the repeatability of the 0-ring failure point. This section

is intended to provide information for the discussion there. Assume the O-ring seal does not fail.

The Annulus pressure will continue to rise, as will the T-Ampoule pressure, as temperature

continues to go up. What happens to the differential pressure? It goes up following the rapidly

rising Annulus pressure. Figure 6 contains a plot of the annulus pressure as a function of

pressure differential.

The O-ring seal is intended to fail when pressure differential reaches 160 psi. At that point,

Annulus pressure will be 368 psia, well below the maximum allowable pressure (MAP) for the

TB-I pressure vessel. Pressure against the TB-1 wall stays below the MAP of 1110 psia until the

differential pressure reaches 5 15 psi.
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In other words, the O-ring seal failure point can be high by a factor of safety of 3.2 (515/160)
before its failure to equilibrate affects pressure on the TB-I vessel wall.

Contingency against buckling failure of the T-Ampoule shell due to excessive external pressure
is tighter. The nominal maximum external pressure difference is 219 psi. This is a factor of 1.33

above the nominal failure point of the 0-ring.

1. 7 Alternative Ancillary Plastic Calculation

As discussed in Section 1.6, the allowable ancillary plastic limit is based on an assumption that

oxygen is always available for reaction with the products of pyrolysis. Analysis there assumes
the oxygen appears without speculating as to its source. Table 12 demonstrates that the one
feasible source, accidental inclusion during assembly is in fact impossible. The initial assembly

would have to include between 150 and 350 psi of pure oxygen depending on the monomer

involved. Since assembly is in a glove box these levels of pressure are impossible.

A more feasible, but still conservative, scenario assumes package assembly on an open

workbench at 75°F and one atmosphere of air. While more feasible, it is still highly unlikely.
Both engineering and administrative controls exist to ensure an inert glove box atmosphere

during assembly. Nonetheless, this section stipulates that this scenario exists. The package
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would be assembled at 14.7 psia and it would contain 79% nitrogen (N2) and 21% oxygen (02) as
its initial charge. Only 0.00950 mol of oxygen as 02, 0.21 x 0.0453 (see Table 8), is available to
burn char. Limited 02 limits C0 2 formation to only 0.00950 moles. The resulting final vapor
phase mixture is summarized in Table 13. Compare this to Table 9. Original argon is now

original N 2 and is 21% lower. C0 2 has dropped from 0.320 mol contributing 299 psi to final
pressure to 0.00950 mol contributing only 8.89 psi to final pressure. Most important, ancillary
plastic oxidation has changed to ancillary plastic pyrolysis and has gone numerically from 0.501
mol contributing 468 psi to 0.821 mol contributing 767 psi to the final pressure.

Table 13: Less Conservative Calculation of Ancillary Plastic Contribution

Source Contribution Mol Fraction Pressure
(mol)

Original N 2  0.0357 0.0301 33.4
He (from Alpha Decay) 0.00019 0.00016 0.173
HF O-Ring decay 0.294 0.248 275
CF4 O-Ring decay 0.027 0.0227 25.2
C0 2  0.0095 0.008 8.89
Ancillary Plastic Pyrolysis 0.821 0.691 767
Total mols Vapor 1.19 1.00 1110

How does this increased molar mass impact allowable plastic? Using PET as an example, Figure

7 shows the results of pyrolysis in an inert atmosphere for PET. The analysis was done at
II 12'F, sufficiently close to the final PAT-I temperature of 1080 'F. The figure shows selected

mol-mass ratios to illustrate the distribution. In fact the mol fraction weighted average for all 31
compounds is 108 g/mol. Similar analyses were done for all four plastics. The results are
tabulated on the third line of Table 14. The table also lists the calculated allowable mass. For
PET, allowable ancillary plastic has gone up from 6.87 g (Table 10) to 89.0 g (Table 14) an

increase of an order of magnitude. For the purposes of illustration only, and assuming an
average plastic density of 1.4 g/cm3 , the PET plastic, if rolled out to a 0.001 in. thickness, has
gone from a square 17.3 in. on edge to square 62.3 in. on edge.
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Figure 7: Pyrolysis of PET at 600 °C (1112 °F)14]

Other plastics have similar increases. Polyethylene increases from 3.52 to 200 g. PVC jumps

from 12.2 to 71 g. PTFE goes from 8.35 to 82.4 grams. In conclusion, the more conservative
scenario used in this report reduces allowable ancillary plastic mass by as much as an order of
magnitude.
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Table 14: Pyrolysis Example

Common Name Metalized Polyethyl PVC PTFE Units-,PET ene 4_____,_
Chemical name of ethylene ethylene vinyl tetrafluoro-
monomer terephthalate chloride ethylene

Pyrolized Vapor Mole 108 243 86.1 100 g/mol
Mass Ratio
Allowable Total mols 1.19 1.19 1.19 1.19 mol
Vapor
Moles from all other 0.366 0.366 0.366 0.366 mol
sources
Allowable mots monomer 0.824 0.824 0.824 0.824 mol
Allowable mass (plastic 89 200 70.9 82.4 g
only)
Size of 0.001 in thick 62.3 93.4 55.6 59.9 in
square (for illustration
only)
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2 Verification of TB-1 Maximum Allowable Pressure

The calculations in this chapter verify the use of 1110 psia (1095.7 psig) as maximum allowable
pressure (MAP) at a temperature of 1080 'F. This value for MAP was taken from the original

Safety Analysis Report (SAR) for the PAT-I package.[8]

It is important emphasize that the SAR's MAP will remain the specified maximum pressure for

the TB-I. The value of this analysis is in the demonstration of the safety inherent in using the
SAR value.

2.1 Results

The analysis of this section demonstrates that the MAP specified by the SAR is safe. Its value of

1110 psia at 1080'F is used elsewhere in this report where a maximum allowable pressure is

needed.

Based on an ASME Boiler and Pressure Vessel Code (BPVC) Section VIII, Division 1 analysis,
the maximum allowable operating pressure (MAOP) at 1080'F for the TB-I pressure vessel is

2200 psia. This MAOP exceeds the SAR MAP (1110 psia @ 1080'F) with a factor of safety of

1.98. [1I

The allowable pressure based on vessel wall strength is 5386 psig (5400 psia). The allowable

pressure based on closure is 2185 psig (2200 psia). The minimum of the two, 2200 psia, is the
MAOP for the TB-I vessel based on the analysis documented below.

2.2 Method

The following analysis looks first at the vessel wall's strength and then at the ability of its
closure to contain pressure. It calculates first the maximum pressure allowed by the shell. It
then calculates the maximum pressure allowed by the closure. The MAOP is the minimum of
the two. This number is then compared to the SAR's MAP.

The TB-I vessel is sufficiently thick-walled with sufficient structural reinforcement that a
concern arose that a standard BPVC analysis based on a thin-wall model would not provide
reasonable or conservative results.[1] Consequently, a simplified Finite Element Method (FEM)

model was run first. These results were then compared with a more traditional BPVC type
analysis. This comparison will demonstrate that a thin wall assumption is valid. This conclusion

clears the way for an allowable pressure calculation using the thin wall model dictated by the

BPVC.
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The closure analysis concentrates on bolting. The FEM analysis will demonstrate that the
stresses in the head are sufficiently low to be accepted without further analysis. The bolting
analysis follows standard BPVC methods. It calculates the loading on the bolts needed to offset
the pressure on the head and to ensure pressure containment of the gasket material. Pressure is
adjusted until this load, converted to a stress per bolt, equals the allowable stress for the given
bolting material. This pressure is the allowable pressure based on closure.

The minimum of the two allowable pressures calculated above is the MAOP for the system.

2.3 Allowable Pressure based on Vessel Wall

2.3.1 Numerical Analysis

The FEM model used the same grid generated for impact analysis in Section 2 of the Addendum
to the SAR. This grid was imported into the Abaqus FEM program for analysis. This analysis
used the MAP (1110 psia) as a boundary condition to the numerical model. This numerical
model was simplified in that it ignored the gasket seal. The model was run as a steady state
calculation at 1080'F.

Figure 8 shows the calculated hoop stress in the vessel wall. Based on the FEM analysis,
maximum hoop stress is 4367 psi (tension). As would be expected in a pressure vessel hoop
stress reaches a maximum on the shell wall away from reinforced ends. Again as expected
maximum hoop stress occurs on the inner surface of the vessel. In a thin wall analysis, this hoop
stress is assumed constant across the vessel. Figure 8 also demonstrates that the variation of
stress through the wall is small.

2.3.2 Thin Wall Vessel Analysis

The BPVC uses the following formula from paragraph UG-26 to estimate the maximum
allowable pressure, P, in a thin-walled shell as a function of hoop stress, S.

P SEjt5
Ri + 0.6t

Refer to Table 15 for a description of variables, their value and their units. Manipulation of the
above allows the estimation of hoop stress as a function of internal pressure:

P(Ri +0.6t)
Ejt
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Table 15: Summary of Parameters Used in Equation 6

Parameter Description Value Units

P Internal Pressure 1095.3 psig

Ri Radius to inside surface of 2.125 in

vessel

t Wall thickness 0.55 in

Ej Longitudinal Joint Efficiency 1.00

The longitudinal joint efficiency, Ej, equals 1.0 because the TB- 1 vessel is machined from a

solid material and has no longitudinal joint.

S. S22
(Avg: 75%)

4-4.367e4-00
4-4.015e4-00
4-3-662e4-00
4-3.310e4-00
4-2.958e4-00
4-2.605e4-00
4-2.25 3e4- 00
4-1.90le4-00
+'1.548e+ 00
4-1.-96e4-00
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Figure 8: Hoop Stress Experienced by TB-1 with 1110 psia Internal Pressure
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Using the values listed in Table 15, equation 6 returns a thin wall hoop stress of 4890 psi. This
number compares well with the FEM result of 4367 psi, demonstrating the validity of the BPVC
style of thin wall vessel analysis. Since it generates the higher and therefore more conservative
stress, the thin wall result will be used for ongoing discussion.

2.3.3 TB-1 Material Strength Criteria

There still remains the issue of comparing this stress to a strength parameter for the material.
The BPVC compares hoop stress directly to a strength value called the allowable stress, SA,

which is in turn related to the ultimate tensile strength of the material. This ultimate tensile
strength used must be at operating temperature. In this case, operating temperature would be
1080 0F.

Per the SAR Addendum, material for the TB-i is stainless steel with a UNS number 13800 with
heat treatment at 1075 0F (H1075). This UNS number is equivalent to the designation
PH13-8Mo used in the handbook MIL-HDBK-5J from which TB-I material properties were
extracted. Figure 9 contains a curve from that source showing the impact of temperature on
tensile ultimate and the tensile yield strength of this material.[7]
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Figure 9: Figure 2.6.6.1.1. Effect of temperature on the tensile ultimate strength (Ftu) and
the tensile yield strength (Fty) of PH13-8Mo (H950 and H1000) stainless steel bar [71
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For the purposes of the BPVC analysis, ultimate tensile strength is the important parameter.
Hence the curve labeled F,, will be used. The curve stops at 900'F making a 180'F
extrapolation necessary. Based on this extrapolation, ultimate tensile strength at operating
temperature will be 51% of room temperature ultimate tensile strength, ST. Note that ST isthe
same thing as F,, at room temperature.

The same reference provides room temperature tensile strength for two bracketing heat treatment
temperatures, 1050'F (175,000 psi) and I 100F (150,000 psi). The lower of these two values
will be used. Thus ST= 150,000 psi.

Within the BPVC, Section VIII references Section II part D (Section II) for allowable stress
values. However, Section II does not tabulate allowable stress properties for this material. In the
event allowable stresses are not published in Tables 1A or lB of that document, Section II refers
the user to an internal appendix, Mandatory Appendix I Basis for Establishing Stress Values in
Tables ]A and lB. The following criteria were extracted from TABLE 1-100 of that appendix:[2]

S1 3 temperature < 77 'F
SA 3.57

3.5 temperature > 77 'F3.5

In this case, the value for parameter R7 would be 0.51 based on Figure 9. As a result, the
allowable stress, SA, for this high temperature scenario would be 24,000 psi.

2.3.4 Vessel Wall Results

Based on a FEM analysis of the TB-I vessel, a thin-wall pressure vessel analysis will be valid.
Using a thin wall model as outlined in the BPVC with an allowable stress, SA, of 24,000 and the
values for system geometry contained in Table 15, the maximum allowable operating pressure, P
calculated using equation 6 would be 5390 psig.

2.4 Allowable Pressure based on Vessel Closure

Based on Figure 8, the stress in the material at the top of the vessel, in the vicinity of the closure,
would be on the order of 1,000 psi. This is low enough to assure that material stress will not
limit operating pressure. However, bolting needs further review.

The analysis uses the process set forward in BPVC Section VIII Mandatory Appendix 2 Rules
for Bolted Flange Connections with Ring Type Gaskets for calculating the load on a set of bolts.
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2.4.1 BPVC Closure Analysis

0
Bolts on a closure generally perform two functions. They contain the pressure in the vessel and

they impose sufficient load on the closure gasket to ensure no leakage. In terms of forces on the
closure, they can be characterized as follows:

H = Total hydrostatic end force, lbf
W I=H±Hml p 4

27rbGmP

8

The first force, H, is the force the bolts must exert to counteract the force the internal pressure
exerts on the closure. It is equivalent to the pressure, P, times the area over which the pressure
exerts itself. In this case the area is a circle with diameter, G, to the midpoint of the gasket.

The second force, Hp, is the force the bolts must exert to effect a seal on the gasket. The sealing
pressure is modeled as a constant factor, m, times the external pressure. For soft smooth copper,
m = 4.75. [1 Table 2-5.1,2]. From the same reference the effective sealing width, b, is half the
width, N, of the gasket. With the geometry of the TB-I copper gasket (Figure 10) the above
equation reduces to.

W1 K+ 21TbGm)JP 9

The TB-I design actually assumes a single knife edge cutting into the gasket. Hence using
smooth copper m factor is conservative.

~0 4808

04.-0 G

..04.252

Figure 10: Geometry of TB-1 Gasket
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The force, Wmn2, necessary to initially seat the gasket is the seating stress, y, (13000 psi for soft

copper) times the area of the gasket

W2 = ;TbGy 10

This equation assumes the TB-I is assembled with equal pressure internal and external, which is
reasonable for this package. The bolts must exert the maximum of either Wm, or Wm2. The value

for Win2 is 25,700 lbp'bolt. Subsequent discussion will demonstrate that Win is much larger than
this. For 12 bolts of diameter, Db, equal to 0.5 in, the stress, S, in each of the bolts will be

7CG2

7_2+ 2ffbGm
S=4p 11

12;Th j-
Using this equation, the maximum allowable operating pressure (MAOP) to be allowed in the
vessel can be given in terms of the bolt material's allowable stress:

12 ;T DbjJ)

MAOP = S, = 0.0675S, 12zrG2

__ + 21rbGm
4

2.4.2 Vessel Closure Material Strength

Bolt allowable stress, Sa, is set per BPVC Section VIII, Paragraph UG-23.[1] The bolts are to be
fabricated of A-286 stainless steel heat treated per AMS 5731 (Solution treated at 1800'F).
Figure 11 contains a curve showing the response to this material to temperature. The vertical

axis returns the RT factor used in equation 7, which applies here in the form:

Sr temperature • 77 'F
S, = 3 . 13

1.1iSTRT
LS T temperature > 77 'F

3.5
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Figure 11: Figure 6.2.1.1.1. Effect of temperature on the tensile yield strength (F•) and
tensile ultimate strength (Ftu) of A-286 alloy (1800°F solution treatment temperature).17]

The ultimate tensile strength at room temperature, ST, for this material per the reference is
130,000 psi. Note that drawings for these bolts specify a minimum tensile strength of 180,000
psi. The lower value will be used here.

Using equation 13, the allowable stress, Sa, in the bolts is 32,300 psi at 1080 0F. The stress ratio,

RT, is 0.79 from Figure 11. The ultimate tensile strength at room temperature is 130,000 psi.

2.4.3 Vessel Closure Results

Using the bolt allowable stress, Sa, of 32,300 equation 12 returns a maximum pressure safely

containable by the closure of 2181 psig (2196 psia). This is a factor of safety of 1.98 over the

MAP of 1110 psia specified by the SAR.

At this pressure, the load per bolt, Win2, is 76, 100 lbf, significantly greater than the value for Win2
of 25,700 lbf. AS initially assumed, Win1 dominates the calculation.
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3 Application of the Boiler and Pressure Vessel Code (Section VIII)

3.1 Exceptions to the ASME Boiler and Pressure Vessel Code

With the exception of the elastomeric (0-ring) seal, the T-Ampoule (Drawing 2A0261) was

designed, and will be fabricated and inspected to meet the requirements of the ASME Boiler and

Pressure Vessel Code (Section VIII) [1]. However, the following exceptions or explanations

apply:

1) The T-Ampoule was designed to Section VIII as modified by this document:

a) The size requirements in section U-I (c) (2) (i) of Section VIII, do not apply.

b) The marking requirements of parts UG 115-119 do not apply. T-Ampoules will be

marked with part and serial numbers as specified in fabrication specification PAT-1040

[7].
2) Given the dry inert gaseous initial atmosphere and the general non-reactivity of titanium with

the vessel contents, the design requires a no corrosion allowance.

3) T-Ampoule MAWP will be established with calculations as set forth in this document.

Allowable pressure calculations will be performed based on the following paragraphs of

Section VIII:

a) Torispherical Head allowable pressure was calculated based on the requirements of

Section VIII's Mandatory Appendix 1, Supplementary Design Formulas, paragraph 1-

4(d).

b) Allowable pressure, based on membrane stress in the hemispherical head, was estimated

based on the criteria set forth in paragraph UG-32.

c) Allowable pressures in the both the longitudinal and circumferential direction of the shell
and lid are estimated based on the criteria set forth in paragraph UG-27 of Section VIII.

d) T-Ampoule is exempt from the requirements of paragraph UG-32, Thickness of Shells

and Tubes Under External Pressure. As the T-Ampoule will be subject to impact

loading and a separate impact analysis will be conducted as described in Chapter 2 of the

PAT-I Safety Analysis Report Addendum Docket No. 71-0361, Rev. 0, August 2009.

4) T-Ampoule design specifies no welded joints. Consequently joint efficiency, E, in all

subsequent Section VIII equations will be applied as 1.0.

5) The requirements of paragraph UG-125 regarding pressure relief devices do not apply. Over

pressure response will be discussed in detail in the body of this paper

6) T-Ampoule will be fabricated from Ti-6A1-4V titanium alloy produced to material

specification ASTM 348 except, as modified below:

a) Titanium alloy will have procurement specified values of 150,000 psi ultimate strength

and 140,000 psi yield strength, both at 77'F (room temperature).

b) Temperature dependant allowable stress criteria will be determined using the procedures

outlined in the ASME Boiler and Pressure Vessel Code, Section LID, Mandatory

Appendix 1 Basis for Establishing Stress Values in Tables IA and lB.
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c) In either case, titanium maintains ductility at low temperatures and is therefore, exempt
from the requirements of Sections UCS 66 through 68 pertaining to derating allowable
stress for low temperature operation.

7) In the case of analysis of the torispherical heads, and in accordance with Section UG-32(e),
allowable stress will be limited to 20,000 psi for temperatures below 77°F, and will be
reduced proportional to the curves developed in 2.b above for temperatures above 77°F.

8) The T-Ampoule quality program will meet the requirements of Section VIII with the

following exceptions:
a) The standard hydrostatic test of paragraph UG-99 or the pneumatic test from paragraph

UG- 100, are not required.
b) The requirements of paragraph UF-55 regarding ultrasonic examination do not apply.

Inspection will consist of visual inspection and physical measurement of specified
dimensions.

c) As the T-Ampoule components are either formed or spun without welding, the
requirements of part UW and part UB do not apply.

9) In lieu of the requirements of paragraph UG-91, the inspector will meet the requirements
listed below:
a) Inspector will demonstrate experience with spinning and fabrication processes, and
b) Inspector will demonstrate experience with Section VIII.

The elastomeric (0-ring) seal and the associated threaded joint were analyzed using accepted
engineering practices and manufacturers' recommendations.

3.2 Pressure Envelope Analysis

Within this section:

" Sections 3.2.1 and 3.2.2 summarize the results used for subsequent analyses. Section
3.2.1 provides a summary of results for internal pressure while Section 3.2.2 does the
same for external pressure calculations.

* Section 3.2.3 describes calculations done to provide metal properties for subsequent
calculations. The T-Ampoule will be built using an alloy of titanium not addressed, in
detail within Section II.

* Sections 3.2.4 through 3.2.7 summarize individual analyses for areas 1 through 4
identified in Figure 12.
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1. Allowable pressure as

determined by longitudinal or

radial stress limits in the

cylindrical shell. Also calculate

allowable external pressure
2. Allowable pressure based
, stress associated with the joint

Sbetween the torispherical head

lindrical shell

(04~.20
5. Pressure containing capability
of the threaded joint and the o-
ring elastomeric seal

3. Allowable pressure based on

membrane stress in the
torispherical head. Also calculate

allowable external pressure on

the hemispherical head
Ii

4. Allowable pressure as

determined by longitudinal or

radial stress limits in the

cylindrical shell just before o-ring

seal

Figure 12: Five Analyses Performed for MAWP Determination

The O-ring seal identified as Area 5 in the figure will be addressed in Chapter 4.

3.2.1 Maximum Allowable Working Pressure (Internal Pressure Limits)

Figure 13 contains a plot of maximum allowable working pressure (MAWP) as a function of

temperature for the T-Ampoule. The MAWP declines with temperature from 617 psig at room

temperature (77°F) to 263 psig at 1080'F. At temperatures exceeding 1080'F, the T-Ampoule's
O-ring seal has failed and pressure has equilibrated with the external environment resulting in

zero pressure stress on the T-Ampoule.

It is important to later recall that MAWP is presented as gauge pressure, the difference between

external and internal pressures.
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Figure 13: Maximum Allowable Working Pressure (MAWP) for T-Ampoule

Table 16 contains a summary of the results.

Table 16: Summary of Allowable Internal Pressure by Analysis Area

Analysis Allowable Allowable
Ana Description Pressure (psig) Pressure (psig)

Se@ 77-F @ 1080°F

I Cylindrical Shell Longitudinal Stress 2790 1180

1 Cylindrical Shell Circumferential Stress 1360 576

2 Joint, Torispherical Head to Shell 624 263
3 Torispherical head, membrane stress 2600 1100

4 Seal Area Longitudinal Stress 1910 809

4 Seal Area Circumferential Stress 935 396

5 O-Ring Seal 900 n/a

The MAWP is set to the lowest allowable pressure for the analysis areas. For this design, the
joint between the torispherical head and the cylindrical shell, determined MAWP. The five
analyses are summarized below, preceded by a review of the methodology used to determine
temperature dependant allowable stresses.
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3.2.2 External Pressure Limits

Figure 14 contains a plot of maximum allowable, external pressure as a function of temperature
for the cylindrical shell and the hemispherical head. Allowable pressure for the cylindrical head
is the lower of the two and would provide the limiting criteria for the T-Ampoule as a pressure
vessel. As is discussed in the applicable sections, this is a conservative calculation.
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Figure 14: Allowable External Pressure

Table 17 contains a summary of allowable external pressures. This table lists values for room

temperature (71°F) and for 7000F, the temperature at which the T-Ampoule's 0-ring seal is

expected to fail.
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Table 17: Summary of Allowable External Pressure by Analysis Area

Analysis Allowable Allowable
Area Description Pressure (psig) Pressure (psig)

@71°F @800°F

1 Cylindrical Shell 386 219

3 Torispherical head 687 368

5 O-ring Seal 180 160

3.2.3 Titanium Properties

The document controlling design and fabrication of the T-Ampoule [Reference 6, paragraph
3.1.1 ] specifies that the titanium alloy Ti-6A1-4V will be procured with a minimum tensile
(ultimate) strength, ST, of 150,000 psi and minimum yield strength, Sy, of 140,000 psi at room
temperature (77°F). The analyses below require allowable stress, SA, values at temperatures,
both below and well above room temperature. Allowable stress values should be for a wrought

non-ferrous metal.

Section VIII references Section Ii part D (Section Ii) for allowable stress values. However,
Section 11 does not tabulate properties for this material. In the event allowable stresses are not
published in Tables IA or I B of that document, Section II refers the user to an internal appendix,
Mandatory Appendix 1 Basis for Establishing Stress Values in Tables ]A and lB. The following

criteria were extracted from TABLE 1-100 of that appendix:

[ ~ temperature •77 'F
SA 3. 14

I.S RTL. 1 temperature > 77 'F3.5

The Parameter RT is defined as the ratio of the average temperature dependent, trend curve value
of tensile strength to the room temperature tensile strength, the value of which was extracted
from the curve Fu in Figure 11.
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Figure 15: The Effect of Temperature on the Tensile Ultimate Strength of Annealed Ti-
6AI-4V Alloy 17, Figure 5.4.1.1.11

For Titanium, the useful temperature range is from -320 to 750'F [Reference 7, p 5-51]. Unlike

ferritic steels, titanium maintains ductility throughout its operating range, as shown in Figure 16.
For these reasons, allowable stresses for temperatures below room temperature were extended

down to -40'F.
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Figure 16: The Effect of Temperature on the Elongation of Annealed Ti-
6AI-4V 17, Figure Fig 5.4.1.1.5]
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The temperature factor for this analysis was extrapolated to 1080'F, 80'F beyond the data

presented in Figure 15 and Figure 16 in order to estimate the response of the T-Ampoule at the

theoretical accident temperature (1080'F).

The torispherical head analysis, per Section VIII, paragraph UG-32(e), mandates lower allowable
stresses. In this single case, the following applies:

Torispherical Head
20,000 temperature • 77 'F

SA = 20,0O0ORT temperature> 77 'F
15

Figure I 1 contains plots of the allowable stress values that result from the above equations.
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Figure 17: Allowable Stress Values for Ti-6AI-4

Section VIII references Section II part D for computation of yield stress values. In the event

yield stresses are not published in Tables IA or 11B of that document, Section II refers the user to

an internal appendix, Mandatory Appendix I Basis for Establishing Stress Values in Tables ]A

and lB. The following criteria were extracted from TABLE 1-100 of that appendix:
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-S R temperature>< 77 'F

SYRY temperature > 77 'F

16

The Parameter Ry is defined as the ratio of the average temperature dependent value of yield
strength to the room temperature yield strength, the value of which was extracted from the curve
F,, in Figure 15. The results of equation 16 are plotted in Figure 18.
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Figure 18: Yield Strength for Ti-6AI-4V

As with tensile strength, the curve is extended to -40'F based on low temperature ductility
arguments.

External pressure calculations incorporate the modulus of elasticity at temperature. Figure 19
contains a plot for the T-Ampoule's material based data from a metals handbook published by
the U.S. Department of Transportation [7].

39



20,000,000

18,000,000

16,000,000

14,000,000

12,000,000

0

10,000,000

' 8,000,000

>0

6,000,000 -

4,000,000

2,000,000

0

-600 .400 -200 0 200 400 600 800 1000 1200

Temperature (OF)

Figure 19: Effect of Temperature on the Young's Modulus of AnnealedTi-
6AI-4V [Ref. 7, Figure 5.4.1.1.4]

Figure 20 contains the chart extracted from Section II, from which Factor B was extracted for
external pressure calculations. This chart is in fact for an alloy of titanium with similar elastic
moduli, but of yield strength half that of Ti-6Al-4V.
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Figure 20: Fig. NFT-4 Chart for Determining Shell Thickness of
Components Under External Pressure Developed For Titanium Grade 9

Alloy (Uns R56320) 12]
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3.2.4 Analysis 1, Cylindrical Shell

Internal Pressure - This section summarizes the analysis performed on the cylindrical shell, the

area designated as analysis area 1 in Figure 12. Allowable pressures in the both the longitudinal
and circumferential direction of the shell are based on the criteria set forth in Section UG-27 of

Section VIII.

Longitudinal Limit, shell

Circumferential Limit, shell

PL = 2S A Et
Ri - 0.4t

PO -SAEt

Ri + 0.6t

17

18

The analyst should use data from the upper curve of Figure 17 for allowable stress, SA because
the device in question has a formed joint efficiency, E, of 1.0. The internal radius, Ri, is based on

dimensions taken from Figure 21, and uses specified minimum/maximum values that result in

the smallest radius value. Wall thickness, t, is derived from the same dimensions. It is based on
the difference between outer and inner diameters using tolerances to obtain the largest value.

SEE DETAIL B-\

SEE

Figure 21: Dimensional Sketch of T-Ampoule Body

Table 18 contains both the input parameters to equations 17 and 18 as well as the final results.
The allowable pressure for this analysis area is the pressure determined based on allowable
circumferential stress with a value of 1356 psig at room temperature.
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Table 18: Parameters and Calculated Values Analysis Area I

Parameter Value Units
di 4.095 in
do 4.215 in
RI 2.0475 in
R, 2.1075 in
t 0.06 in

E 1 n/a
SA 47100 psi
PL 2790 psi

PO 1360 psi

Values for allowable stress and therefore, pressure are at room temperature.

External Pressure - This external pressure calculation is conservative. Given the snug fit
between the T-Ampoule and the TB-I containment vessel, it is unlikely that the T-Ampoule will
be allowed to flex enough to buckle elastically. The Section VIII external pressure analysis
ignores this type of external support and the analysis assumes no support exists. In addition, B

factor charts for the Ti-6A1-4V material used for the T-Ampoule do not exist. The curve for a
titanium alloy with UNS designation R56320 will be assumed instead. This substitute alloy has
a room temperature yield strength of 70,000, a factor of 2 lower than the alloy actually in use.
These two assumptions combine to under-predict allowable external pressure. Since the
predicted pressures are still sufficiently high that failure is not predicted, no attempt was made to
refine the analysis.

Rules for calculating allowable external pressure are presented in Section VIII, paragraph UG-
33(d). The methodology is graphic oriented. The first important parameter, A, is obtained from
the graph in Section II, Figure G, which correlates A to geometric parameters derived from
external diameter, Do, shell length, SL, and wall thickness, t. Using this value, one can determine
the allowable stress, B, from Figure 20. This value of B for room temperature is 18,800 psi.

A B-factor feeds into the following equation:

4B 19

Table 19 summarizes the results of the above calculations. Allowable external pressure is
481 psig. At 700'F when the T-Ampoule equilibrates with the annulus pressure, the allowable
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external pressure difference will be 244 psig, providing a reasonable margin above the estimated
equilibration threshold of 150 psig difference.

Table 19: Allowable External Pressure of Hemispherical Head

Parameter Value Units

D, 4.22 In.

t 0.06 In.

SL 4.426 length

SL/D, 2.098

D Jt 64.9

A 0.00250

B 18,800 psi

Pex 386 psi

3.2.5 Analysis Area 2, Torispherical Head Joint

Criteria for analysis area 2 are based on paragraph UG-32 Formed Heads, and Sections, Pressure
on the Concave Side of Section VIII. This paragraph refers in turn to Section VIII's Mandatory
Appendix 1, Supplementary Design Formulas, paragraph 1-4(d) which applies the following
criteria:

Torispherical Head Joint PT 2S AEtý

TLM±+0.2t,
20

Where

M = 4 3 + -j 21

In this case the analyst should employ the lower curve of Figure 17 for allowable stress.
Dimensions were obtained from Figure 21. The crown radius, L, or the radius of the head, must
be the minimum value possible when considering tolerances. The head wall thickness, ts, should
also be the minimum possible value. The parameter Mis based on the ratio of crown radius, L,
to knuckle radius, r. Knuckle radius is the radius of curvature of the titanium at the joint
between the head and the cylindrical shell. This value is specified to be 0.125 inch. As above,
the joint efficiency, E, is 1.0 since no joint exists.

In addition to the above, the following criteria apply:
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t > > 0.002,
L
L • d0 22

Table 20 contains input parameters and results for the torispherical head joint. The value for t, is

based on the difference between outer and inner crown radii with tolerances chosen to minimize

thickness. The allowable stress at room temperature is limited to a maximum of 20,000 psi at

room temperature. The two criteria of equation 19 are met. The ratio of head thickness to crown

radius is 0.0277, an order of magnitude above the criterion. The crown radius itself, at 2.225

inches is less than the outer diameter of the shell which equals 4.095 inches. All of this results in

an allowable pressure of 624 psig. This is, in fact, the lowest allowable pressure of all calculated

for the five analysis areas, and as such provides the criteria for MAWP.

Table 20: Parameters and Calculated Values Analysis Area 2

Parameter Value Units

di 4.095 in

d, 4.215 in

Ri 2.0475 in

R, 2.1075 in

L 2.225 in

t, 0.06 in

E I n/a

tIL 0.0277 nd

SA 20,000 psi

M 1.790 nd
P7 624 psi

3.2.6 Analysis Area 3, Head Membrane

Internal Pressure - Stress in the hemispherical head away from the joint is uniform in all
directions normal to the radius and is governed by the criteria of paragraph UG-32 of Section
VIII. Formed Heads and Sections.

Hemispherical Head Membrane PH =-SAt

L + 0.2ts

The following additional constraints apply:

23
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L

P11 <0.665

SE

24

Values and definitions are as defined in the previous section.

Table 21 contains input parameters and results for the hemispherical head membrane. The two
supplemental criteria of equation 24 are satisfied. The calculated value for allowable pressure of
2600 psig is well above the previously calculated allowable pressure for the torispherical joint.

Table 21: Parameters and Calculated Values Analysis Area 3

Parameter Value Units

di 4.095 in

d, 4.215 in

Ri 2.048 in

& 2.108 in

L 2.225 in

t5 0.060 in

E 1 n/a

SA 47100 psi

tI/L 0.0277 nd

PH/SE 0.0551 nd

PH 2600 psi

External Pressure - This external pressure calculation is conservative. Given the snug fit
between the T-Ampoule and the TB-I containment vessel, it is unlikely that the T-Ampoule will
be allowed to flex enough to buckle elastically. The Section VIII external pressure analysis
ignores this type of external support and the analysis assumes no support exists. In addition, B
factor charts for the Ti-6AI-4V material used for the T-Ampoule do not exist. The curve for a
titanium alloy with UNS designation R56320 will be assumed instead. This substitute alloy has
a room temperature yield strength of 70,000, a factor of 2 lower than the alloy actually in use.
These two assumptions combine to under-predict allowable external pressure. Since the
predicted pressures are still sufficiently high that failure is not predicted, no attempt was made to
refine the analysis.

Rules for calculating allowable external pressure are presented in Section VIII, paragraph UG-
33(e). Methods are graphic oriented. First important parameter, A, is calculated as:
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A=0.125 25

Note: This equation uses the external crown radius, L,. Using this value, allowable stress, B
from Figure 20 can be determined. This value at room temperature is 23,400 psi. The B factor
feeds into the following equation:

B

Table 22 summarizes the results of the above calculations. Allowable external pressure is 687
psig. At 700'F when the T-Ampoule equilibrates with the annulus pressure, the allowable
external pressure difference will be 419 psig, providing a reasonable margin above the estimated
equilibration threshold of 150 psig, difference between the annulus and the T-Ampoule.

Table 22: Allowable External Pressure of Hemispherical Head

Parameter - Value Units

2.22 In.

t 0.065 In.

L 4.43

Li/t 34.1

A 0.00367 psi

B 23,400 psi

Pex1 687

3.2.7 Analysis Area 4, Seal Area

This section summarizes the analysis performed on the cylindrical shell in the area designated as
area 5. Figure 22 shows the area in extreme close-up. The thin cap section just after the threads,
but before the O-ring is of concern. This section still experiences internal pressure and yet, is
substantially thinner than the T-Ampoule body. This analysis ignores possible rib reinforcement
from the threaded area.
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This cap section is thinner than

the shell wall away from the
seal, yet it sees full internal

pressure upstream of the seal

Cap Clearance between

cap and body at this
point determines

seal strength

01.

Figure 22: Blowup of Seal Area

The analysis is similar to that already completed for analysis area I with the dimensions,

however, as specified in Figure 17. Allowable pressures in both the longitudinal and
circumferential direction of the shell are based on the criteria set forth in Section UG-27 of
Section VIII, and are summarized in equations 17 and 18.

The analyst should use data from the upper curve of Figure 17 for allowable stress, SA. Since

the device in question is formed, joint efficiency, E, is 1.0.

Figure 17: Dimensioned Sketch of T-Ampoule Lid
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Table 23 contains both the input parameters to equations 14 and 15, as well as the final results.

The allowable pressure for this analysis area is the pressure determined based on allowable

circumferential stress with a value of 935 psig at room temperature.

Table 23: Parameters and Calculated Values Analysis Area 4

Parameter Value Units
di 4.132 in
d, 4.22 in
Ri 2.066 in

R, 2.11 in
t 0.0415 in

E 1 n/a
SA 47100 psi
PL 1910 psi

PO 935 psi

0
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4 O-ring Seal Design

While 0-ring static seals are ubiquitous in industry and are well respected, their analysis is not
part of the Boiler and Pressure Vessel Code. Neither does their analysis possess the rigor found
in the Boiler and Pressure Vessel Code. This analysis that follows relies, instead on the vendor's
recommendations and good engineering practice.

A static O-ring seal designed to the dimensional specifications of SAE standard AS5857 will
hold pressure to 1500 psig [11]. The T-Ampoule design follows this standard with two
exceptions. Per the standard, the specified radial clearance in both directions, between the body
and the cap should be 0.00 15 to 0.003 inches. T-Ampoule clearances for both directions are
relaxed for different reasons. Referring to Figure 18, the downstream clearance has been relaxed
slightly to facilitate assembly in a glove box. The upstream clearance has relaxed even further to
guard against excessive, external pressure. Sustainable pressures therefore require some
adjustment.

O-ring
gland

O-rin

Upstream

Clearance
(T-Ampoule Interior

--Sid e-)'

9

g

Downstream
Clearance
(Annulus Side)

Figure 18: Pressure Containment for O-Ring Seals-l10, 11]

O-rings seal when pressure forces the relatively flexible elastomeric 0-ring against the clearance

between the cap and the body of the T-Ampoule. The downstream clearance supports the O-ring

against internal pressure. The upstream 0-ring supports the O-ring against external pressure.

Seal failure occurs when the O-ring extrudes into the clearance. As this clearance becomes
tighter (smaller), the seal can sustain more pressure. Loosening (opening) the clearance causes
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the seal to hold less pressure. In addition, a seal's ability to withstand pressure depends on

0-ring hardness, typically measured on the "Shore A" scale. Figure 19 contains a plot of
information taken from an 0-ring design manual illustrating the relationship of an O-ring

meeting the T-Ampoule seal's hardness specification.
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T-Ampoule Gland Downstream Clearances I
£ J
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Gland Radial Clearance (in)

Figure 19: Internal Pressure Containment for O-Ring Seals Isource:10]

T-Ampoule design specifies an O-ring with a Shore A hardness of 75 over its useful temperature
range (-15 F to 400 F). A standard 0-ring gland specification would call for a radial clearance
between 0.00 15 and 0.003 inches. From Figure 19, sustainable pressure is 3000 psig. The
difference between this value and the value of 1500 psig quoted by the manufacturer represents
factor of safety of 2.0 for a standard gland design.

The downstream clearance (radial) has been increased to 0.006. From the figure, this level of
clearance can sustain a pressure of 1270 psig. With the same factor of safety, the seal should be
rated for internal pressure at 635 psig.

The upstream clearance (radial) has been relaxed at selected locations to an average radial value

of 0.0 1125 inches. From Figure 19, the seal can sustain a pressure of 160 psig. With the same
factor of safety used above, the seal will be rated for a backpressure of 80 psig.
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5 Conservatism and Uncertainty

This analysis is conservative. This section is intended to document this conservatism on a
section by section basis.

Section 1.1.

Section 1.2.

Section 1.2.

Section 1.2.

Section 1.3

Section 1.4

Section 1.5

Analysis ignores the impact of thermal expansion on the annulus volume. Since
stainless steel expands faster than titanium, the volume will grow slightly with
temperature. As a consequence, real pressures will be slightly lower than
predicted by this analysis.

0-ring decomposition analysis assumes 0-rings decompose to relatively low
molecular mass ratio materials. This results in a relatively large the molecular
population of the vapor. In fact molecules generated could be more than 5 times
as large, reducing the contribution of O-ring pyrolysis to final pressure by as
much as 80% of predicted.

The analysis assumes that O-rings decompose completely. As documented, other
sources indicate that only 76% of O-rings will decompose at 1080'F. Hence,
predicted pressures could be as much as 33% higher than real values.

The analysis assumes that 0-ring failure due to pyrolysis occurs at 1080'F, and
after all material has already vaporized. In reality, O-rings will decompose
starting as early as 700'F. This earlier decomposition could shift pressure rise to
earlier temperatures with vessel strength is greater, thus improving safety margin.

Analysis assumes sufficient oxygen exists inside TB-I to completely oxidize
ancillary plastic to a vapor. This reduces the allowable ancillary plastic by an
order of magnitude.

Helium generation model assumes helium accumulates without diffusion for one
year. The length of time the T-Ampoule exists as an assembly seems excessive.
The assumption that no molecular diffusion of helium occurs during that period is
conservative.

0-ring seal is set to relieve with back pressure a factor of 1.33 below allowable
back pressure.

Section 2. The ASME BPVC Section VIII, Dl MAOP method is inherently conservative in
order to accommodate the wide range of boundary and initial conditions covered
by the code. The code's criteria call for a vessel to last for an unspecified long
time under extreme conditions in close proximity to humans.
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Section 2 The ASME BPVC Section II material properties are inherently conservative. For
example, allowable stresses include a safety factor of 3.5 on tensile strength.
These tensile strengths are the minimum predicted by the alloy chemistry allowed
within a material's specification.

Section 2.1

Section 2.3

Section 2.3

Section 2.4

Section 3.2

Section 3.2.3

The MAP has a safety factor of 1.98 when compared to the MAOP calculated
using ASME BPVC.

Thin wall analysis is the most conservative of the two methods used.

Allowable stress is based on a heat treatment (H 1050) lower than that actually
specified (H1075). This results in a lower ultimate tensile strength for the
material.

Bolt material strength is conservatively low. SAR specification calls for an
ultimate strength of 180,000 psi. Value used in analysis was 130,000 psi because
this is the strength defined by the material reference.

Failure case for the T-Ampoule is via buckling collapse under external pressure.
Estimated resistance to buckling pressure is understated. Like all buckling,
collapse occurs at the eigenmodes composed of sinusoids with progressively
increasing frequencies. Per ASME BPVC Section VIII DI, collapse occurs at the
first eigenmode of pressure. Such a collapse requires that the vessel distort to
look like a figure eight -- the sides of the vessel displace outwards. Since the TB-
1 vessel constrains the T-Ampoule against such flexure, collapse at the first
eigenvalue cannot happen. In reality, collapse will occur at a higher pressure
where the displacement associated with the eigenmode is small enough to
accommodate the physical constraints of the containing vessel.

The theoretical cylinder external collapse critical pressure is based on a material
with tensile strength at room temperature of 70,000 psi. The titanium actually
used has a tensile strength at room temperature exceeding 100,000. This strength
will translate to increased strength at design temperature and increased resistance
to buckling.

Uncertainties:

Section 1.2 Analysis assumes one half of the products of O-ring pyrolysis enters the annulus
and one half enters T-Ampoule. While both paths are symmetric, nothing exists
to force this even distribution. As such, it is conceivable in the extreme that the
split could be 10% into one side and 90% into the other. Should this occur, the
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Section 1.2

Section 1.4

only consequence is that the T-Ampoule 0-ring seal fails and relieves pressure
sooner.

Uncertainty exists regarding the relationship between the degree of O-ring
decomposition and O-ring sealing ability. This analysis assumes the O-ring holds
pressure completely until the last of its material has vaporized. In reality, the
pressure will equalize much sooner.

Actual gauge pressure at which the T-Ampoule's 0-ring seal fails could be as
high as 360 psig (double the design failure point) rather than the 180 psig design
pressure. As above, the TB-I maximum pressure is significantly lower than the
design point. Increasing maximum pressure from 600 to 780 still leaves a
significant margin for error. Consider this margin for error in the context of the
extremely conservative ASME Boiler and Pressure Vessel Code and potential for
failure becomes vanishingly small.

53



6 Conclusions

The objective of the T-Ampoule is to provide a eutectic prevention barrier between the
plutonium it contains and the PHI3-8Mo stainless steel of the TB-I containment vessel The

barrier will minimize any formation of a Pu/Fe eutectic under the elevated temperature of 1080'F
during a fire accident. In forming the barrier, the T-Ampoule becomes a pressure vessel
requiring analysis. A pressure vessel analysis demonstrates that the design is sound and will
withstand the environment predicted for it. The analysis is conservative. These conservatisms
were included to address a list of uncertainties, all of which are addressed in the analysis.

The TB-l/T-Ampoule system can generate a more complex than normal pressure environment.
The assembly involves a titanium T-Ampoule designed to fit snugly inside the stainless steel
TB-I vessel. Both are pressure containing devices. They combine to create a very small annular

volume between the inside diameter of the TB-I and the outside diameter of the T-Ampoule.
This arrangement results in a complex pressure/temperature environment. At the high
temperatures, the small annular space between the two vessels fills with products of O-ring

decomposition and can develop pressures there significantly greater than the interior pressure.
This negative pressure difference creates forces potentially capable of buckling the T-Ampoule.

At lower temperatures, the T-Ampoule's greater internal pressure creates tensile stresses in the
shell, threatening failure via bursting. This analysis demonstrates that the T-Ampoule design is
sufficiently robust that neither of these possibilities poses a threat.

Analysis included both the creation of the complex pressure/temperature map for the T-Ampoule
vessel. This map is reflected in the graph contained in Figure 5. This map serves as input to a
pressure vessel analysis based on the ASME Boiler and Pressure Vessel Code, Section VIII,

Division I (BPVC). The pressure analysis provided temperature dependent limits for both
internal (burst) pressure loading at low temperatures and external (collapse) pressure loading at
high temperatures. The parameters of the pressure/temperature map were adjusted to ensure the

predicted pressure stayed within these parameters.

The parameter adjustment resulted in two important constraints on T-Ampoule design. First, any

ancillary plastic (bags, labels, tape, etc.) is limited to the values listed in Table 10 for four
plastics. Second, the O-ring seal must be designed to ensure it will fail inward under high
external pressure difference. Thus at a specific point in the accident scenario the TB-1/annulus
volume equilibrates with the T-Ampoule interior. These constraints also combine to ensure the

maximum TB-I pressure, either before equilibration or after, never exceeds the 1110 psia (1095

psig) limit imposed by its design.

The special nature of the T-Ampoule design mandated some exceptions to a standard BPVC

analysis, which are identified in this report.
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PAT-I Safety Analysis Report Addendum Docket No. 71-0361 Rev. I

3. THERMAL EVALUATION

The thermal evaluation in this addendum examines the incorporation of plutonium metal as a
new payload for the PAT-A package. The Pu metal is packed in an inner container (T-Ampoule
AssemblyA Drawing 2A0261, designated the T-Ampoule) that replaces the PC-I 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' (SARl) apply to this
PAT-I 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-i (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 ibm) 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 Inner
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-i 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-I with the proposed metal payload will be acceptable under
normal conditions of transport (NCT) as defined in 10 CFR 71.71,2 under hypothetical accident

2conditions (HAC) as defined in 10 CFR 71.73, and under the accident conditions for air
2transport 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 71.74.2 The components of the
PAT-I 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 SARW remains valid for this addendum, as there
are no alterations to the AQ-I protective overpack (Overpack AQ, Drawing 1002, designated
AQ- 1) or the TB- I stainless steel containment vessel (Containment Vessel, Drawing 1017,
designated TB-1). The thermal effects of replacing the PC-I inner container and aluminum
spacer with the T-Ampoule inner container inside the TB-1, with the same 25 watts (85.3 Btulhr)
maximum heat generation, were conservatively bounded in the computer analyses, as explained
in the next sections. Changing the content form inside the TB-I has no negative effects on the
thermal performance of the AQ- 1 overpack thermal design features or the TB-I containment
vessel. The thermal performance of the PAT-I package is adequate and will safely contain its

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 SARW for drawing number, title, and revision.
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contents as described in this Addendum under the test conditions specified in 10 CFR 71.71,
71.73, and 71.74.2

3.1.1 Design Features

The design features of the PAT-I, TB-I stainless steel co~ttainment vessel, and the AQ-1
protective overpack assembly are unchanged and are described in Chapter 3 of the SARI. 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-i inner
container and aluminum spacer documented in the SAR.1 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-I 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-is 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-I 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-I 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- I package was assessed for a total decay heat load of its radioactive contents of
25 watts (85.3 Btu/hr). 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-i package with the T-
Ampoule and its plutonium metal payload is essentially the same as demonstrated in the SAR.
For the purpose of the analysis of the PAT-l 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 Btulhr) 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 q" is:
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q- 25W- 25W =16,680 -; or 5,288 . (3-1)

(2.64")(0.88") (0.067056m)(0.022352m) m 2- hr -ft2

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

O-ring Seal

T-Ampoule
,, Section

Figure 3-1. Schematic of Assumed Worst-Case Heating-to-the-Seal Scenario

3 Pu Metal Cylinders

Projected
Heating Area

(2.32 in2 )

0I 088"

2.64"

Figure 3-2. Schematic of Approximated Projected Heating Area
[m=0.0254*in.; m =6.45x10 4 *in. 21
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3.1.3 Summary Tables of Temperatures
The SAR1 describes how design features in the PAT-i adequately contain the material inside the
TB-I even after the PAT-I is exposed to the regulatory conditions specified in 10 CFR 71.71,
71.73, and 71.74.2 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-i
also protects the new components inside the TB-I 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 NCT HAC
Maximum Minimum Maximum

153-C (308°F) @ 260 minutes
T-Ampoule (Seal) 122°C (251 iF) -40°C (-40°F) after the fire

147°C (296°F) @ 260 minutes
TB-i (and TB-i seal)* 1 14-C (238-F) -40C (40T) after the 30-minute fire

Center of Redwood Between 99-C (21 1-F) - (40-F) 132°C (270°F) @ 240 minutes
TB-I and Load Spreader 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 95-c (203OF) -400C (40OF) 164°C (328°F) @ 30 minutes
Load Spreader and Outer Skin after the 30-minute fire

Stainless Steel Outer Drum 93-C (200°F) -40°C (-40°F) 1003'C (1837TF) @ end of fire
*Maximum seal temperature was conservatively taken as the TB-I 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 71.71,2 71.73,2

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) 29 kPa (4.2 psig)

HAC 40 kPa (5.8 psig)
Plutonium Air Transport 7.55 MPa (1095 psig)
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3.2 Material Properties and Component Specifications

3.2.1 Material Properties
A summary of the thermophysical properties of the materials used in PAT-I is provided in the
SAR,' Section 3.2, Table 3.2. To be consistent with the SARI 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.

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 SARI are given in expressions that are a function of temperature.
While these expressions are valid for the temperature range used for their determination, which
was approximately 93°C (200'F) (see Section 3.2 and Appendix 3-A of the SARI), 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 SARI 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-I under
transient NCT and HAC documented in the SAR.1 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 SARI was developed and used.

Table 3-3. Thermophysical Properties Used to Represent Redwood

Thermal Conductivity

Wood State Temperature Density Specific W/m-K [Btu/hr-ft-FIlb/t3I J/kg-K WmK[t/rf-F
WC [OF] kg/mi3 [Ib/ft] [Btu/lb-F] Parallel to Perpendicular

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 6AI-4V)

Temperature Thermal Conductivity Specific Heat Density
0C [OF] W/m-K [Btu/hr-ft-0 F] J/kg-K [Btu/lbm-0 F] Kg/m 3 [Ilbm/ft3]

-50 [-58] 502 [0.120]
0 [32] 6.9 [3.99]

100 [212] 561 [0.134] 4450 [277.8]
200 [392] 9.0 [5.20]
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-i

Component Service Temperature Range ReferenceOC [OF]
-17°C to 204'CT-Ampoule O-ring [1.4°F to 400'F] Appendix 3.5.2'

-40°C to >582°C
TB- I Copper Gasket [-400F to >1080CF] PAT-I SAR"

[-40'C to 6250 C
T-Ampoule (as eutectic barrier)"' [-40 0F to 11570F] [9]

[-40'C to 1157'C
Titanium Inner Cradleiii -400 C to 625 0C [9][-40'F to 1157°F][9

-400C to >593°C
Ring, Filler" [-40'F to >1 100°F] [10]

P eContent' -400C to 5950C
Pu/Be [-40'F to 1103'F] [9]

mFoilv -400C to 640°C
Tantalum [-40'F to 11 84°F] [9]

Appendix 3.5.2 of this addendum provides the manufacturer's specifications for the O-ring material used in
the T-Ampoule and in the SC-I and SC-2 sample containers.
Based on thermal tests performed and documented in the PAT-1 SAR,1 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.

I The melting point of the eutectic that may form when titanium is in contact with gallium is 625°C (1 157°F).

0
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Ti-6A1-4V has a yield strength of about 331 MPa (48 ksi ) at 593'C (I100°F), which is approximately 40%
of the nominal room temperature value of 827 MPa (120 ksi) 9 and there are no forces other than
gravitational acting on these components during and after the fire accident condition.
Copper-Plutonium eutectic melting point.

vi The plutonium/beryllium eutectic represents the lowest melting point eutectic at 5950C (1 103 0F) in the

system. The Pu/Be is a content, not a component within the TB-i.
VII Upper temperature assumed to be the Plutonium-Tantalum eutectic melting point. From page II of

Reference 9, 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
code4 was used for the thermal evaluation of the PAT- I 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-I package was built using P/Thermal to demonstrate that
containment is maintained by the TB-I 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-i 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-i, 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-I 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 code 10 was used for the determination of
the natural convection coefficient during NCT. That is:

hnaturai = 1. 3 2 *[(Tsurface - Tambient)/Diametercylinder] "25 W/m 2-K (3-2)
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Assuming

Tsurface = 176°F (80'C) (value obtained from NCT solution in the SAR1)
Tambieni 100I F (38°C) (ambient temperature in 10 CFR 71.71 2)

Diametercylinder = 20 in. (0.5588 m) (PAT-i approximate external diameter)

hnatural = 1.32*[(80 0C - 38°C)/0.5588 m]°25 W/m2 -K (3-3)

hnatural = 3.9 W/m -K or 0.69 Btu/hr-ft2-°F (3-4)

This value of hnaturai is on the low end of typical natural convection heat transfer coefficients for
gases . Ultimately, a more conservative value of haturai = 3.5 W/m 2-K (0.62 Btu/hr-ft2-°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 71.712 to
evaluate if the TB-I 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) 2

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 71.71,2 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 712 specifies a 12-hour-period, total
insolation energy of 400 g-cal/cm2 (16,747 kJ/m 2 or 1,475 Btu/ft2). 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:

Insolation 400 g- cal/cm2  4.63E_' g -cal 193.8 W or 61.4 Btu (3-5)Curved Srurfaces (24hr)(3600sec/ hr) CM2"M- 2 hr-ft2
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Figure 3-3. Finite Element Mesh of the PAT-i 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 Application Region Value Used

Environment Temperature External node representing 54.4 °C
environment (130°F)

Entire outer surface of the 3.5 W/m 2-K
Convection package (0.62 Btu/hr-ft2-OF)

Entire outer surface of the Package surface emissivity of 0.2,*
package Environment emissivity of 1

193.83 W/m2

Insolation (Solar Flux Curved surfaces (61.44 Btu/hr-ft2)
averaged over 24 hours) Flat surfaces transported 96.92 W/m 2

vertically (package ends) (30.72 Btu/hr-ft2)

Internal heat Flux (Decay Small region described in 16,680 W/m 2

heat) Section 3.1.2 of this (5287.5 Btlhr-ft2)
heat)________________addendum (5287.5__tu/hr-ft_)

* From Table 3.2 in the SAR

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).2 The results of exposing PAT-I 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.I The intent of this
exercise was to verify the computer model against the data available in the SAR.I 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.1 This test was performed to empirically determine the
effective thermal resistance values for PAT-I components. While boundary conditions are not
well known, it is understood that a PAT-I 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. I 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.I of Appendix 3-A in the SAR,I as illustrated in Table
3-7 of this addendum. Figure 3-4 also favorably compares with Figure 3.4 in the SAR.1 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.I 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.1 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 1 16°C (241 'F), which is approximately 9°C (I7°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=I°F-32I/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 I00°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 71.712 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-i and its surrounding regions.
Therefore, it was decided to run a steady-state NCT analysis of the PAT-I 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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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 is 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-i was 114'C (238°F). This temperature is within
the operating temperature range of the metallic seal. Therefore, the TB-1 is able to maintain
containment.
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Figure 3-9. NCT Steady-State Temperature Distribution (0C=1°F-32]/1.8)

Regulatory requirements in 10 CFR 71.71 (c)(2)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-I package
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component could reach is -40'C (-40'F). As discussed in Section 3.4.6 of the SAR,1 the copper
seal used in the TB-I is unaffected at this low temperature. Therefore, the PAT-I can maintain
containment 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-I 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 ambient temperature of 55°C (130'F). This
was done to demonstrate compliance with 10 CFR 71.43(g), 2 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.

(a) Internal Temperatures (b) Outer Surface Temperatures

Figure 3-10. Steady-State Analysis in the Shade - 10 CFR 71.43(g) (0C=1[F-321/1.8)

3.3.2 Maximum Normal Operating Pressure

The maximum normal operating pressure (MNOP) that may occur within the TB-I is estimated
to be 29 kPa (4.2 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/TI) - latm = [(1
atm + 0.005 atm) * (678°R / 530'R) -1 atm] = 0.286 atm or - 29 kPa (4.2 psig), assuming initial
fill of the TB-I 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 HA C
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 SARW after the package was dropped from 30 feet
are minimal, the computer model used for the HAC thermal evaluation represents an undama~ed
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,I a description of a longer-than-regulatory fire test and results are presented. The
PAT-I package used for the test did not have internal heating. The SARW 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-I 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

Region Value Used During Value Used After

Boundary Condition Application 52-Minute Fire Fire (Cool-down)

Environment External node representing 982 0C 27 0C
Temperature environment (I 800-F)* (80°F)**

Entire outer surface of the 11.5 W/m'-K 3.5 W/m 2-K
Convection package (2.03 Btu/hr-ft2-OF) (0.62 Btu/hr-ft2-OF)

Entire outer surface of the Package surface Package surface

Radiation package (exchange with emissivity of 0.8, Environment

environment node) Fire emissivity of I emissivity of 1

Internal Heat Flux N/A 0 0
(Decay Heat)

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

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 (hfire), a simplified temperature-only dependent correlation for a horizontal
cylinder with turbulent flow as employed in the TOPAZ heat transfer code' 0 was used. That is,

hfire = 1. 2 4 *(Tambient - Tsurface)
1
1

3 W/m 2-K

where Tambient is the temperature of the environment around the package and Tsurface is 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)
Tsurface = 176°F (80'C) (value obtained from NCT solution in the SAR')

hfre = 1.24*(800°C - 80°C)113 W/m 2-K

hfire = 11.11 W/m 2 _K or 1.96 Btu/hr-ft2 -OF

This value of forced convection coefficient was corroborated using a more complex correlation
proposed by Churchill and Bernstein'2 and experimental open-pool fire velocity measurements in
Reference 13. 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.13 Table 3-9 of this addendum
presents typical values of the Grashof number (GrD) and the Reynolds number (ReD) 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:

0.62Re'
2 Pr/ 3  ReD 5/8 ]4/5

NuD1 =0.3+- ___DP)2/3] /4 1+ (3-6)
[I + (0.4 /Pr)~ ~~ L 282,000)

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

equal to NU Dk / 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

Surface 2Convection
GrD ReD GrD/ReD2  Coefficient, hTemperature, Ts for Air) W/m 2-K [Btu/hr-ft2_-Fl

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 0C [1472 0F] 0 15102 0 67.4 8.7 [1.53]

Given that the value of hfti, 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 hfire = 11.5 W/m 2-K (2.03 Btu/hr-ft2-OF) 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. 3 2 *[(Tsurface - Tambient)/Diametercylinderl0.2 W/m 2 -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 (38QC) (ambient temperature in 10 CFR 71.712)
Diametercylinder = 20 in. (0.5588 m) (PAT-i approximate external diameter)

hnatural = 1.32*[(800°C - 38°C)/0.5588 M] 0 25 W/m 2-K (3-8)

hnatural = 8 W/m2 -K or 1.4 Btu/hr-ft2 -°F (39)

This estimated maximum value of hnatural is in the mid range of typical natural convection heat
II 2transfer coefficients for gases.'' However, a more conservative value of hnaturi = 3.5 W/m -K

(0.62 Btu/hr-ft2-°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-I 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,1 it was found that the computer prediction overestimated the thermal
response of the package. The spatial average temperature of the TB-I at the time the peak
temperature occurred was 100°C (212'F). This is 7°C (12°F) hotter than the average TB-I
temperature reported in the SAR.1 Since the model in this verification exercise overestimated
the TB-I 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.

0
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Figure 3-12.
52 Minute Fire

Temperature Distribution of the Verification Model at the End of the
52 Minute Fire - Complete Model (°C=1°F-321/1.8)
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3.4.1 Initial Conditions
The initial condition for the transient thermal analysis described in 10 CFR 71.732 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
71.732 to evaluate whether the TB-I 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,I 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) 2 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-I 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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Figure 3-15. Temperature History at T-Ampoule Seal Height for
the 52-Minute Fire Model Verification Exercise (0C=10 F-321/1.8). 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.
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Table 3-10. Boundary Conditions Used for the HAC Thermal Evaluation

Value Used During Value Used After
Boundary Condition Application Region 30-minute Fire Fire (Cool-down)

Environment External node representing 1010°C 540C
Temperature environment (1 850°F) (1 30°F)

Entire outer surface of the 11.5 W/m2-K 3.5 W/m2-K
Convection package (2.03 Btu/hr-ft2-OF) (0.62 Btu/hr-ft2-OF)

Package surface Package surface
Radiation Entire outer surface of the emissivity of 0.8, Fire emissivity of 0.2,*

package oEnvironment
emissiviy emissivity of I

Intemal Heat Flux Small region described in 16,680 W/m 2  16,680 W/m2

(Decay Heat) Section 3.1.2 of this (5287.5 Btu/hr-ft2) (5287.5 Btu/hr-ft2)
*FromTabe3.2 intheaddendumSAR

*From Table 3.2 in the SAR
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Figure 3-16. Temperature Distribution at the End of the 30-Minute Regulatory Fire -

Complete Model (0C=10F-321/1.8)
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3.4.3 Maximum Temperatures and Pressure

Results from the hypothetical accident conditions evaluation of the AQ-1, TB-I, 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
regions closer to the outer skin of the package are expected to degrade (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 0F) and a peak
TB-i (and seal) temperature of 147 0C (296'F). This TB-i seal temperature is 38°C (69°F)
higher than that reported as the TB-I 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 loading
assumption. Nevertheless, this temperature does not exceed the limit temperature of the
copper seal. Therefore, the TB-I 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-321/1.8). Note: In the schematic above the plot, the reference
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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

C eHAC Maximum Temperature
Component and Time to Reach Temperature

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

TB3-I (and TB-I seal)* 147°C (296°F) @ 260 minutes after the
30-minute fire

132-C (270-F) @ 240 minutes after the
Center of Redwood between TB- I and Load Spreader 30-minute fire

Aluminum Load Spreader 13 1 °C (267°F) @ 190 minutes after the
30-minute fire

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-I maximum temperature.

The average T-Ampoule internal surface temperature was 136°C (276°F). Assuming the gas
inside the TB-I is at this average temperature, the maximum internal pressure that the TB-I
could experience under HAC can be estimated. When calculating this pressure, it was also
assumed that the TB- I 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:

PTB-l@276°F-gauge = (Pinitial + Palpha decay)*(T2/TI) - I atm

= (1 atm + 0.005 atm) * (736 0 R!530°R) - latm

= 0.4 atm or - 40 kPa (5.8 psig) (3-10)

In summary, these results show that the PAT-I provides containment for the proposed new
payload inside the TB-I and adequately contains the material inside the T-Ampoule, as
maximum seal temperatures are within 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 6AI-4V alloy and can withstand the temperatures and pressures observed under the 10
CFR 712 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 (a) for Ti-6A1-4V, the value listed in the
MIL-HDBK-5E 14 (9.18x10-6 m/m/0 C [5.1x10-6 in/in/0 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
diameter). Since the gap between the T-Ampoule and the TB-1 is 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-I is ignored.

3.4.5 Hypothetical Accident Conditions for Fissile Material Packages for Air
Transport

Thermal tests that meet the specifications in 10 CFR 71.642 were conducted on the PAT-1 and
are documented in Chapter 3 of the SARI. Physical tests were the primary means used to
demonstrate that the PAT-I package met the requirements of the NRC Qualification Criteria
(10 CFR 71.742). The purpose of the assessment documented in Section 3.6 of the SARI was to
demonstrate that the maximum TB-I temperature (reported in Section 3.6.3 of the SARI) 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 SARI stated the following: "Based on the
analysis and test results in Sections 3.6.1.1 and 3.6.1.2, the TB-I is estimated to have attained a
maximum temperature of approximately 582°C (1080 0F) 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 is, the maximum internal heat
generation of the content remains the same (25 watts [85.3 Btu/hr]) and the design of the TB-I
and the rest of the packaging outward of the TB-I is the same as evaluated in the SAR.1

Therefore, the maximum temperature of the TB-I 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-I 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-I 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 is lower than the maximum TB-I temperature in the plutonium air transport thermal
evaluation, the titanium T-Ampoule is used as a barrier between the plutonium metal and the
PH 13-8Mo 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-I 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 (1 103'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-I during the air transport thermal
evaluation is 7.55 MPa (1095 psig) (see Section 4 and 2.12.8 of this addendum). This was
calculated by adding the pressure generated from the decomposition of the O-rings in the SC-1
configuration, which includes the elastomeric seal of the T-Ampoule and three SC-Is (highest
amount of elastomeric material), which yielded a pressure of 599.2 psi (from Section 2.12.8 of
this addendum), the pressure generated from the decomposition of the ancillary plastic (468 psi
from Table 11 in Section 2.12.8), the pressure generated due to the change in temperature of the
initial fill gas (42.3 psi), and the pressure from gas generation from alpha decay of plutonium
[0.173 psi (from Table 11 in 2.12.8)]. This maximum pressure of 1110 psia is equal to the
maximum TB-I pressure stipulated in the PAT-I SAR 1 (1095.3 psig, see Section 4.3.1 and
2.12.8 of this addendum). Therefore, the TB- I 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-I by differential thermal expansion resulting from the air
transport fire accident.

The analysis in this section demonstrates that the replacement of the PC-I 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 SARW 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-I is bounded by the tests
presented in the SAR and therefore the TB-I maintains containment.
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3.5.2 Viton® O-Ring Technical Information

Technical Information............. ..... ..... ....
Rev. 6, November 21005

Vitono ftuoroelastomer

From DuPont Performance Elastomers

Selection Guide

Introduction
Vitorni fl uoroelastomer was introduced in 1957 to meet the needs of the aerospace industry for a
high-performance seal elastomer. Since then, the use of Viton® fluoroelastomer has expanded to
many other industries, especially in the automotive, fluid power, appliance, and chemical fields. With
over 40 years of proven performance, Viton® fluoroelastomer has developed a reputation for
outstanding performance in high temperature and extremely corrosive environments.

Valuable Properties of VitonO Fluoroelastomer
Vulcanizates based on Vitonr provide an exceptional balance of physical property characteristics,
including the following features:
* Resistance to temperature extremes:

Heat-Compared to most other elastomers, VitonG is better able to withstands high
temperature, while simultaneously retaining its good mechanical properties, Oil and chemical
resistance are also essentially unaffected by elevated temperatures. Compounds of Vitonr remain
substantially elastic substantially indefinitely when exposed to laboratory air oven aging up to 2040C
or to intermittent exposures up to 316'C. High temperature service limits are generally considered to
be:

3,000 hr at 232*C
1,000 hr at 260'C
240 hr at 2880C
48 hr at 316°C

Cold-Vitonr is generally serviceable in dynamic applications to temperatures of -18 to -
230C. Special formulations permit its use in static applications down to -54°C. Also, VitonO has
proven to be satisfactory for static seals used under conditions approaching absolute zero. Viton® is
characterized by its;
* Resistance to degradation by a greater variety of fluids and chemicals than any
nonfluorinated elastomer. Excellent resistance to oils, fuels, lubricants, and most mineral acids,

* Extremely low permeability to a broad range of substances, including particularly good
performance in oxygenated automotive fuels.
* Resistance to aliphatic, aromatic hydrocarbons that dissolve other rubbers.
* Exceptionally good resistance to compression set, even at high temperatures.
* Exceptionally good resistance to atmospheric oxidation, sun, and weather. Excellent
resistance to fungus and mold.

" Good electrical properties in low voltage, low frequency applications.
* Low burning characteristics; inherently more resistant to burning than other, non-fluorinated
hydrocarbon rubbers.
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Safety and Handling

As with many polymers, minute quantities of potentially irritating or harmful gases may diffuse from
uncured Vitorn even at room temperature. Therefore, all containers should be opened and used only
in well-ventilated areas. In case of eye contact, immediately flush the eyes for at least 15 min with
water. Always wash contacted skin with soap and water after handling Viton®.

Potential hazards, including the evolution of toxic vapors, may arise during compounding, processing,
and curing of the raw polymers into finished products or under high-temperature service conditions.
Therefore, before handling or processing VitonO, make sure that you read and follow the
recommendations in the DuPont Performance Elastomers bulletin "Handling Precautions for Vitonr
and Related Chemicals"

Compounding ingredients and solvents that are used with Vitong to prepare finished products may
present hazards in handling and use. Before proceeding with any compounding or processing work,
consult and follow label directions and handling precautions from suppliers of all ingredients.

The Various Families and Types of Viton® Fluoroelastomer

Standard types of Viton® fluoroelastomer products are designated as A, B, or F according to their
relative resistance to attack by fluids and chemicals. The differences in fluid resistance are the result
of different levels of fluorine in the polymer, which is determined by the types and relative amounts of
copolymerized monomers that comprise the polymer.

In general, VitonV exhibits outstanding resistance to attack from a wide variety of fluids, including
mineral acids and aliphatic and aromatic hydrocarbons. The higher the fluorine content of the
polymer, the less will be the effect, as measured by volume increase, for example. The most
significant differences between A, B and F types of Viton®, in terms of resistance to volume change
or retention of physical properties, are exhibited in low molecular weight, oxygenated solvents (such
as methanol and methyl t-butyl ether).

As mentioned above, the fluid resistance of Viton® A, B, and F types improves with increasing
fluorine levels, This is shown in Table 1 (note the volume increase after aging in methanol at 23

0
C).

As the fluorine content increases, however, the low temperature flexibility of the polymer decreases,
and a compromise must be made between fluid resistance and low temperature flexibility of the final
vulcanizate.

For those applications that require the best performance in both fluid resistance and low temperature
flexibility a number of specialty types of Viton® were developed that contain a copolymerized
fluorinated vinyl ether monomer. Polymers that contain this monomer exhibit significantly improved
low temperature flexibility, compared to standard types of fluoroelastomer.

Vitoun GLT introduced in 1976, was the first commercial fluoroelastomer to incorporate this
fluorinated vinyl ether monomer. This polymer provides the same excellent resistance to heat and
fluids that is typical of the A types of Vitor-O fluoroelastomer. Vitonr GFLT, like Vitolr GLT, exhibits

significantly improved low temperature flex characteristics compared to standard types of
fluoroelastomer. In addition, VitonrI GFLT provides the same superior resistance to fluids that is
typical of the F types of Viton® fluoroelastomer.

Types of Vitone Extremem

Fluoroelastomers that contain copolymerized vinylidene fluoride(VF2) are subject to attack by high pH
materials, including caustics and amines. In addition, standard fluoroelastomers are not resistant to
low molecular weight carbonyl compounds, such as methyl ethyl ketone, acetone, or methyl
tertiarybutyl ether.

Vitonr ExtremeTM ETP-600S is a copolymer of ethylene, tetrafluoroethylene (TFE), and
perfluoromethylvinyl ether (PMVE). This unique combination of monomers provides outstanding
resistance to fluids and is an example of an ETP polymer. The ETP types of Vitonr exhibit the same
excellent resistance to acids and hydrocarbons typical of A, B and F types of Viton®. Unlike
conventional fluoroelastomers, however, ETP types of Viton® also provide excellent resistance to low
molecular weight esters, ketones, and aldehydes. In addition, these unique polymers are inherently
resistant to attack by base, and thus provide excellent resistance to volume swell and property loss in
highly caustic solutions and amines.

Additional information regarding performance differences between the various families and types
of VitonS fluoroelastomer is presented in Tables 3-6 to assist in selecting the particular grade of
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3

VitorAD that is best suited for both a given end-use application and for a specific manufacturing
process.

Table 1
Polymer Fluorine Content versus Fluid Resistance and Low Temperature Flexibility

Standard Types Specialty Types
A B F GLT-S GFLT-S ETP-S

Nominal Polymer Fluorine 66 68 70 64 67 67
Content, wM%

Percent Volume Change in Fuel 4 3 2 5 2 4
C. 168 hr at 23'C'

Percent Volume Change in 90 40 5 90 5 5
Methanol, 168 hr at 23'C*

Percent Volume Change in >200 >200 >200 >200 >200 19
Methyl ethyl Ketone, 168 hr at
23tC -

Percent Volume Change in 30% (Samples too swollen and degraded to test) 14
Potassium Rydroxide,
168 hr at 70'C'

Low Temperature Flexibility, TIR- -17 -13 -6 -30 -24 -12
10. _C*_I___I

'Nominal values, based on resuls typical of teose oa•tained from testing a standard, 30 phr MT (N990) carbon btack-filled, 75 daufoma ter
vulcanizate. These are not intended to serve as upesirrcations.

Curing Systems for Viton® Fluoroelastomer

In addition to inherent differences between the various types and families of Vitorn fluoroelastomer, a
number of compounding variables have major effects on the physical property characteristics of the
final vulcanizates. One very important variable is the crosslinking or curing system that is used to
vulcanize the elastomer.

Diamine curatives were introduced in 1957 for crosslinking Viton® A. While these diamine curatives
are relatively slow curing, and do not provide the best possible resistance to compression set, they do
offer unique advantages For example, compounds cured with diamines exhibit excellent adhesion to
metal inserts and high hot tensile strength

Most fluoroelastomers are crosslinked With Bisphenol AF, a curative introduced in 1970, in the first
commercial curative-containing precompound, Viton® E-60C. Compounds of Vitonr that use this
curative exhibit fast rates of cure and excellent scorch safety and resistance to compression set.

In 1987, an improved bisphenol curative was introduced, which was made available in several
different precompounds. The modified system provides faster cure rates, improved mold release, and
slightly better resistance to compression set, compared to the original bisphenol cure system used in
VitonO E-60C and E-430. Additional precompounds of Viton®, incorporating this modified curative,
were introduced in 1993, including Vitonr A-331C, A-361C, B-601C, and B-651C. A brief description
of all these products can be found in Table 6.

In 1976, efficient peroxide curing of fluoroelastomers was made possible for the first time with the
introduction of Vitonr GLT. The peroxide cure system provides fast cure rates and excellent physical
properties in polymers such as GLT and GFLT which cannot be readily cured with either diamine or
bisphenol crosslinking systems. In the case of polymers such as Vitor-S GF, GBL-200, and GBL-900,
the peroxide cure provides enhanced resistance to aggressive automotive lubricating oils and steam
and acids. Generally, vulcanizates of Viton® fluoroelastomers cured with peroxide do not show any
significant difference in resistance to other fluids and chemicals compared to the same polymer cured
with bisphenol.

In 2003, a series of peroxide-cure types of Viton® made with Advanced Polymer Architecture was
introduced, These polymers, designated as APA polymers by having an "S" suffix on the product
name, incorporate a significantly improved cure site. As a result, they provide substantially better
processing and physical properties, compared to the original, non-APA peroxide-cure types of
Viton®. A comparison of the various processing and physical property characteristics of compounds
using the various cure systems is shown in Table 2.
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Table 2
A Comparison of Cure Systems Used in Crosslinking Viton®

Type of Cure System

Property, Processing Characteristic Diamine Bisphenol Peroxide'
Processing Safety (Scorch) P-F E E
Fast Cure Rate P-F E E
Mold Release/Mold Fouling P G-E G-E
Adhesion to Metal Inserts E G G
Compression Set Resistance P E E
Steam, Water, Acid Resistance F G E

Flex Fatigue Resistance G G G
Rating: E=Excellent G=ood F=Fair P=Poor
'Luperco 10t-XL (trademark of Peernwat Corporation) and Varox Powder trademrark of R.T. Vanderbit Co. Inc.) are commonly used,

Selecting a Specific Type of Viton® Fluoroelastomer
Inherent Physical Property Differences Between Types/Families of Viton® Products

The physical properties of vulcanizates based on Vitorn fluoroelastomers are determined to a large
extent by the type and amount of the filler(s) and curative(s) used in the formulation, and by the
temperature and duration of the curing cycle used in their manufacture.

In terms of resistance to compression set, low temperature flexibility, and resistance to certain
classes of fluids, however, some inherent differences exist among the various families of Vitorn
fluoroelastomers. These are the result of differences in the relative amount and type of monomers
used in the manufacture of the various types of Vitort fluoroelastomers.

The differences in physical property characteristics which exist between various types and families of
VitonO fluoroelastomer products are outlined in general terms in Table 3.

As an example, resistance to compression set is an important property for seals and if this property
were considered to be the most important feature for a particular part, then one of the A-types of
Viton• might be the best choice for the application. However, if resistance to the widest possible
range of fluids is a more important consideration then an F-type Vitonrt fluoroelastomer might well be
a better choice for that particular end-use application. Further, if both fluid resistance and low
temperature flexibility are equally important requirements for maximizing the end-use suitability of a
given part GFLT-types of Viton® would represent the best overall choice.

Table 3
Physical Property Differences Between TypeslFamilies of Viton® Products

Type of Vit nG Resistance to General Fluids/ Low Temperature
Fluoroelastomer Compression Set Chemical Resistance* Flexibility-

A 1 3 3
B, GBL-S 2 3 3
F, GF-S 3 2 3
GLT-S 2 3 1

GFLT-S 2 2 2
ETP-S 3 1 3

1=F-ce-lemt--Bet penrforrance capairlity of alt types; 2Vey God ood; 3=ood--So.ticird for aty trypcal fl.r.rela.serer epplicrti.rr.
See Tabled 4 ao a detailed guide to chooirng the best type of VitonVr fauoroelastomet, relative to specific classes of fluids and chenricels.
2 Flexibility, as measured by Temperature of Retraction JTR-tOt, Gehman Torsional Modautus, Class Transirion (Tg), or Clash-Ocro Temperature.

Brittle-Point rests are a measure of imparn resistance only and do not correlate at alI with the tow terrperature sealing capability o a vulcanizate

3-34



PAT-I Safety Analysis Report Addendum Docket No. 71-0361 Rev. I

Selecting a Specific Type of Viton® Fluoroelastomer
Differences in Fluid Resistance Between Types of Viton® Products

As in the case of physical properties, different polymer compositions will result in inherent differences
with regard to fluid resistance.

Table 4 outlines the differences that exist between types of Viton® products, in terms of their
resistance to various classes of fluids and chemicals.

Because as certain types of Vitorn products may exhibit performance that is superior to other types
in one regard, but not quite as good in some other aspect, it is important to consider the requirements
of the part to be manufactured, in terms of both physical property requirements and fluid or chemical
resistance needs.

Using Tables 3 and 4, the compounder can select the best type of Viton® product for a given end-use
application, based on the best combination of physical property and fluid resistance characteristics.

Table 4
Differences in Fluid Resistance Between Types of Viton® Fluoroelastomer

Type of Viton® Fluoroelastomer

A 1 B F I GBL-S GF-S GLT-SlGFLT-S T
cure System

Bisphenol Peroxide

Hydrocarbon Automotive, Aviation 1 1 1 1 1 1 1 1
Fuels

Oxygenated Automotive Fuels NR 2 1 2 1 NR 1 1
(containing MeOH, EIOH, MTBE,
etc.)

Reciprocating Engine Lubricating 2 1 1 1 1 1 1 1
Oils (SE-SF Grades)

Reciprocating Engine Lubricating 3 2 2 1 1 1 1 1
Oils (SG-SH Grades)

Atipsatic Hydrocarbon Process 1 1 1 1 1 2 1 1
Fluids, Chemicals

Aromatic Hydrocarbon Process 2 2 1 1 1 2 1 1
Fluids, Chemicals

Aqueous Fluids: Water, Steam, 3 2 2 1 1 1 1 1
Mineral Acids (H2 SO., HNO3, HCI,
etc.)

Arnines, High pH Caustics (KOH, NR NR NR 3 3 3 3 1
NaOH, etc.)

Low Molecular Weight Carbonyls NR NR NR NR NR NR NR
(MTSE, MEK, MIBK, etc.)

1=Excexlent-Beu choice of Vtdon&ttype(s) for serace this class ofluidkhemical; minritralvaoJrne increase, changein phyicalpiopertie,.
2=Very Good-Good servicaability in this dcass ofa uidtchemical; small amounts orvoluma increase andior changes in physical properties.
3=Good-*uitable for use in this class of fluidichemnical: acceptable amounts oravoaume increase and'or changes in physical properties.
NR=Nct Reornrnended-Evce-sive volume increase or change in physical properti-.
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Viton® Product Naming System

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

* Nominal Mooney Viscosity

* Family type (relative fluid resistance)

* Relative state of cure (relative level of crosslinking 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 contains a
preset, carefully controlled amount of bisphenol crosslinking system.

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

Character #: 1st 3rd 5th
', I /

Viton® A-401C
/ \

Character #: 2nd 4th

1s Character (Letter)

* Represents the Viton® fluoroelastomer family--A, B,. F, or ETP.

* A "G" prefix, in addition to a family prefix, indicates that the polymer can be crosslinked with the peroxide
cure system.

* An "L designation indicates that the A, B, or F type polymer provides slightly improved low temperature
flexibility characteristics versus other polymers within the same family. An "LT" designation indicates a
more significant improvement in low temperature performance criteria.

2"d Character (Number)

Represents nominal Mooney Viscosity of the product--ML 1 + 10 at 121'C.
3m Character (Number)

Represents the relative level of curative in a precompound on a scale of 10 - 1 (10 is represented by 0);

0 = High curative level (for optimum compression set)

9.---12 = Intermediate, decreasing levels of curative (increased elongation at break, tear
resistance)

1 = Low curative level (for optimum tear, flex resistance)
4th Character (Number)

Represents a slightly different version of a particular precompound.
5I Character (Letter)

" Absence of a letter suffix indicates that the product is a gum polymer only and contains no curatives

(may contain process aid).

" "C" indicates that.the product is a precompound, containing accelerator and curative.

* "S" indicates that the product incorporates Viton® made with Advanced Polymer Architecture technology
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Choosing a Viton® Product for Use in a Particular Type of Manufacturing Process

The Viton- product line includes a wide variety of different types of fluoroelastomer products, which
exhibit some inherent differences in their end-use capabilities (see Tables 3 and 4). In addition, a
broad range of viscosities is offered for most types of Viton®, providing a wide degree of utility in
various manufacturing processes.

Having selected a given class of VitorO products for an end use, the compounder must then choose
which particular Vitonr product is best suited for use in a specific manufacturing process.

The Vitonr - Application Guide (Table 5) lists the Viton® products that are recommended for
particular end-use applications, according to the various processes that are most commonly used in
their manufacture.

The Vitorn - Product Listing (Table 6) provides more specific information about the various individual
Vit6n® products. Contact your DuPont Performance Elastomers sales or technical representative to
obtain more detailed information or data on specific Viton® products.

How to Use the Viton® Application Guide

The Viton® - Application Guide (Table 5) has been designed to facilitate choice of the type of Viton®
that is best suited for meeting both the property requirements of the intended end use and the needs
of the production method used to manufacture the finished product.

The guide is divided into five general categories (columns) of end-use products, differentiated
primarily by physical form:

• Sheet form goods, such as gaskets, diaphragms, etc.

* Simple shapes, such as O-rings, V-rings, etc , which do not typically require high levels of
demolding tear resistance, but which generally require high states of cure to obtain the best
compression set possible.

* Complicated molded shapes, such as shaft seals or valve stem seals, which require good hot
tear upon demolding do to the undercuts in the molds used to form such parts and good adhesion to
metal inserts (obtained during the vulcanization of the parts).

0 Complicated molded shapes that do not involve adhesion to metal inserts during
vulcanization, but which require good resistance to tear during demolding. Carburetor roll-over cages,
boots, and reed valves are examples of such parts.

* Extruded shapes, such as rod, tubing, or hose constructions.

Each general end-use category listed is divided into four columns, each listing Vitorn products within
a specific family or type of Viton® fluoroelastomer-A, B, F, and specialty types.

The guide is further divided into the five major types of process (rows) by which these general end-
use categories might be produced:

* Compression molding

* Transfer molding

* Injection molding

* Extrusion

• Calendering

Within the blocks formed by the "intersection" of a given end-use category (column) and the process
type by which the end products will be manufactured (row), we have listed the types of Viton® that
we believe are appropriate choices for meeting the physical property requirements of the finished
product and that are best suited for the chosen manufacturing process.

The Viton® products we believe will provide the best combination of end-use physical properties,
together with the best processing characteristics for given methods of manufacture, are listed in bold
type.

Additional details for specific types of Vitor® can be found in the Viton® Product Listing and in
product-specific data sheets.
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Table 5
Viton® Fluoroelastomer Application Guide

Reinforce d/Unreinfo rced Shoot Stock (Gaskets, Molded (Non-Bonded), Simple Shapes

Manufacturing Diaphragms, etc.) (0-Rings, V.Rings, etc.)
Process VitonO Types

A B F Specialty A B F Specialty

A-331C B-435C F-605C GLT-600S A,401C B-601C F-605C GLT-600S
A-361C B-601C GF-600S GBLT-600S A-331C B-651C GF-600S GBLT-600S
A-401C B-651C GFLT-600S A-601C GBL- GFLT-600S

Compression A-601 C GBL-600S ETP-60OS A-500 600S ETP-600S
Molding -l500 B-600 A-HV B-600

A4700 A-700
AL-600 AL-600

A-201C B-435C F-G05C GLT-200S A-201C B-651C F-605C GLT-200S
A-331C GBL-200S GF-200S GBLT-200S A-331C GBL- GF-200S GBLT-200S

Transfer A-361C B-202 GFLT-2OOS A-361C 200S GFLT-200S
Molding A-401C ETP-600S A-200 B-202 ETP-600S

A-200 AL-300
AL-300

A-201C B-435C GF-200S GLT-200S A-201C E-601C F-605C GLT-200S
A-331C GBL-200S GBLT-200S A-331C B-651C GF-200S GBLT-200S
A-361C B-202 GFLT-200S A-361C GBL- GFLT-200S

injection A-200 A-100 200S ETP-600S
Molding AL-300 A-200 B-202

A-SO
AL-300

A-201C B-435C F-605C GLT-200S
A-401C B-601C GF-200S GLT-B00S
A-331C 6-651C GF-600S GBLT-200S

Calendering A-361C GBL-2003 GBLT-600S
AL-300 GBL-600S GFLT-200S

B-202 GFLT-6OOS
B-600 ETP-60BS

Molded (Bonded), Complicated Shapes (Valve Molded (Non-Bonded), Complicated Shapes
Stem, Shaft Seals, etc.) (Boots, Valves, etc.)

A-361C 6-4350 F- GLT-2OOS A-331C B-435C F- GLT-600S
A-500 B-651C 605C/GF- GLT-600S A-401C/A- B-651C 605C/GF- GBLT-600S
A-700 GBL-60OS 200S GBLT-200S 500 GBL-600S 600S GFLT-60OS
AHV B-600 GF-200S GBLT-600S A l601C/A- B-600 GF-600S ETP-600S

Compression AL-600 GF-600S GFLT-20OS 200
Molding GFLT-600S A-361C

ETP-600S A-700
AMV

AL-6OO

A-361C B-435C GF-200S GLT-200S A-200 0-435C F-605C1 GLT-200S
A-200 GBL-200S GBLT-200S A-331C B-651C GF-200S GBLT-200S

Transfer A-500 B-202 GFLT-200S A-361C GBL- GF-300 GFLT-200S
Molding AL-300 ETP-600S A-200 200S ETP-600S

A-500 B-600
AL-300

A-361C B-435C F-605C/ GLT-200S A,200 B-435C F-605C/ GLT-200S
A-100 B-651C GF-200S GBLT-200S A-331C B-651C GF-200S GBLT-200S

Injection A-200 GBL-200S GF-200S GFLT-200S -361C GBL- GF-200S GFLT-200S
Molding A-500 B-202 A-200 200S

AL-300 A-500 B-202
AL-300
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Table 5
Vitoni Fluoroelastomer Application Guide (cont'd.)

Manufacturing Extruded Goods (Hose, Tubing, Extruded Profiles. etc.)
Process Viion® Types

A B F Specialty

A-201C B-435C F-605C GLT-200S
A-401C 8-651C GF-200S GBLT-200S

Extrusion A-361C GBL-200S GFLT-200S
A-200 B-202 ETP-600S
A-500 8-600
AL-300

Table 6
Viton® Fluoroelastomer Product Listing

Polymer Properties Nominal Physical Properties*

Volume Fluoroelastomer
Nominal Polymer Temperature Increase, Viton® Product

Vhton(& Viscosity, Fluorine Compression of After Fluoroelastomer Suggested

Product MLI + 10 Specific Content, Set, % Retraction 7 days/ Product Uses/
Type at 12t'C Gravity % 70 hr/2O0°C (TR.10) °C MeOH/73'C Description Applications

A-Types: Curall ve-Contalrding Precompounds

Fast cure rate,

excellent FDA-corpliant-:
+ 75 to ineinjection molding,A-201C 20 1.81 66.0 15 -17 injection molding inetotmlng105 rheology, mold O-rings, gaskets,

release extruded shapes

Compression-
Excellent mold injection molding

A-331C 30 1.-1 66.0 20 -17 -75 to flow, high of complex
105% elongationrtear shapes, requiring

resistance maximum hot
tear

Excellent mold Compression-
-75 to flow, tear injection molding

A-361C 30 1.81 66,0 20 -17 105% resistance, of complex
105% bonding to metal shapes, bonded

inserts metal inserts

Excellentrheology at high FDA-compiiant*':

-75 to shear ratesg compression,
A-401C 40 1.81 66.0 15 -17 105% excellent transfer, or

resistance to injection molding

compression set of 0-rings

High viscosity, FDA-compliant":

75 to high state of compression
A-601C 60 181 66.0 12 -17 105% cure; optimum molding of O-

resistance to rings, simple

compression set shapes

pNominal peysical properties rypical of those that can be eapected ofvulcanizates based on the specific type of Victia noted, in a 70A hardness,
MT c-rbo bleck-Idled fhrmulation. These are not intended to solve as specificatioes.
- Curative-containing precompounds, end polymers ÷ VC-50 lat levels less than or equal to 2.50 phr rbbeor) have been deterrined to be in
comrplance with FDA 21 CFR-177.2600-Rubber Articles for Repeated Food Consact.
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Table 6
Vitonri Fluoroelastomer Product Listing (cont'd.)

Polymer Properties Nominal Physical Properties'

Volume Fluoroelastomer
Nominal Polymer Temperature Increase, Vitoni Product

Vitone Viscosity, Fluorine Compression of After Fluoroefastomer Suggested
Product MLI . 10 Specific Content,. Set, % Retraction 7 days/ Product Uses/

Type at 121 °C Gravity % 70 hr/200*C (TR1 0) 'C MeOHI23'C Description Applications

A-Types: Gum Polymers

Ultra-low Coatings,

A-100 10 1.82 66.0 15 -17 +75 to viscosity: viscosity modifier
105% excellent polymer for higher

rheology viscosity types

Low viscosity: FDA-complian•-,
A-75 to xcletpymr cured wt VC.50:A-NO0 20 1,82 66,0 15 -17 10% excellent polymer neto'odg105% reoy injection moldin g

A7heology applications

to intermedi.ate FOA-comnpliant-,fntermdiate curedaw. VC-,5O:

A-500 50 1 .82 66.0 15 -17 +75 to viscosity: compress ion,

105% excellent polymer transfer, injection
theology molding

F OA-compliant",

+75 to High viscosity: curedw. VC-50:
A-7 70 82 66.0 15 -17 105% excellent physical compression,

properties transfer, injection

molding

FOA-comnpliant-,
Ultra-high cured w. VC-50:

A-HV 160 1.82 66.0 15 -17 -75 (o viscosity: compression
105% excellent physical molding, high

properties strength
vulcanizates

Transfer. or
Slightly improved injection molded

AL-300 30 1.77 660 25 +75(to low temperature goods, where A-

105% flexibility. Low Ies are
viscosity morginl in low-

temperature
flexibility

General molded
Slightly improved goods, where A-

A75 to low' temperature types are
AL-600 60 1,77 66.0 20 -19 105% flexibility, marginal in low-

Medium viscosity temperature
flexibility

'Nominal physical properties typical of those that can be expected of vulcanizaten based on the specific type of Vironit noted. it a 70A hardness.
MT carbon black-rdled formulation. These are not intended to serve as specifications.
- Various types ofVitonti curativewcorteipinc precompounds have been determined to be in compliance with FDA 21 CFR-177.260•--Rubber
Articles far Repeated Food contact.

0
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Table 6
Viton® Fluoroelastomer Product Listing (cont'd.)

Polymer Properties Nominal Physical Properties'

Volume Fluoroelastomer
Nominal Polymer Temperature Increase, Vlton® Product

Viton® Viscosity, Fluorine Compression of After Fluoroelastomer Suggested
Product ML1 . 10 Specific Content, Set, % Retraction 7 days/ Product Usesl

Type at 121°C Gravily % 70 hr/200°C (TR-IOJ C MeOH/23°C Description Applications

B-Types: Curative-Containing Precompounds

Improved Injection-
processing/mold compression

-435C 40 1.85 68.5 25 -14 135 to 45% release/bonding",s. B-641C, I• molding of metal-
vs.___651C_ BC bonded parts

Excellent balance FDA-compliant":
of resistance to ccoempression -

B-601C 60 1.85 68.5 20 -14 +35 to 45% compression injection molding

setlluids of 0-rings, simple
shapes

Excellent mold Compression -
flow. very good injection molding

B-651C 60 1.85 68.5 30 -14 -35 to 45% tear resistance, of complex
bonding to metal shapes, bonded

inserts metal inserts

B-Types: Gum Polymers
FDA Ctmpliant"

Excellent Transfer -

GBL- resistance to compression
200S 20-30 1.85 67.0 30 -16 ÷40 to 50% automotive molding auto

lubricating oils, lubricating oil,
aqueous fluids coolant system

seals
FDA Compliant-

Excellent Compression

GBL- resistance to mcding

65 1.85 67.0 30 -16 ÷40 to 50% automotive automotive
lubricating oils, lubricating oil,
aqueous fluids coolant system

seals

Excellent FDA-compliant":

extrudability, high shear

B-202 20 1.86 68.5 25 -14 +35 to 45% lower MeOH extrusion
permeability then applications--

tfuel hose veneer,
A-types coatings

Intermediate
viscosity. FDA-compliant":

B-00 60 1.86 68,5 20 -14 -35 io 45% excellent polymer compression,
rtheology, transfer, and

superior fluids injection molding
resistance

*Neminl physical propertiee typimcl ef these that can be expected of vtucanezates based eo the specific type oe Viton noted, n a 70A hardness,
MT carbon Iack-fi-led formutetion. These are not intended to serve as speciicetions.
"Vanous types af Viae® curative-containing recoretpounds have been derternined to be in compliance with FOA 21 CFR-177.2600-Rubber
Articles Ito Repeated Food Cordact.
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Table 6
Viton® Fluoroelastomer Product Listing (cont'd.)

Polymer Properties Nominal Physical Properties* VitonO

N Volume Fluoroelastomer
N osity, Pluor Temperature Increase, uotonme Product

Vitonr Viscosity, Fluorine Compression of After FluoroelaStomer Suggested
Product ML1 - 10 Specific Content, Set, % Retraction 7 days) Product Uses/

Type at 121 °C Gravity % 70 hrt200*C (TR-10) °C MaOH/23°C Description Applications

F-Types: Curative-Containing Precompounds

Improved FDA-compliant":
polymer base vs. compression

F-605C 60 1.90 69.5 30 -8 .5 to 10% F-601C- molded goods
"•'im proved requi ring best

the ology, rquidsg besitne
compression set

F-Types: Gum Polymers

FDA-compliant":

Low viscosity Injection transfer,

200S 25-30 1.91 70.0 35 -6 *3 to 5% version of GF- mo compression200S600S molded goods
60 requiring best

fluids resistance

GF-
600S 65 1.91 70.0 35 -6 +3 to 5%

Superior
resistance to

broad range of
fluids and
chemicals,

including MeOH

FDA-compliant":
Compression
molded goods
requiring best

fluids resistance

Low-Temperature Types of Vitontb Polymer

GLT Types
FDA Compliant-

Injection -20-30 Mooney GLT: transfer molded
+75 to best FKM low- trnfrmle

GLT-200S 25-30 1.78 64.0 30 -30 105 tombest automotive fuel,
105% temperature chemical,

flexibility petroleum

_industry seals
FDA Compliant"

Transfer -
compression

GLT-600s 65 1.78 64.0 35 -75 to Medium viscosity molded3 105% version of GLT auiomotive fuel,
chemical,
petroleum

_ industry seals
GBLT Tyipes

Low-temperature Fuel systems
flexibility/fluid parts: resistance

GBLT-200S 25.30 1.80 65.0 40 -26 -65 t090% resistance to low
intermediate oxygenates, low-

between GLTJC;FLT temperature
types flexibility

Low-temperature Fuel systems
flexibility/fluid parts: resistance

GBLT-600S 65 1.80 65.0 35 -26 +65 to 90% resistance to low
intermediate oxygenates, low-

between GLT/GFLT temperature
_ _ types flexibility

'Nominal physical properties typical a those that can be expected of vulcatizates based on the specific type of Vrteew noted, in a 70A hardness,
MT carbon blatk-fidled formulation. These eare not intended to serve as specilcatiens.

"Various types ofVitonw curatiiecontaning piecompou-ds have been detearmined to be in compliance with FDA 21 CFR-177.260--Rlbbe,
Articles for Repeated Food Contaed.

0
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Table 6
Viton® Fluoroelastomer Product Listing (cont'd.)

Polymer Properties Nominal Physical Properties'

Volume Vltonr
Nominal Polymer Increase, 'ilon® Fluoroelastorner

Vlton® VIscosIty, Fluorine Compression Temperature After Fluoroelastomer Product
Product MLI . 10 Specific Content, Set, % of Retraction 7 days/ Product Suggested Uses/

Type at 121°C Gravity % 70 hr/200*C (TR-10) °C MeOHW23C Description Applications

GFLT Types

30 ML GFLT: best Bonded fuel
combination of low- systems parts:corrbineices01 lw- risistence to

GFLT-200S 25-30 1.86 66.5 35 -24 -5 to 10% temperature oxygenates, tow-

flexibility/fluids temperature

resistance etenibililflexibility
Bonded fuel

65 ML GFLT: best stes patl
combination of low. systems parts:

GFLT-600S 65 1.86 66.5 40 -24 -5 to 10% temperature resistance to

flesibilityfltuids oxygenates, low

resistance temperatureflexibility

Vlton® Extreme-M Types
Outstanding

resistance to FOA-compliant":
fluidslch emicaIs. Transfer -

ETP-600S 60 1.82 67.0 40 -12 + 10 to 15% including low compression
molecular weight molded seals,
acids, aldehydes, gaskets

ketones

nlphysicl properties typical of those that can be expected of vutcanizates based on the specific type of VitonID noted, in a 70A hardness,
MT carbon black-tilled formunatioen. These are not intended to serve as specifcationrs.
"Various types ofVrtor® curati-vcontening paoernpounds have been determined to be in compliance with FDA 21 CFR-1 77.2600-Rubber
Articles for Repeated Food Cotaca.
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Applications
Automotive
Parts produced from Vitonr fluoroelastomer are widely used in the automotive industry because of
their outstanding heat and fluid resistance. They are used in the following areas:

Powertrain Systems

" Crankshaft seals, Valve stem seals, Transmission seals

" Air Intake Manifold gaskets

Fuel Systems

* Veneered fuel hose

* In-tank fuel hose and tubing

* Pump seals, Diaphragms and Injector O-rings

" Accelerator pump cups

* Filter caps and filter seals

" Fuel sender seals, Carburetor needle tips

Appliances
The heat and fluid resistance of VitonG fluoroelastomer, coupled with its good mechanical strength,
makes it a natural choice for many appliance parts. The use of seals and gaskets of Vitonr has
resulted in design of appliances in challenging environments. Here are some typical success stories:

" In one commercial automatic dry cleaning machine, no less than 107 components are made of
Vitonr: door seals, sleeve-type duct couplings, shaft seals, O-rings, and various static gaskets.
They perform in an atmosphere of perchloroethylene fumes at temperatures up to 880C,
conditions that would quickly degrade other elastomers.

* A fluid-activated diaphragm-type thermostat for gas or electric ranges owes its success to the
designer's choice of VitonO for the actuator element. Because Viton® adheres well to brass is
virtually impermeable to and is not swelled or deteriorated by the fluids used, can withstand
operating temperatures of 149 to 204°C, and has the mechanical strength to resist repeated
flexing.

Chemical Industry

Viton® fluoroelastomer is essentially a universal seal for chemical process equipment, Its application
in the chemical industry is illustrated by the following examples:

* In a pumping station that handles more than 80 different solvents, oils, and chemicals, seals of
Viton• are used in the piping's swivel and telescoping joints. When these joints were inspected
after two years' service, they were found to be as good as new.

" Valves lined with Viton® reduce heat and corrosion worries in many plants.

* Hose made of Viton® transfers solvents and reactive petrochemicals to and from processing
and distribution facilities. There are installations on ocean tankers as well as on highway trailers.

" Processing rolls for hot or corrosive service are covered with Viton®.

" Flange gaskets for glass-bodied valves in a paper bleaching plant are of Viton®.

" Viton® replaced caulking on a process equipment enclosure, previously plagued with
hot solvent leaks, and saved $4,000 per year in maintenance costs.

" Aerosol-propelled solvent solutions of Viton® are sprayed on chemical process equipment as
multi-purpose maintenance coatings.
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Industrial Use

The good mechanical properties of Viton® fluoroelastomer have permitted it to replace conventional
elastomers in a range of applications that cut across industry lines. To cite a few:

" Stable-dimensioned 0-rings in the meters of automatic gasoline blending pumps

" High vacuum seals for the world's most powerful proton accelerator

" Heat- and corrosion-resistant expansion joints for a utility company's stack gas exhaust ducts

" Tubing and seals for a variety of top-quality industrial instruments

• Compression pads for heavy-duty vibration mounts used for portable missile ground control
apparatus

• Conveyor rolls for a solvent cleaning machine

• Packing rings for hydraulic activators on steel mill ladles

" Clamp cushions for parts dipped in 2851C solder

" Jacketing for steel mill signal cable

" Deflector rolls on high-speed tinplating lines

" Precision-molded balls for check valves in oil or chemical service

" 0-ring seals for test equipment in an automotive manufacturer's experimental lab

Aerospace

Reliability of materials under extreme exposure conditions is a prime requisite in this field. Aircraft designers
report that 0-rings of Vitone fluoroelastomer have a useful thermal range of -54 to 316*C and that Viton®
exhibits 'long and consistent life," even at the upper end ofthis range. Higher temperatures can be tolerated for
short periods. Viton'& also resists the effects of thermal cycling, encountered in rapid ascent to and descent from
the stratosphere. Other desirable characteristics of Viton® that are pertinent to aerospace applications are its
excellent abrasion resistance and its ability to seal against "hard" vacuum, as low as 10- mm Hg (133 nPa),
absolute.

The high-performance properties of VWton® have been demonstrated in these typical aircraft and missile
components:

" O-rings and Manifold gaskets

" Coated fabric covers for jet engine exhausts between flights

• Firewall seals

" Abrasion-resistant solution coating over braid-sheathed ignition cable

" Clips for jet engine wiring harnesses

• Tire valve stem seals

" Siphon hose for hot engine lubricants

Fluid Power
Designers and engineers are discovering that seals of Viton® fluoroelastomer work better and last longer than
any other rubber in most fluid power applications. Viton® seals effectively up to 204'C and is unaffected by most
hydraulic fluids, including the fire-resistant types. Seals of VitonO can also cut maintenance costs under more
moderate service conditions (below 121'C) by providing longer, uninterrupted seal reliability.

Some applications in which seals of Vitorn can reduce fluid loss and minimize downtime include the following:

" Actuators are the hydraulic components most likely to develop small, steady leaks when rubber seals wear
and lose resilience, which can be extremely expensive. In a working year, day-to-day leakage from the
average hydraulic system wastes enough fluid to completely fill the system more than four times. Viton®
prevents or reduces leakage by maintaining its toughness and resilience longer than other rubber seal
materials under normal fluid poer conditions.

* In pumps, poor sealing performance increases operating costs by wasting power When internal seals lose
resilience and allow more slippage than the pump design permits, power is wasted. When seals swell and
drag, power is wasted. Seals of Viton® keep their resilience and don't swell, thus preventing power waste
and helping hold dowe operating costs.
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Test Procedures

Property Measured Test Proced ure

Compression Set

Compression Set-Low Temperature

Compression Set, O-Rings

Hardness

Mooney Scorch

Mooney Viscosity

ODR (vulcanization characteristics
measured with an oscillating disk cure
meter)

Property Change After Oven Heat-
Aging

Stress/Strain Properties
100% Modulus
Tensile Strength
Elongation at Break

Stiffness, Torsional, Clash-Berg

Temperature Retraction

Volume Change in Fluids

ASTM D3955, Method B (25% deflection)

ASTM D1299, Method B (25% deflection)

ASTM D1414

ASTM D2240, durometer A

ASTM D1646, using the small rotor. Minimum viscosity and time to a
1-, 5-, or a 10-unit rise are reported,

ASTM 01646, ten pass 100'C and 1210C

ASTM 02084

ASTM D573

ASTM D412, pulled at 8.5mmVs (20 in/min.)

ASTM D1043

ASTM D1329

ASTM D471

-Note: Test temlporatuto is 24*C. except whrlae specifid otetrwtise

For further Information please contact one of the offices below, or visit our webslte at
www.dupiontalastomers.comiviton

Global Headquarters -Wilmington, DE USA European Headquarters - Geneva
Tel. -1-800-853-5515 Tel. -41-22-717-4000

-1-302-792-4000 Fax -41-22-717-4001
Fax +1-302-792-4450

South & Central America Headquarters - Brazil Asia Pacific Headquarters - Singapore
Tel. -55-11-4166-8978 Tel. -65-6275-9383
Fax +55-11-4166-8989 Fax +65-6275-9395

Japan Headquarters - Tokyo
Tel, +81-3-5521-2990
Fax 481-3-5521-2991

The information set forth herein is furnished free of charge and is based an technical data that DuPont Performance Elastomers believes ro be
reliable. It is intended for use by persons having technical skill, at their oWn discretion and risk. Handling precaution inflsortmfion is given with the
.odnct1nding that t•ro.e .9 a will satisfy themselves that their particular conditions of us present no health or saety hkazrds, Since
conditions of aPoduct use and dsposal ate outside our control. we make no wtarrnties. express or implied. and assume no liability in connection
wit any use ortlis intottmatian. As wlth any metetual. evaluation of any compound under end-use conditions prior to specftication is essential.
Nothing herein is to betaken e s aslicenseto operate or a tecommendation to infringe Ot poents.
caurtorr Do not use in medical applications involving petmareont implantation in the human body. For other medical applications, discuss with
your DuPont Petforrmnce Elastomers customer service representative and read Medical Caution Statement H-69237.
DuPornt is a trademark of OuPont and its artilite.

Vnibon aend Vitona ExtretneIT are trademarks wr registered eademarks of OuPont Performance Elastomers.
Copyright 0 1998, 2004, 20•5 DuPont Pntfrnronce Elastomnns. All Rights Retnrved.
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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
5820 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 5820 C. Furthermore, it is anticipated that the lowest melting
point phase that may form within this system is 595°C - the plutonium/beryllium eutectic
temperature. This is t30 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.

2
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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-I containment vessel is newly constructed
of the Ti-6A1-4V alloy to protect the TB-I vessel from attack by plutonium. This analysis
focuses on binary eutectic compositions that could form in a hypothetical accident
scenario in which the TB-I 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 >99.99% 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-6A1-4V 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 L.[
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(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 melting points and compositions derived from binary phase diagrams.
System Lowest Melting Point (°C)
Ti6A14V 1604 0 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 6600 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
6250 C

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

Gallium - Titanium Compositions above 99 atom% gallium (99 wt%) are liquid at
6250C

Gallium - Vanadium Compositions above 97 atom% gallium (98 wt%) are liquid at
6250C

Plutonium - Tantalum 640'C of pure Pu
Plutonium - Titanium 640'C of pure Pu
Plutonium - Vanadium 6250 C for < 2 wt% V
Tantalum - Titanium 1668'C for pure Ti
Tantalum - Vanadium 19100 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-6AI-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 diffutsion 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-641-4V 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

6
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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-Bomstein 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. [L-andolt-Bomstein 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-Bornstein 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 PuA12 being the dominant
intermediate phase melting at 1540±r50°C. The compound Pu 3AI 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 PuAI2 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 AI3 Ta is the solid and it melts at about 16290 C. On the tantalum rich

7
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side of AI3 Ta the solidus temperature is a bit lower but remains close to 1629°C until the
intermittent phase AI3Ta 2 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
system 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 AI3Ti melts at about 1387°C.[Landolt-Bomstein 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-Bomstein 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-6AI-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.

8
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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 13 which has a higher melt temperature than either 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
100 C is most accurate the worse case would be the 450 C decrease from 640C of
plutonium metal or a melt temperature of 5950 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-Bomstein 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 Be1 2Ta at 18500 C and for Be1 7Ta2 a melting temperature of 19800 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 eutectic
temperature is not reached and the containment not affected.

9
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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 0 C, both copper and the titanium alloy ampoule are solid and
5820 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 6250 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 0 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-Bomstein 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 5820 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 5820 C.

Copper contact with Tantalum
The mutual solubility of copper and tantalum is negligibly small and intermediate phases
do not exist.[Landolt-Bomstein 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 materials 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.ILandolt-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
"1here 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 Ga 3Ta is reached.[Landolt-Bomstein 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 0 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 Ga.V 8 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-
Bornstein 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-6AI-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 7700 C, the

highest solidus temperature in the system.[Landolt-Bomstein 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 is 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.ILandolt-l3omstein 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 meltftemperature 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-
Bomstein 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 betweenthe 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] Tlhe Ti-6A1-4V alloy was designed to be solid
to 1604'C. The tantalum-titanium-aluminum system is solid above I1OOC. [Weaver 1995]
It is 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 ternary 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.
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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 initial components of the system. A review of
available ternary 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-I 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 Th := 1073K

Cold temperature Tc:= 311K

Flow velocity during fire V = 5-m
S

Diameter of package D := 0.5715m

Length of package L =1. 08585m

Conductivity of the fluid (Air) kf =52-10 W

rnK

2

Kinematic viscosity of fluid (Air) v:= 68 x 10-6 m
S

2
Thermal diffusivity (Air) a 98 x 10.6 m

S

v

Prandtl Number Pr .- = 0.694

Area of cylindrical sides Acy := -D-L = 1.95m2

Area of cylindrical ends Aends - 0.257m 2

4
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During the fire, convection is predominately considered to be forced convection as suggested by
the ratio of Gr/Re2 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 5 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 (Nuavg) number correlation is used to determine the effective convective heat
transfer coefficient:

Nuavg(Cm,RePr) := C-Rem.Pr 3

where C and m are experimentally determined coefficients; Re is the Reynolds number; and Pr is
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 mn 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., Th-Ts).

V.D

Re := - 4.202 x 104
v

Nucyl := Nuavg(O.O2 7 ,0.805,RePr) = 125.996 Nuends := Nuavg(O.6 8 ,0. 5 ,RePr) = 123.408

kf NUcyl Wk f ends W
-__ _ D 11.464 2 hends -- D - 11.229- -2cy -D m2 Ked m2 .K

f hcyl'Acyl + 2 "hends'Aends W
hhrf :== 11.4152

A cyl + 2-A 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.

v.L 4V .D 04

Recyl : 7.984 x 104 Reend btm 4.202 x 1
V -- V

Ncyl :=Navg (0.68,0.5,RecyiPr) =100 unbt:=Nuavg(0.966,0.46,Reend-btm,Pr) 14.

Nuk -NNu = 170. N-nNbu:11.

h kf.Nu cy 8.146 k - hendbtm Nend btm Wcy-L- "- = 10.42--

L2D 2In K m K

hcyl'Acyl + 2 ,hend btmA ends Whveaf := -- 8.62. 2--
vereA cyl + 2A ends m 2 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 Nuavg correlations are used to determine the effective convective heat transfer
coefficient for hoth of these cases:

1
2

Nusselt number for free flow across a cylinder

Nusselt number for free flow across a plate

Nusselt number for free flow perpendicular to
a circular plate

Nucyl (Ra , Pr)

Nuplate(Ra ,Pr)

0.387-Ra 6
0.60 + 8

-12

0.387.Ra 6
0.825 + 8

27

+ [ .-- ] 6

Nucyl ends(C~mRa) := C-Ra M

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).
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The equations below show the calculations performed to obtain the effective convection heat
transfer coefficient for Case 3.

Gr (Th - T) 4.4 x108
(Tc + Th) 2 Ra := GrPr = 3x 10 8

2

Nuhcyl Nucyl(RaPr) = 79.354 Nuends Nuplate(Ra,Pr) = 84.915

Nuhcyl'kf W Nuends'.kf W
= 7.22 2. hends D 7.726 .hhy - D 2 Dm

hhcyl'A cyl + 2 -hends'Aends W
hhor eff := = 7.326.

- A cy + 2A ends In2

0
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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

0.25or equal to the ratio of 35/Gr

g.-(Th- Tc)-L' 9 g.-(Th - Tc).V 8
GrVC, (Th + T) 2 = 3x 1 Grends:= (Th + Tc) 2 = 4.4 x 10

2 2

Ravcyl := Grvcyl.Pr = 2.1 x 109  Raends := Grends-Pr = 3 x 108

D 3 5 Since D/L is greater than the ratio of

L 35/Gr°25, the vertical plate correlation can
4 be used for the vertical walls of the

G rv cyl cylinder.

Nuvyl Nukf)
Nuvcyl := Nuplate(RavcVl, Pr = 153.5 hvcyl "- L = 2.

NUbtm end .kf -
NUbtm end NUcyl ends(O.27,O.25,Raends) = 35.6 hbtmend D 3.2.

Nutop end .kf kg
Nutopend :=NUcyl en O.54,0.25,Raends) = 71.2 hiop-end 6=5D 3

hvcy lAcyl + hbtm endA ends + htop end'Aends W
hvr c := -= 6.8- -

er/ Acyl + 2 .A ends m2K

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/m2 -K (2.03 Btu/hr-ft2-°F) was used
during the regulatory fire analysis and a value of 3.5 W/m 2-K (0.62 Btu/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).2 The current
authorized contents are plutonium oxide (PuO 2) and its daughter products, or a mixture of Pu0 2

and uranium oxide (U0 2) and its daughter products. The (-96) in the certificate of compliance
number indicates that the NRC has evaluated the PAT-I 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-I
package and to demonstrate that the package with the new T-Ampoule AssemblyA (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 CoC2 describes the TB- 1 as a stainless steel containment vessel surrounded by a stainless
steel and redwood overpack (Overpack, A Q, Drawing 1002, designated AQ-1). The plutonium
oxide contents are sealed within a stainless steel product can (designated PC-i). The CoC does
not identify the PC-I 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-I and the plutonium metal content. The T-Ampoule provides
the following:

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

* 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.

" A retained eutectic prevention barrier function following the air transport accident
condition drops and fire. Although the 0-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-I with oxide content and associated packing material with
the T-Ampoule with plutonium metal content and associated packing material satisfies the

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 SAR4 for drawing number, title, and revision.
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requirements specified in 10 CFR 71.19(d). That is, the modifications of the PAT-I 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-962 defines the TB-I as the containment vessel for the PAT-I for the
current Pu0 2 and its daughter products and U0 2 and its daughter products as authorized contents.
The description of the TB-I containment vessel is provided in Sections 1 and 9 of the SAR. 4 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 0-ring is not used for the plutonium metal shipments.

BOLT
(12 EACH)

COPPER
GASKET

O-RING

TITANIUM7.40-INCH
OUTER

TTAMPOULE'

T.AMPOULE
LID

ELASTOMETIC
O-RING IN 7.4384NCH

BORE SEAL INNER
TB-i

VESSEL

T-AMPOULE/
BODY

TB-i /

4,220-INCH OUTER DIAMETER T-AMPOULE )-

4.25-INCH INNER DIAMETER TB-i VESSEL ---.

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

Table 4-1 of the SAR4 summarizes the results of the post-test assessment of PAT-I containment
of its surrogate PuO2 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.
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Table 4-1. PAT-1 Package Post-Test Containment

Maximum Mass
Regulatory Helium Leak-Rate of Powder

Component Test Condition Acceptance H tiu R el

Standard (atm-cc/sec) Release"

(mg)
NCT (71.71) 10.6 A2/hr Less than 1 x 10-°0 0

TB-i HAC (71.73) A2/week Less than 1 x 101° 0
Plutonium AirPlutonium Tn r A2/weeka Less than 4.5 x 10-5 0.17Transport (71.74)

0 For a typical mixture of plutonium oxide (PuO 2) powder, an A 2 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 2 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 2 for the PAT-I package with plutonium metal in its
most dispersible form as contents and Section 4.5.6 provides calculations of the PAT-I
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 (<10.6 A2/h), in 71.51(a)(2) for HAC (< A 2 in a week), and 71.64(a)(1)(i)
for accident conditions for air transport of plutonium (< A 2 in a week). In Section 4.5.5, the A 2

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 2 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 2s 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-I 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 N 14.5-1997, which defines the
maximum allowable leakage rate based on the maximum allowable release rate. LN, 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
disposition) 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) are shown in Table 4-2 in this addendum.

In accordance with Table 4-I of the SAR, the highest measured helium leakage rate following
the accident conditions for air transport of plutonium was 4.5 x 10-5 cc/s. This leakage rate is
considerably lower than the calculated maximum allowable regulatory leakage rate requirement
of 1.4703 x 10-3 ref cc/s (see Table 4-2 in this addendum) for ACATP at 1110 psia, 1080 0F.
These results are from Table 4.5.6.1 (of Section 4.5.6 in this addendum). It can be concluded
that the TB- I containment vessel inside of the PAT- I 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 10-1 g and for complete decay of Pu-241 to Am-241 is 2.3336 x 10-1 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 4-2. Regulatory Leakage Criteria for 1300 g Plutonium (Bounding Case)

NCT a HAC " ACATPIsotopic Ancillary plasticDistribution composition LR,N- air LR,N-He LR,A-air LR,A-He LR,PA-air LR,PA-H1e(ref-cm 3/s) (cm 3/s) (ref-cm 3 /s) (cm 3/s) (ref-cm 3/s) (cm 3/s)

polyethylene 5.1244 E-06 8.8373 E-06 9.4686 E-02 9.8072 E-02 1.7546E-03 2.0876E-03
terephthalate

polyethylene 5.1244 E-06 8.8373 E-06 9.4686 E-02 9.8072 E-02 1.7339E-03 2.0642E-03

No Pu-241 decay

polyvinyl chloride 5.1244 E-06 8.8373 E-06 9.4686 E-02 9.8072 E-02 1.7487E-03 2.08 1OE-03

polytetrafluoroethylene 5.1244 E-06 8.8373 E-06 9.4686 E-02 9.8072 E-02 2.1844E-03 2.5725E-03

polyethylene 4.2787 E-06 7.4737 E-06 7.9817 E-02 8.3008 E-02 1,4703E-03 1.7873E-03
terephthalate

Complete polyethylene 4.2787 E-06 7.4737 E-06 7.9817 E-02 8.3008 E-02 1.4729E-03 1.7673E-03
Pu-241 decay to

Am-241 polyvinyl chloride 4.2787 E-06 7.4737 E-06 7.9817 E-02 8.3008 E-02 1.4854E-03 1.7816E-03

polytetrafluoroethylene 4.2787 E-06 7.4737 E-06 7.9817 E-02 8.3008 E-02 1.8549E-03 2.2012E-03

a Since temperatures associated with pyrolysis of the ancillary plastics are not reached during NCT and HAC, the various plastics have no

affect on the regulatory leakage criteria at those conditions.
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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 71.3

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-I 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-i Certificate of Compliance2 (CoC) (USA/0361/B(U)F-96) (current Revision 9) in
Item 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-I) 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 CoC2 identifies the TB-I as the containment vessel.

For this addendum, the PAT-I is unchanged from the inside surface of the TB-I containment
vessel to the outside surface of the AQ-1 overpack. The only change to the PAT-I package is
replacement of the PC-I 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 ppm).
Prior to loading, the contents are brushed clean to remove any oxide present on the surface. The
quantity of oxide that could form in the T-Ampoule during transport is limited by less than 100
ppm concentration of oxygen and moisture in the glove box atmosphere. The estimate of oxide
formationdue to this atmosphere is provided in Section 4.5.2.1 and is approximately 1.64 mg
(3.62 E-6 lb). 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
Pu0 2 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-I 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.

0
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The PC-I 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-I 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-6Al-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-i 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-] [SC-1] Assembly,
Drawing 2A0268, designated SC-1, and Sample Container-2 [SC-2] Assembly, Drawing
2A0265, designated SC-2) and structure (Inner Cradle, Drawing 2A0385, designated Inner
Cradle) are also constructed of Ti-6A1-4V Grade 5 alloy that is resistant to the formation of
eutectics with the plutonium metal content. Tantalum foil, which may be used to wrap and
protect the samples from contamination, was selected for its resistance to eutectic formation.

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 71.5 1(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-I 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:

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

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

" The T-Ampoule is a eutectic prevention barrier between the plutonium metal contents
and the stainless steel TB-i 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.

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

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

" 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-I
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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 include:

* Electro-Refined (ER) Pu (Purity > 99.8% Pu 239).

* Pu of various ages containing stabilization alloys such as gallium (Ga).

* Composite samples consisting of Pu and beryllium (Be) separated by an alpha barrier (Ti)
to preclude neutron generation.

* The forms of the metal include hollow cylinders, cylinders, discs, strips, etc.

" The container configurations within the TB-I containment vessel are:

" T-Ampoule for bulk metal hollow cylinders and sample containers; and

• Sample containers (SC-I and SC-2) carried within the inner Cradle of the T-Ampoule for
smaller metal samples.

The isotopic compositions, masses, A 2 values, decay heat, activities, and impurities for ER
plutonium metal, alloyed plutonium metal, and bonded plutonium metal are presented below.

4.1.2.1 ER Plutonium Metal5

The maximum ER content is 831 g (1.83 Ib) for an isotopic composition that assumes no Pu-241 0
decay (see Table 4-3). The ER metal mass estimates for 3000 A2 range from 831 g (1.83 lb)
assuming no Pu-241 decay (Table 4-3), and 707 g (1.56 lb) assuming 100% Pu-241 decay (see
Table 4-4). Table 4-4 assumes that all of the Pu-241 has decayed to Am-241 which results in the
707 g quantity for 3000 A2. Note that Table 4-4 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.
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Table 4-3. 831 g (1.83 lb): 3,000 A 2 Quantity of ER Plutonium Metal
Assuming No Pu-241 Decay to Am-241

831 grams: 3,000 A2 quantity of ER Pu metal assuming 0% Pu241 decay to Am241

Metal Mass (g) Mass % Grams Isotope Pu Isotopic % Pu Isotopic Decay Heat Activity A2(max) (max) (max) C e (max) mass (g) W (Ci)

CO Pu238 0.05% 0.41 2.35E-01 7.05E+00 2.61E+02

>- Pu239" 92.35% 766.20 1.46E+00 4.75E+01 1.76E+03
LO

Plutonium Plutonium Pu240 6.50% 53.93 3.83E-01 1.24E+01 4.59E+02
0

99.84% 829.67 " Pu241 1.00% 8.30 1.04E-01 8.30E+02 5.19E+02
831.00

Pu242 0.10% 0.83 8.30E-05 3.24E-03 1.20E-01

o_ Am241 0.00% 0.00 0.OOE+00 0.00E+00 0.00E+00

Impurities Impurities z
Impurities: N/A

0.16% 1.33 -i

stated as % balance Total: 2.18E+00 8.97E+02 3.OOE+03

Table 4-4. 707 g (1.56 lb): 3,000 A2 Quantity of ER Plutonium Metal
Assuming 100% Pu-241 Decay to Am-241

707 grams. 3,000 A2 quantity of ER Pu metal assuming 100% Pu241 dec9ay to Am,2:41

Metal Mass (g) Mass % Grams Isotope Pu Isotopic % Pu Isotopic Decay Heat Activity A2
(max) (max) (max) ICsJ (max) mass (g) (W) (Ci) A2

Pu238 0.05% 0.35 2.00E-01 6.00E+-00 2.22E+02CO

>. Pu239" 92.35% 651.87 1.24E+00 4.04E+01 1.50E+03

Plutonium Plutonium LO Pu240 6.50% 45.88 3.26E-01 1.06E+01 3.91E+02C
0

99.84% 705.87 - Pu241 0.00% 0.00 0.OOE+00 0.00E+00 0.OOE+00
707.00 C_

Pu242 0.10% 0.71 7.06E-05 2.75E-03 1.02E-01

CL Am241 1.00% 7.06 8.10E-01 2.40E+01 8.89E+02

Impurities Impurities Z
Impurities: N/A0.16% 1.13

stated as % balance Total: 2.57E+00 8.10E+01 3.00E+03

Note: Table shown for comparative purposes only. ER metal will be manufactured and shipped prior to significant Pu241 decay

4.1.2.2 Alloyed Plutonium Metal5

The maximum contents in two SC-2 sample containers within the T-Ampoule are 676 g (1.49
lb). A 2 calculations were performed assuming 100% Pu-241 decay to Am-241 (2840 A2) (see
Table 4-5) and No Pu-241 decay (2410 A2) (see Table 4-6). Alloyed plutonium metal may be
shipped in a hollow log form in the T-Ampoule if the requirements in Table 1-I of this
addendum and the shipper are met.
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Table 4-5. 676 g (1.49 lb): Alloyed Plutonium Metal Assuming
100% Pu-241 Decay to Am-241

676 grams: Alloyed Pu metal assuming 100% Pu241 decay to Am241

Metal Mass (g)
(max)

Mass %
(max)

Grams
(max)

Pu Isotopic %
(max)

Pu Isotopic
mass (g)

Decay Heat
(W)Isotope Activity (Ci) A2

676.00

Plutonium

98.84%

Impurities

0.16%

Plutonium

668.16

Impurities

1.08

00

CO

U)
0o

0)
76

z

Pu238 0.05% 0.33 1.89E-01 5.68E+00 2.10E+02

Pu239" 92.35% 617.04 1.17E+00 3.83E+01 1.42E+03

Pu240 6.50% 43.43 3.08E-01 9.99E+00 3.70E+02

Pu241 0.00% 0.00 0.OOE+00 0.OOE+00 0.OOE+00

Pu242 0.10% 0.67 6.68E-05 2.61E-03 9.65E-02

Am241 1.00% 6.68 7.67E-01 2.27E+01 8.41E+02

Impurities: N/A

Gallium

1.00%

Gallium

6.76
Gallium: N/A

stated as % balance Total: 2.44E+00 7.66E+01 2.84E+03

Table 4-6. 676 g (1.49 lb): Alloyed Plutonium Metal Assuming
No Pu-241 Decay to Am-241

676 grams: Alloyed Pu metal assuming,0% Pu241 decay to Am241
Metal Mass (g) Mass % Grams Isotope Pu Isotopic % Pu Isotopic Decay Heat Activity A2

(max) (max) (max) • (max) mass (g) . W) (Ci)

C- Pu238 0.05% 0.33 1.89E-01 5.68E+00 2.1OE+02

Pu239" 92.35% 617.04 1.17E+00 3.83E+01 1.42E+03

Plutonium Plutonium • Pu240 6.50% 43.43 3.08E-01 9.99E+00 3.70E+02
0

98.84% 668.16 • Pu241 1.00% 6.68 8.35E-02 6.68E+02 4.18E+02

676.00 Pu242 0.10% 0.67 6.68E-05 2.61E-03 9.65E-02

Am241 0.00% 0.00 0.OOE+00 0.OOE+00 0.OOE+00

Impurities Impurities 
I t

<'Impurities: N/A

0.16% 1.08

Gallium Gallium
Gallium: N/A

1.00% 6.76

stated as % balance Total: 1.75E+00 7.22E+02 2.41E+03

0

4.1.2.3 Bonded Plutonium Metal5

A 60 g (0.13 lb) 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-I sample container for
a total payload weight of 180 g (0.39 lb) (657 A2) or in the SC-2 sample container for a total
payload weight of 120 g (0.26 lb) within the T-Ampoule. The composite payload weight is
limited to 60 grams or less in each sample container. See Table 4-7 for estimate of curies,
number of A2, decay heat, weight, and isotopic composition of the Pu/Be material based upon a
disk configuration.
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Table 4-7. 60 g (0.13 lb): Bonded Pu/Be Metal Disk Assuming
100% Pu-241 Decay to Am-241

60 grams: Banded Pu/Be metal disc assuming 100%/ Pu241 decay to Am241

Metal Mass
(g) (max)Composite % Mass % (max) Grams (max)

Isotope Pu Isotopic %
(max)

Pu Isotopic Decay Heat
mass (g) (W) Activity (Ci)

Pu metal

87.00%

MT52

Plutonium

98.84%

Impurities

0.16%

MT52

Plutonium

51.59

Impurities

0.08

*0

0,

Pu238 0.05% 0.03 1.46E-02 4.39E-01 1.62E+01

Pu239" 92.35% 47.65 9.05E-02 2.95E+00 1.09E+02

Pu240 6.50% 3.35 2.38E-02 7.71E-01 2.86EE+01

Pu241 0.00% 0.00 0.OOE+00 0.OOE+00 0.OOE+00

Pu242 0.10% 0.05 5.16E-06 2.01E-04 7.45E-03

Am241 1.00% 0.52 5.92E-02 1.75E+00 6.50E+01
52.20

Impurities: N/A

Gallium

1.00%

Gallium

0.52
Gallium: N/A

Beryllium Beryllium Beryllium
7.80 Beryllium: N/A

13.00% 13.00% 7.80

Alpha Barrier 0.00 Alpha Barrier Alpha Barrier Assumes no alpha bamer to yield maximum dose

0.00% 0.00% 0.00

100.00% 60.00 44-4 Totals 1 1- 1 1.88E-01 5.92E+00 2.19E,02

*stated as % balance

4.2 Containment under Normal Conditions of Transport (NCT)
The TB-I containment vessel meets the regulatory acceptance standard for NCT of 10-6 A2/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 Btulhr) thermal source against the O-ring seal of the T-Ampoule, indicated an average
temperature of 103.3'C (218'F).

The internal pressure within the TB-I 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-I was assumed
to be filled at ambient temperature and to reach the NCT temperature quickly (see Section 4.5.3).
The helium pressure, shown below, is thus:

PHe = nHe*(RT/V)

where nHe = gmHe/ 4

T
V

the NCT average temperature in Kelvin (absolute)
1.252 liters
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R = 0.082 I-atm/mole-K, the gas constant
Pressure in psi = 14.7*Pressure in atmospheres
The pressure from helium (He) generation for 1300 g Pu (for conservatism) at NCT temperature
via alpha decay is 0.067 psia.

The total pressure as the result of internal heat generation and alpha decay is 18.9 psia, or
4.2 psig, which defines the maximum normal operating pressure (MNOP) for the TB-1.

The MNOP of 4.2 psig (18.9 psia) calculated above is slightly less than that calculated for the
PuO 2 contents in the SAR (34.3 psia) since a small quantity of moisture was assumed to be
present in the PuO2 within the TB-1.

4.3 Containment under Hypothetical Accident Conditions (HA C)
The TB-I meets the regulatory acceptance standard for HAC of A2 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-i 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 of21°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
0.073 psia from Section 4.5.3 of this addendum.

The total pressure as a result of internal heat generation and alpha decay is 20.5 psia. The
pressure of 20.5 psia is less than the HAC pressure reported in the SAR 4 (38.7 psia [Section 3.5.4
of the SAR4]).

4.3.1 Containment under Plutonium Air Transport Fire Test
The TB-I meets the regulatory acceptance standard for the plutonium air transport tests of A2 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, an initial calculation was performed using an air-filled TB-I as a realistic
starting assumption to examine the rise in pressure from decomposition of the elastomeric 0-
rings within the T-Ampoule and two SC-2 or three SC-I sample containers and a range of
weights for ancillary plastics. The three SC-i configurations and the selected 70 gram quantity
of HDPE yielded the highest pressure rise of 572 psia. 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 0.11 psia, the total pressure within
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the TB-I is 615 psia. The PAT-I SAR,4 Section 4.4.2 stipulates that the maximum allowable
TB-I pressure during the post-fire plutonium air transport accident condition was 1,110 psia.

A subsequent calculation was performed in Section 2.12.8 which assumed the no-char
assumption for O-ring decomposition in LA-UR-10-05846 in Section 4.5.4. The no-char
assumption was also used for decomposition of the ancillary plastic. The pressures from the
original atmosphere, helium generation from alpha decay, O-ring decomposition and the pressure
from ancillary plastics were set equal to 1110 psia, the pressure of the TB-I from the post-fire
plutonium air transport accident condition. The resulting ancillary plastic pressure was then used
to determine the masses of the plastics that could be used within the TB-1. The various pressures
from the components are reported in Table 11 in Section 2.12.8.

The results of the highly conservative calculation of the thermal degradation of Viton A ®
O-rings and ancillary plastic in Section 2.12.8 used the maximum internal pressure of 1110 psia.
Therefore, this will be the pressure for plutonium air transport fire test for plutonium metals.

In summary, the TB-I structure is unaffected by the impact and thermal environments and
maintains its containment integrity for NCT, HAC, and the accident conditions for air transport
of plutonium.

4.4 Leakage Rate Tests for Type B Packages
The leakage rate tests for the TB-1, which is the primary containment vessel, is described in
Sections 7 and 8.

4.5 Appendix

4.5.1 References

1. United States. Nuclear Regulatory Commission. Code of Federal Regulations. 10 CFR 71.
"Packaging and Transportation of Radioactive Material." January 1, 2009.

2. United States. Nuclear Regulatory Commission. "Certificate of Compliance for Radioactive
Material Packages." Certificate Number 0361, Revision Number 9, Docket Number 71-
0361, Package Identification Number USA/0361/B(U)F-96. March 4, 2009.

3. United States. Nuclear Regulatory Commission. Code of Federal Regulations. 10 CFR
71.63. "Special requirements for plutonium shipments," as published in 69 FR 3795.
January 26, 2004.

4. United States. Nuclear Regulatory Commission. NUREG-0361, "Safety Analysis Report for
the Plutonium Air Transportable Package, Model PAT-I." Washington, D.C. 1978.

5. 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.

6. Rubin, J. B. "Thermal Decomposition of Viton® O-rings for the PAT-I Packaging Accident
Scenario," LA-UR-10-05846. Los Alamos National Laboratory. Los Alamos, NM: August
31, 2010.
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4.5.2 PAT-i Contents
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Coranission for the transport of pfdtonium re4al by air in the
Plulnnium Ai Transporter (PAT-i) packaging

Intfrnde1 farf:

Los Alamos

LLGA tnm4&Jnrmli LdDzc n d~vnUT- ab25W opo un k;1 .2IwCi Li by Itm Ws Akmim NMirW~ ESJt. I-W
kFri-m Ndb1-Vftxa Nr.ri itwAdrW=,ZftirWn [tdi LOS.~ DIr L~I~ iE~-ACEQ-tE'A253 By WD~pFn

prfhhdla d ~~tt alrb a~fi utno~Tibo Mri U-8. GomrFumiUPO AbM M~tri Lzbcnrky raMWt3

LW ft"W fktrtfy rVfIr tt3 a miwrk pabmdLrb t mp~wi Ux U A. Dawi a & -b~,~wwgF Lm tnmy hl~bx

eRim WA 7m

4-14



PAT-I Safety Analysis Report Addendum Docket No. 71-0361 Rev. I

IAuthorizd Contents Proposed for th. Pltoi I Air Tmnsportr (PAT-i)Packagn I
Authors: Michael Caviness. PMT-3. Nuclear Materials Management

Jim Rubin. PMT-2, Actinide Process Chemistry
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Page I of S

4-15



PAT-I Safety Analysis Report Addendum Docket No. 71-0361 Rev. I

ELECTRO-REFINED PLUTONUM METAL

1,300 grams: Maximum quantity of Electro-refined (ER) Pu metal excluding Pu241 decay

Metal Mass Mass % Grams Pu Isotopic Pu Isotopic Decay Activity
(g)(max) (max) (max) Isotope % (max) mass (g) Heat (W) (Ci) A

2O 1.10 4.09
Pu238 0.05% 0.65 3.68E-01 E+01 E*02

26
7.43 2.75

t Pu239 92.35% 1198.63 2.28E700 E,01 E+03

Plutonium Plutonium P240 6.50% 84.36 5. 99E-0119U1 u20 .50 8.3 5.9E01 E+01 E++02

99.84% 1297.92 .2 Pu241 1.00% 12.98 1.62E-01 1.30 8.11

1,300.00 + E03 6.02u=5.06 1.87
Pu242 0.10% 1.30 1.30E-04 E-03 6-01

0_ 0.00 10.00E
U) Am241 0.00% 0.00 0.O0E+00 0.00 000________ __E+__ -0O *00

Impurities Impurities <Z
Impurities: N/A

0.16% 2.08

1.40E+ 4.69E
rstated as % balance Total: I 3.41E+00 03 *03

831 grams: 3,000 A2 quantity of ER Pu metal assuming 0% Pu241 decay to Am241

Metal Mass Mass % Grams Pu Isotopic Pu Isotopic. Decay Activity
max (max) (max) Isotope % (max) mass (g) Heat (W) (Ci) A2PO 7.05 2.61

Pu238 0.05% 0.41 2.35E-01 E+00 E602

m 4.75 1.76
Pu239* 92.35% 766.20 1.46E+00 E+01 E+03

t u 1.24 4.59
Plutonium Po Pu240 6.50% 53.93 3.83E-01 E+01 E*020 8.30 5.19
99.84% 829.67 - Pu241

831.00 1.00% 8.30 1.04E-01 E602 E+02
3.24 1.20

at 0.10% 0.83 8.30E-05 E-03 E-01
(_3 Am2411 0.00 0.00

0.00% 0.00 0.00E+00 E+00 E+00
z

Impurities Impurities <
Impurities: N/A

0.16% 1.33 S8 3.00
stated as % balance To0l 892 E+03

Total: I2.18E+00 602 *3

707 grams. 3,000 A2 quantity of ER Pu metal assuming 100% Pu241 decayto Am241

Metal Mass Mass % Grams Isotope Pu Isotopic Pu Isotopic Decay Activity A
(g) (max) (max) (max) % (max) mass (9) Heat (W) (Ci) 2

to6.00 2.22
Pu238 0.05% 0.35 2.00E-01 6*00 6*02o•E+00 E+02

to
Pu239" 92.35% 651.87 1.24E+00 4.04 1.50

E+01 E+03
>- 4 1.06 3.91

Plutonium Plutonium Pu240 6.50% 45.88 3.26E-01 1.01 3.02
E+01 E+02

99.84% 705.87 0 0.00 0.00

707.00 90 Pu241 0.00% 0.00 0.006*00 E+00 E+00
to2.75 1.02Pu242 0.10% 0.71 7.06E-05 6-03 6-01

CO Am241 1.00% 7.06 8.10E-01 2.40 8.89

zE01 E-02

Impurities Impurities < Impurities: N/A

0.16% 1.13

statd as% balance 1 300
Total: 2.57E+00 E+01 E+03

Reference Values

Decay Heat
Watts/

Isotope ram
gram

Pu238 5.67E-01

Pu239 1.90E-03

Pu240 7.10E-03

Pu241 1.25E-02

Pu242 1.00E-04

Am241 1.15E-01

DOE-STD-3013-00,
Table B-5

Reference Values

A2 values of radionuclides

Isotope A2(Ci) Ci/g

1.70
Pu238 2.70E-02 E+01

6.20
Pu239 2.70E-02 E-02

2.30
Pu240 2.70E-02 E-01

1.00
Pu241 1.60E+00 E602

3.90
Pu242 2.70E-02 E-03

3.40
Am241 2.70E-02 E+00

49 CFR 173.435, Table of Al
and A2 Values for Radionuclides

Impurity Limits (max)

Values in parts per million (ppm)

Al: 100 Fe: 200 Ta:
100

Am: 200 Ga: 300 Tb:
100

B 50 Ti.
8:50 Mg: 500 100

Be: 3 Mn: 100 U: 100

C: 200 Ni: 100 W
200
Zn:

Ca: 500 Np: 100 100

Cd: 10 Pb: 100

Cr: 100 Si: 100

Cu: 100 Sn: 100

LANL Specification 55Y-638728

Note: Table shown for comparative purposes only. ER metal will be manufactured and shipped prior to significant Pu241
decay

Page 2 of 5
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ALLOYED PLUTONUM METAL

676 grams: Alloyed Pu metal assuming 0% Pu241 decay to Am241

Metal Mass Mass %
(a) (max) (max)

Grams
(max)

Pu Isotopic Pu IsotopicIsotope % (max) mass (Q) Hecay Activity I A2
Heat \N) (Ci) A

Plutonium Plutonium

9884% 66816

co

0
M

z
_j

5.68 2.10
Pu238 0.05% 0.33 1.89E-01 68 2.10

E+00 E+O2
3.83 1.42

Pu239" 92.35% 617.04 1.17E+00 80 1.42
E+01 E+03
9.99 3.70

Pu240 6.50% 43.43 3.08E-01 E.O 3.0
E+00 E+02
6.68 4.18

Pu241 1.00% 6.68 8.35E-02 6.02 418
E+02 E+02
2.61 9.65

Pu242 0.10% 0.67 6.68E-05 63 62
E-03_ E-02
0.00 0.00

Am241 0.00% 0.00 O.OOE+00 000 00E+00 E+00

676.00

Impurities

0.16%

Impurities

1.08
Impurities: N/A

Gallium

1.00%

Gallium

6.76
Gallium: N/A

* stated as % balance 7 I 722 1 2.41
Total: 1 1.75E+00 E+02 E+03

676 grams: Alloyed Pu metal assuming 100% Pu241 decay to Am241

Metal Mass Mass %
lto (maxt (mnaul

Grams
(maxl

Pu Isotopic Pu Isotopic
% (maul mass let

Decay Activity
Heat IW 1 (CitIstolne A,

Reference Values

Decay Heat

Watts/
Isotope gram

Pu238 5.67E-01

Pu239 1.90E-03

Pu240 7.10E-03

Pu241 1.25E-02

Pu242 1.00E-04

Am241 1.15E-01
DOE-STD-3013-00,

Table B-5

Reference Values

A2 values of radionuclides

Isotope A2 (Ci) Ci/g

2.70 1.70
Pu238 E-02 E+01

2.70 6.20
Pu239 E-02 E-02

2.70 2.30
Pu240 E-02 E-01

1.60 1.00
Pu241 E+00 E-02

2.70 3.90
Pu242 E-02 E-03

2.70 3.40
Am241 E-02 E+00

49 CFR 173.435, Table of Al
and A2 Values for

Radionuclides

Impurity Limits (max)
Values in parts per million

(ppm)
Al: Ta
100 e: 200 100
Am: Ga: NA Th
200 100

B: 50 Mg: 500 Ti: N/A

Be: Mn: 100 U: 100N/A J 0

C: 200 Ni: 100
200

Ca: Zn:
500 Np: 100 100

Cd: 10 Pb: 100

1r0 Si: 100

Cu: Sn: 100
100

LANL Specification
55Y-638728

- I . I I

Plutonium Plutonium

98.84% 668.16

.2

5.68 2.10
Pu238 0.05% 0.33 1.89E-01 E600 E+02

1.17E+0 3.83 1.42
Pu239* 92.35% 617.04 0 E601 E+03

9.99 3.70
Pu240 6.50% 43.43 3.08E-01 E+00 E+02

0.00E+0 0.00 0.00
Pu241 0.00% 0.00 0 E+00 E÷00

2.61 9.65
Pu242 0.10% 0.67 6.68E-05 E-03 E-02

2.27 8.41
Am241 1.00% 6.68 7.67E-01 E+01 E+02

676.00

Impurities

0.16%

Impurities

1.08
Impurities: N/A

Gallium

1.00%

Gallium

6.76
Gallium: N/A

stated as % balance I 244E+0 1 766 2.841 Total: 0 6E+01 E203

Page 3 of 5
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BONDED PLUTONUM METAL

60 grams.- Bonded1 Pu/Be metal disc assuiming 100% Pu241 decay to Am241

Metal
Mass

(g)
(max)

Isotope
Pu

Isotopic
% (max)

Pu
Isotopic

mass (g)

Decay
Heat (W)Corm

Dosite %

Mass %
(imax)

Grams
(maxl

Activity
(Ci)

Pu metal

87.00%

MT52

Plutonium

98,84%

Impurities

0.16%

MT52

Plutonium

51 59

Impurities

0.08

'0

z

f)

439 1 62
Pu238 0,05% 0 03 1 46E-02 4 01 60

E-01 E+01
296 1 09

Pu239' 9235% 4765 9.05E-02 2-00 6.02
E+00 E+02

771 286Pu240 6.50% 3,35 2.38E-02 E-01 E+01
0.00 0.00

Pu241 000% 0.00 0 00E+00 0.00 0.00
E+00 E+00

201 745Pu242 0 10% 0.05 5 16E-06 E-04 E-03
1.75 6 50

Am241 1 00% 0.52 5.92E602 E70 50
E+00 E+01

5220

Impurities: N/A

Gallium

1 00%

Gallium

0+52
Gallium: N/A

Beryllium Beryllium Beryllium
780 Beryllium N/A

13.00% 1300% 780

Alpha Alpha Alpha
Barrier 0,00 Barrier Barrier Assumes no alpha barrier to yield maximum dose

000% 000% 0.00

10000% 6000 444 Totals b- b 188E-01 592 E 219
E+00 E-02

*stated as % balance

Total 03m
(max) Surface l6ft) 1 Om (3.3 ft) Configuration Layout

dose 9.72EI03 2 65E-01 2+45E-02 The following configuration shows 3 bonded Pu/Be disks
(5X) 2 preferentially stacked with the alpha barriers conservatively

The maximum dose rates stated above assumes the removed to yield 5 instances of Pu/Be contact surfaces
following: 1) three bonded Pu/Be disks are assumed to
preferentially stack dueng HAC conditions (see layout at
right), 2) the alpha barrier between the 3 bonded Pu/Be
disks are conservatively ignored, 3) the 3 bonded Pu/Be Surface I
disks without alpha barriers yield 5 instances of Pu/Be contact 1 V Pu.. .....
contact surfaces, and 4) the dose rate is calculated for 5X e ... Disk....1
a given Pu/Be surface area of an undefined disk diameter contact 2 B
( m a x ) * * -.. ... .. .... . . . ...... .. . . . .. .. ... ...... ... . . .. . .Surface

contact 3V Pu............. Oisk2
The bonded Pu/Be disk diameter is not stated due to a Surface

secunty classification determination The information contact 4V
(disk diameter) is available through classified Surface
communication. contact 5 - PU......... .. .. .. .. ........ .. ... ... . D is k 3
Unit dose (mrerrh/hcm2) provided in LANL Memorandum,
RP-3-08-32, Crawford to Caviness, Subject: MT52-Be
Interface Disc Dose Calculations

Reference Values

Decay Heat

Watts/
Isotope gram

Pu238 5.67E-01

Pu239 1.90E-03

Pu240 7.10E-03

Pu241 1.25E-02

Pu242 1 00E-04

Am241 1.15-01

DOE-STD-3013-00,
Table B-S

Reference Vafues

A2 values of radionuclides

isotope A2 (Ci) Ci/g

270 1 70
Pu238 E-02 E501

2.70 6.20E
Pu239 E-02 -02

270 230
Pu240 E-02 E-01

1 60 1 00
Pu241 E500 E502

2,70 3.90
Pu242 E-02 E-03

270 340
Am241 E-02 E500

49 CFR 173 435, Table of
Al and A2 Values for

Radionuclides

Imprnitnly Limtis (max)
Values in parts per million

(ppm)

Al: Fe. 200 Ta'
100 100
Am. Ga: N/A Th'
200 100

Ti:
B: 50 Mg: 500 N/A

Be: Mn: 100 U.
N/A 100

C : Ni: 100 W+
200 200

Ca: Zn:
500 Np 100 100

Cd: Pb: 100
10

Cr: Si' 100
100
Cu: Snr 100
100

LANL Specification
55Y-638728

0

0

Page 4 of 5

4-18



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

Maximum PU Oxide and Curies (Cl) formed in the TB-1 with a 21% Oxygen

Oxide and Curie Values

No P u-241decay (100% P u-241) 100% P u-241decay (100% A m-241)

Isotope Oxide (g) Curies Isotope Oxide (g) Curies

Pu-236 173E-03 2.94E-02 Pu-238 173E-03 2.94E-02

Pu-239 3.20E+00 198E-01 Pu-239 3.20E.00 198E-01

Pu-240 2.25E-01 5.17E-02 Pu-240 225E-01 5.17E-02

Pu-241 3.46E-02 3.46E-00 Pu-241 0.00E-00 0.00E+00

P u-242 3.46E-03 I35E-05 Pu-242 3.50E-03 137E-05

Am-241 0.00E+00 0.00O00 Am-241 3.46E-02 I1BE-01

Total: 3.46E-00 3.74E.00 Total: 3.46E600 3.97E-01

Isotopic %(max)

Pu-2
3

8 0.05%

Pu-239 92.35%

Pu-240 6.50%

Pu-241 100%

Pu-242 0.10%

Am-241 0.00%

LANL Specification 5SY-638728

Reference Values

radio nuclides

Isotope A2(Ci) Ci/g

Pu-238 2.70E-02 170E601

Pu-239 2.70E-02 6.20E-02

Pu-240 2.70E-02 2.30E-01

Pu-241 1.60E600 100E002

Pu-242 2.70E-02 3.90E-03

Am-241 2.70E-02 3,40E+00

49 CFR 173.435, Table of A, and A, Vaues for
Rad ionuclid es

Basis of Calculated Values

Variable: Variable Unit: Value Definition of value

pressure inside of TB-1 P atmosphere (atm) 0.21 latmosphere pressure at 21"/-o02 in TB-1

internal volume of TB-1,4tho ut contents as stated in the
Internal volume of TB-1, V cubic centimeters (cm') 1460.00 PAT-iSAR

universal gas constant. R constant 82.06 gas constant values based on pressure and volume units

temperature, T kelvin (K) 298.00 assumes room temperature of 259C

02 in TB-lintemal volume, n moles 0.013
n = PV/RT (ideal gas law is suitable since the compressibility

factor (Z) for air at 101 bar and 15BC(59?F) is 0.9992)

m
PuO~ormd fom Cin he B-0mmols 000 P~s).Oug) - Pua~4

PU02formed from 02in the TB-1 m moles 0.013 Pus)+02(g)-pu02(s)

Molar mass Pu2,. M constant 276 grams per mole (assuming molar mass of Pu = 244)

sealed TB-1

Basis of Calculated Values

Variable: Variable Unit: Value Definition of value

pressure inside of TB-j P atmosphere (aim) 0.00010 latmosphere pressure at 1O0ppm 02 in TB-i

internal volume of TB-lwitbout contents as stated in the

Internal volume of TB-i V cubic centimeters (cm') 1460.00 T1 ct e
PAT-lSAR

universal gas constant, R constant 82.06 gas constant values based on pressure and volume units

temperature, T kelvin (K) 298.00 assumes room temperature of 25'C

O2 in TB-linternal volume, n moles 5.97E-06 n = PV/RT (ideal gas lawis suitable since the compressibility

factor (Z) for air at 101 bar and 15"0C (59?F) is 0.9992)

PuO2 formed from 02 in the TB-i m moles 5.97E-06 Pu(s) +O2(g) - P uO2(s)

Molar mass PuO2, M constant 276.06 grams per mole (assuming molar mass of Pu = 244)

PU02formed, g grams (g) 165E03 grams of PuG, formed when all 0, reacts completely in the
I Id sealed TB-1

Page 5 of 5
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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 Pu0 2 that would form on the
plutonium metal content contained within the TB-I containment vessel. The table on Page 5 of 5
in LA-UR-08-05154 in 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% 02. Using a TB-I conservative internal empty
volume of 1460 cm 3 (89.19 in3) and the Ideal Gas Law, there are 0.0 13 moles of 02 in the
internal volume and 0.013 moles of PuO 2 in the TB-1. The molar mass of Pu0 2 is 276 g/mole
assuming a molar mass of Pu = 244. The quantity of Pu0 2 formed is 3.46 g when all of the 02
reacts completely inside of a sealed TB-1. Because this is an oxygen-limited system, no more
than 3.46 g (0.0076 lb) of Pu0 2 are formed when all of the 02 completely reacts inside of a
sealed TB-I containment vessel.

If a glove box atmosphere (assume all 100 ppm oxygen in an inert atmosphere) is assumed
within the TB-1, the quantity of Pu0 2 formed on the surface of the plutonium metal content is
1.64 mg (3.62 E-6 lb).

To determine the isotopic composition of the Pu0 2 that was formed, Los Alamos National
Laboratory (LANL) Specification 55Y-638728 4 on Page 5 of 5 in LA-UR-08-0514 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 to Am-
241.

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-i 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 = Noexp(_Xt) (1)

Where N = the number of atoms of the radionuclide at time t
No= the number of atoms of the radionuclide at time t=O
k = ln2/t1 /2; t1/ 2 is 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: 2He 4. The radionuclides
in delta plutonium emit alpha particles by the following equations:

9 4 Pu
2 3 8 = a ci± 9 2 U

2 3 4

94PU239 = Ot + 92°235
9 4 Pu240 = Ct + 9 2 U236

94Pu242 = a + 92U238

241 -241 -241However, 94Pu is a beta emitter and decays by the equation 94Pu = •-+ 95Am since a beta
particle is the same as an electron. 95Am 241 decays by emitting an alpha particle by the equation
95Am 241 = a + 93Np 237

Table 1 gives the radioactive composition of delta plutonium and the half-lives of each
radioactive component:

Table 1. Radioactive Composition of Delta and Half-Lives of
Each Radioactive Component

gm/gm Bq/gm Ci/gm

Element Atomic mass delta1  ti' (yr) t1 2 sec delta delta

Pu 238 0.0001 87.7 2.77E+09 2.51E-10 6.34E+07 1.71E-03

Pu 239 0.9378 24100 7.60E+11 9.12E-13 2.15E+09 5.82E-02

Pu 240 0.06 6560 2.07E+11 3.35E-12 5.04E+08 1.36E-02
Pu 241 0.002 14.4 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 0 0
U 234 0 2.46E+05 7.76E+12 8.93E-14 0 0
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One Becquerel (Bq) is = sec-1. The numbers in the last column were obtained by the equation
that converts mass to radioactivity:

(1.2) (G.02 x 10'-) g"n
B q = -;,. (2)

Where Bq = the radioactivity in sec-'; one curie (Ci) = 3.7 x 1010 Bq.

6.02 x 1023 is Avogadro's number, the number of atoms in one gram atomic weight
t/2 = half life of the radionuclide in seconds.
ln(2)/tl/ 2 = X

So that, e.g.,

6.34 x 10 7 = X (6.02 x 1023)(0.0001/238) = (2.51 x 10-10) (6.02 x 1023)(0.0001/238)

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

95Am 24 builds up as 94 Pu241 decays, by the first Bateman equation

N N(t)=N, (t) *(- jA> - exp(--i1t) - exp(--At)}
N~m~t t, numbe 241•

Where NA_ W = the number of 95Am atoms at time t

Npu(t) = the number of 94 Pu 2 41 atoms at time t

Am refers to 95Am241 
0

Pu refers to 94PU241

92U234 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 1 (which is based on Equation (2)). The latter
was used, resulting in Table 2. The values for 95Am 24 and 92U234 were calculated using
Equation (2).

Table 2. Weight Conversions

Element gm/gm Ci/gm Ci/gm
Em delta delta

Pu-238 0.0001 1.71E-03 1.71E-03

Pu-239 0.9378 5.82E-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 6.21 E-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(Het) = gm(deltat=o)- {gm(Pu-238t)+gm(Pu-239t)+gm(Pu-240,)+gm(Pu-24 1 t)+ gm(Pu-242t)+
gm(Am-241t)+ gm(U-234t)} (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(Het) = gm(Het)/4
gm(Het): 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

Pt = 1 + p(Het) = 1 + n(Het)*RT/V (5)

The TB-1 and the TB-I internal configurations were considered. From Table 3, the SC-I 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), 136°C (276 0F) HAC fire
temperature, and 582°C (1080'F) in the accident conditions of plutonium air transport fire. A
calculation at room temperature (2 1°C) was provided for reference.

Containments were assumed to be loaded at 1 atmosphere pressure (14.7 psi). Table 3 presents
RT/V at these temperatures and volumes.

A 1300 g evaluation is provided for reference in Tables 3, 5, and 7; 831 g is the maximum
plutonium content for this addendum. Helium generation was calculated from the mass loss of
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the Pu isotopic mixture. Table 4 shows the helium generation, per g of plutonium isotopic
mixture, for the first year.

Table 3. RT/V for TB-I Containment

Maximum 676.00 523.00 831.00 1300.00
Plutonium
Mass (g)

Void Volume TB-I Containment Boundary (liters)
1.1103 1.1112 1.2749 1.2519

Deg C Deg K P=RTN(atm/mole)a
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

582 855 63.15 63.09 54.99 56.00
'R=0.082 liter-atm/mole-deg

Table 4. 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.OOE+00 0.OOE+00 0.OOE+00 28 1.OOE+00 3.06E-07 7.65E-08
2 1.OOE+00 2.19E-08 5.46E-09 30 1.OOE+00 3.28E-07 8.20E-08
4 1.OOE+00 4.37E-08 1.09E-08 32 1.OOE+00 3.50E-07 8.74E-08
6 1.OOE+00 6.56E-08 1.64E-08 34 1.OOE+00 3.72E-07 9.29E-08
8 1.OOE+00 8.74E-08 2.19E-08 36 1.OOE+00 3.93E-07 9.83E-08
10 1.OOE+00 1.09E-07 2.73E-08 38 1.OOE+00 4.15E-07 1.04E-07
12 1.OOE+00 1.31 E-07 3.28E-08 40 1.OOE+00 4.37E-07 1.09E-07
14 1.OOE+00 1.53E-07 3.82E-08 42 1.OOE+00 4.59E-07 1.15E-07
16 1.OOE+00 1.75E-07 4.37E-08 44 1.OOE+00 4.81E-07 1.20E-07
18 1.OOE+00 1.97E-07 4.92E-08 46 1.OOE+00 5.03E-07 1.26E-07
20 1.OOE+00 2.19E-07 5.46E-08 48 1.OOE+00 5.24E-07 1.31 E-07
22 1.OOE+00 2.40E-07 6.01E-08 50 1.OOE+00 5.46E-07 1.37E-07
24 1.OOE+00 2.62E-07 6.56E-08 52 1.OOE+00 5.68E-07 1.42E-07
26 1.OOE+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 pressure at which the containment was loaded; the latter is assumed to be one
atmosphere (14.7 psi).

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 3, is thus:

0

PHe = nHe*(RT/V)
where nHe = gmHe/ 4
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T= the final average temperature in Kelvin (absolute)
V = 1.252 liters
R = 0.082 1-atm/mole K, the gas constant.
Pressure in psi= 14.7*Pressure in atmospheres

Table 5 shows helium pressure increase in atm and psi in the TB-1 in weeks up to one year
assuming 1300 g Pu content.

Table 5. Helium Pressure Increase in TB-i, Void Volume 1.252 Liters, for 1300 g Pu

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

Kelvin 377 233 409 855 377 233 409 855
RTN 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
mole

Weeks 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 1.59E-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 3.51 E-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 1.71 E-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 2.1OE-03 1.30E-03 2.28E-03 4.77E-03 3.09E-02 1.91E-02 3.36E-02 7.02E-02

26 7.1OE-08 2.28E-03 1.41 E-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 3.23E-03 6.76E-03 4.38E-02 2.71 E-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 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.OOE-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 1.31 E-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

4-25



PAT-I Safety Analysis Report Addendum Docket No. 71-0361 Rev. I

Table 6 shows the helium pressure increase in atm and psi in the TB-i, in weeks up to one year
assuming an 831 g Pu content.

Table 6. Helium Pressure in TB-I, Void Volume 1.275 Liters, for 831 g Pu

deg C 104 -40 136 582 104 -40 136 582
deg K 377 233 409 855 377 233 409 855

RTN 24.25 14.99 26.31 54.99 24.25 14.99 26.31 54.99

gm Pu 831 831 831 831 831 831 831 831
mole

Weeks He/gm Atmospheres PSI
0 0.00 0.00 0.00 0.00 0.00 0.0000 0.0000 0.0000 0.000
2 5.46E-09 1.10E-04 6.80E-05 1.19E-04 2.50E-04 0.0016 0.0010 0.0018 0.004
4 1.09E-08 2.20E-04 1.36E-04 2.39E-04 4.99E-04 0.0032 0.0020 0.0035 0.007
6 1.64E-08 3.30E-04 2.04E-04 3.58E-04 7.49E-04 0.0049 0.0030 0.0053 0.011
8 2.19E-08 4.40E-04 2.72E-04 4.78E-04 9.99E-04 0.0065 0.0040 0.0070 0.015
10 2.73E-08 5.50E-04 3.40E-04 5.97E-04 1.25E-03 0.0081 0.0050 0.0088 0.018
12 3.28E-08 6.61E-04 4.08E-04 7.17E-04 1.50E-03 0.0097 0.0060 0.0105 0.022
14 3.82E-08 7.71E-04 4.76E-04 8.36E-04 1.75E-03 0.0113 0.0070 0.0123 0.026
16 4.37E-08 8.81E-04 5.44E-04 9.56E-04 2.OOE-03 0.0129 0.0080 0.0140 0.029
18 4.92E-08 9.91E-04 6.12E-04 1.07E-03 2.25E-03 0.0146 0.0090 0.0158 0.033
20 5.46E-08 1.10E-03 6.80E-04 1.19E-03 2.50E-03 0.0162 0.0100 0.0176 0.037

22 6.01E-08 1.21E-03 7.48E-04 1.31E-03 2.75E-03 0.0178 0.0110 0.0193 0.040
24 6.56E-08 1.32E-03 8.17E-04 1.43E-03 3.OOE-03 0.0194 0.0120 0.0211 0.044
26 7.1OE-08 1.43E-03 8.85E-04 1.55E-03 3.25E-03 0.0210 0.0130 0.0228 0.048

28 7.65E-08 1.54E-03 9.53E-04 1.67E-03 3.50E-03 0.0227 0.0140 0.0246 0.051
30 8.20E-08 1.65E-03 1.02E-03 1.79E-03 3.75E-03 0.0243 0.0150 0.0263 0.055
32 8.74E-08 1.76E-03 1.09E-03 1.91E-03 3.99E-03 0.0259 0.0160 0.0281 0.059
34 9.29E-08 1.87E-03 1.16E-03 2.03E-03 4.24E-03 0.0275 0.0170 0.0298 0.062
36 9.83E-08 1.98E-03 1.22E-03 2.15E-03 4.49E-03 0.0291 0.0180 0.0316 0.066
38 1.04E-07 209E-03 1.29E-03 2.27E-03 4.74E-03 0.0307 0.0190 0.0334 0.070

40 1.09E-07 2.20E-03 1.36E-03 2.39E-03 4.99E-03 0.0324 0.0200 0.0351 0.073
42 1.15E-07 2.31E-03 1.43E-03 2.51E-03 5.24E-03 0.0340 0.0210 0.0369 0.077
44 1.20E-07 2.42E-03 1.50E-03 2.63E-03 5.49E-03 0.0356 0.0220 0.0386 0.081
46 1.26E-07 2.53E-03 1.56E-03 2.75E-03 5.74E-03 0.0372 0.0230 0.0404 0.084

48 1.31E-07 2.64E-03 1.63E-03 2.87E-03 5.99E-03 0.0388 0.0240 0.0421 0.088
50 1.37E-07 2.75E-03 1.70E-03 2.99E-03 6.24E-03 0.0405 0.0250 0.0439 0.092
52 1.42E-07 2.86E-03 1.77E-03 3.11E-03 6.49E-03 0.0421 0.0260 0.0456 0.095

0
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Table 7 presents helium pressure increase for all four masses of Pu at ambient temperature
(21 'C; 294 K) with their respective void volumes.

Table 7. Helium Pressure Increase in TB-I, Void Volume at
21 degrees C (294 K)

V(liters 1.1103 1.1112 1.2749 1.2519 1.1103 1.1112 1.2749 1.2519

RTN 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
mole

Week He/gm 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 4.1OE-04 3.54E-03 2.73E-03 3.79E-03 6.03E-03

8 2.19E-08 3.21E-04 2.48E-04 3.43E-04 5.47E-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 5.47E-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 1.41 E-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 1.61 E-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 1.81 E-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.OOE-02 1.39E-02 2.21E-02

24 6.56E-08 9.62E-04 7.44E-04 1.03E-03 1.64E-03 1.41 E-02 1.09E-02 1.51 E-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 1.91 E-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.OOE-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 1.91 E-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.OOE-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 2.1OE-02 2.90E-02 4.62E-02

48 1.31 E-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.OOE-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 1.61 E-03 2.23E-03 3.56E-03 3.06E-02 2.37E-02 3.28E-02 5.23E-02

4.5.3.1 Reference

1. Caviness, M., LANL Content Description for PAT-I 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 (he approved contents for the PAT-I
container, a calculation was necessary to determine the theoretical pressure rise in'lhe PAT-1
containment vessel (TB-1) due to the thermal decomposition of 0-rings within the container.
These o-rings are composed of VitoneA, whose number and mass are determined by the
internal packing configuration. This report contains, a conservative ca[cuiation of the
decomposition of these 0-4ings, In the theoretical accident conditions defined by the PAT-i
SARP. The calculation assumes a scenario whereby the O-ring material is completely volatized,
using a reaction scheme which generates the maximum number of gaseous reaction products,
and the maximum pressure rise within the TB-i. 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 vessel is less than the maximum allowable, as defined in the PAT-I SARP.

Page I of to
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The.ratings are treated as lori, wilh a volume given by

V = 2 7,R)(rr rý ii)

where r is 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 1.

U R

W

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

Pagc.2 of1.
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Table 1. Dimensions and volumes of Viton A® 0-rings contained within the TB- 1 for the Packing

Configurations described in Table 3 and shown schematically in Figure 2.

0-ring

0-ring Size w r ID R Volume Volume

location Standard' (in) (in) (in) (in) (in 3) (cm3)

T-Ampoule" 241 0.139 0.070 3.859 2.000 0.1906 3.1233

SC-1/2 147 0.103 0.052 2.675 1.389 0.0727 1.1916

Packing Configuration #1

T-Ampoule 241 0.139 0.070 3.859 2.000 0.1906 3.1233

Total 0.1906 3.1233

Packing Configuration #2

T-Ampoule 241 0.139 0.070 3.859 2.000 0.1906 3.1233

SC-2 147 0.103 0.052 2.675 1.389 0.0727 1.1916

SC-2 147 0.103 0.052 2.675 1.389 0.0727 1.1916

Total 0.3360 5.5065

Packing Configuration #3

T-Ampoule 241 0.139 0.070 3.859 2.000 0.1906 3.1233

SC-1 147 0.103 0.052 2.675 1.389 0.0727 1.1916

SC-1 147 0.103 0.052 2.675 1.389 0.0727 1.1916

SC-1 147 0.103 0.052 2.675 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-rings, while
the ID and w are provided from SAE AS568C "Aerospace Size Standard for O-rings". From
these dimensions, the volume of each O-ring is calculated using Eq. (1) and compared to the
values given in the SAE AS568C standard (as verification that the volume of each O-ring is
accurate). From these individual O-ring volumes, the total O-ring (volume) inventory in the TB-1,
for each of the three packing configurations, is obtained. Note that the TB-I 0-ring is not
used for the plutonium metal shipments and is not included in the volume calculation.

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, C02, COF 2 , HF, CF 4 , C2 F4, C3 F6 , C3 F6,
C4 F9. This is to be expected since the atomic species present in the two fluoropolymers are
nominally similar, both composed largely of carbon and fluorine. Once volatilized, these atomic
species will re-form into other molecular species having stoichiometries determined by the
prevailing thermodynamic conditions in the gas phase.

Viton A® is a vinylidene fluoride/hexafluoropropylene copolymer, manufactured by DuPont
Corporation, with a nominal composition of 78 wt% CF 2CH 2 and 22 wt% C3 F6 [ ]. (By
comparison, PTFE has a nominal composition of 100 wt% C2 F4. In the case of PTFE, the
hydrogenous compounds observed on pyrolysis would obtain the necessary hydrogen from
water vapor, which is invariably present during air oxidation.v) It is noted that air oxidation of
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PTFE can result in signirfcant fractions of higher molecular weight products, such as COF 2,v
relative to the oxidative pyrolysis of Vitoi Ae (which produces larger frartions of HF and CF4). In
order to be conservative, we will assume thai the pyrolysis producs of Viton AD are composed
of lower molecular weight products, resulting In the greatest number of moles of gaseous
reaction product, and therefore the largest pressure increase. Consequently, for gas generation
calculations, we will assume that the maximum amount of HF(g) is formed, since this specie
would form the greatest amount o1 produc, on a molar basis, from the degradation products,
and therefore represents the maximum pressure contribution of any (single) pyrolysis producL It
Is furiher assumred that any fluorine In excess of that taken up in the formation of HF(g) will react
with carton to form the maximum amount of CF4(g).

It is known that Viton AP contains inorganic fillers, such as metal oxides and diatomaceous
earth, to aid In processing."'" Again, to be conservatIve, no credit Is given for any non-,volattle

components withln the elaorrer.

In the following section. a calculation will be given of the pressure rise due to O-ring degradation

for Packing.Conrigriration N-3, which includes four O-rings, as shown in Table 1. Table 2 gives
the results of this calculation, as well as the results for Packing Configurations I & 2-

The basis of the calculation assumes the sequential forma.tion of

(1) HF, to completely account for the hydrogen present in the originar 0-ring material, then

(2) saturated fluorocarbon (CF4). to aocount for the excess amount of fluorine over that taken up
by HF formatlon, followed lastly by

(3) either CO(g) or C0 2(g), to accournt for the excess amount of carbon remaining after
accounting for the hydrogen and fluorine present In the original 0-rIng(s).

This reaction scheme results in the maximum number of moles of gaseous reaction Products,
thereby generating the highest amount of internal; pressure in the TEB- unoccupied volume.. This
is the most conservative case..

For Packing Configuration #3, the total elastomer volume is 6.698 cm3 (Table 1). Assuming an

elastomer specific gravity of 1.8 g/cru,,37 we have 12,057 g of elastomer material, or 9.404.g
(0.147 moles) CF2CH2 and 2.652 g (0.018 moles) C3F8. The overall decomposition reaction,
based on the assumed decomposition products is therefore

0.147 CF2CHI(s) + 0.018 C3FG(s) --- 0.320 C(s) + 0.294 HF(g) + 0.027 CF,(g) 12a)

0.320 C(s) + G. 160 02 (g) - 0.320 CO0 (g) or 0.320 CO(g) (2b)

For the elastomer inventory in Packing Configuration #3. we have

Pagc 4 of" 0
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9.404 g CFCH, 37.996gF g5 F ....
(64.o34 g CFCH,

9.404 g CF2CI-12 2ý016,•.• H 0.296 g H (4,

9.404 9 C F2C ( 24.0223 g C _3.528gC (5)

plus

2.652gCF( 13.9889F '2.015 gF (6)2.652 gc 14o .0o2lq•c, Foj 16

2,652! C.FO( 316.033 g C. 63-g5'0.021 g C .63 c (7)

or

7.596 g F (R)

4.165 g C (9)

0,296 g H (I0)

If we assume that all available hydrogen and lfuorine are liberated, and form the maximum
moles of gaseous products, we would have

0-296 g H.=

0.294 ooles hydrogen available for Hr generation, and
m6ole H,

7-595 g IF =040

7.SSgioeF 1|0.400moles total fl'uorine minus the 0.294 moles of flwuorne in HF. leaving16.998/
/898gmole IF

0. 106 moles of fluorine availablefoir CF4(g) generation, or 0.027 moles CF4(g. If these reaction
producs add hIcementally, and Ideally, then we would have 0294n•oies
HF(g) + 0.027 mole CF4(g), .or ;a total of 0.320 motes of gaseous, [-HF(g) + CF 4({)I reaction
products. For art unoccupied I•ternal TB- vo•lurne, of 1103.01 cm 3 (see Packing
Configuration#3 in Table 3),arnd T= 1030F '(582.2°C, 855.4 K) for the PAT-I hypothetical
accident condition, there would be a pressure increase or

Page S-of to
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(0.320 mote) .•.056atmicm/ l (855.4 KP /m~ole K (0.51.4K)

1103.O61=3

or 299,49 psi due to the assumed o-ring degradation products. Once the hydrogen and fluorine
are consumed in the formation of HF(g) and CF,(g), there is a theoretical excess of

41 1g 0,347 moles of carbon in the virgin elasiomer minus 0.027 moles carbon in

CF4. or 0.320 moles.

At this point we could assume that (1) the theoretical excess of carbon will remailn as solid,
unreactive char, or that (2) the excess carbon can be further reacted with oxygen to form CO(g)
or CO(g) (the formation of either CO(g) or C00(g) wrould produce the same number of motes of
gaseous reaction products and therefore,-in the ideat gas case, anequal pressure contribution).

The formation of residual carbon char, as opposed to the formation of CO(g) or CO=.(9), wouId
be supported based on (a) any oxygen present at the time of initial.packaging is scavenged
comrp4etely by the formation of plutonium oxide, and (bý the TB-i remains intact at the
theoretical accident conditions- Solfd char. is experimentally observed,, even in the oxidative
thermal decomposition of fluoroetastomers.i"' Further, for studies of the thernmal degradation of
Vitorn®A in non-oxidaizng environments, an incomplete volatitization of the polymer is evidenced
by a low yield of fluorine with respect to the theoretical quantity.'"' However, for the purposes of
a conservative estimate, we assume the case where additional oxygen were to be, made-
available in the TB-4 and sampte containers, in a quantity sufficient to react completely with the
excess carbon from- the elastomer, to produce CO(g) or COi (g); .Such a reaction would
increase the overall moles of gaseous eactMion products to 0.320 moles [HF(g)}+ CF 4(g)]
+ 0.320 moles |CO(g) or coU(g)1, thereby (approximately) doubling the overall pressure rise
frorn 20.38 atm to 40.76 atm, or 598.98 psi,

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

P gc 6 of 10
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Table 2. Calculation of eOastomer degradation products for the three Packfnq Conf•uations
described in Table I and shown schemalically in Figure 2. The summation in the right-hand
column of each row Is the total number of motes assuming that the excess carbon reacts
completely to form. gaseous produ&Z either CO(g, or C0 2(g).

acfkigr 4.385 g (0.068 moles) CF2CH2  0. 138 q (0.137 moles) H 0.137 motles HF(g)
Configu~ration #1 3~ ~~ 0.0 12 moles CFA(g)
(3.1233 cm3 of 32542 g (0.186 moles F 0.149 moles CO(g)

Viton"A) 1237 g (OOD8 moles) C0F 1.942 g1 (0.i 62 moles)C ZX= 0.299 motes

Packing 0.241 moles HF(g)
Configuratioen #2 , g(0.121 o F 0.243 g (0241 o H 0.022 moles CF4(g)

(5&5065 cm3 of 6.244 g (0.329 moles) F 0.263 moles CO(g)
VitonlA) 2.18t g (0.015 motes) C3F6  3.424 g (0,285 moles) C X= e.5Wnmotes

P1cking 9.404 g (0.4147 moles) CF2CH2  0296 g (0.294 moles) H 0.294 moles KF(g)
Configration 1 7..96 9 (0.400 motes) 0'027 moles CF4(g)
(6.698t cm• ol .9 040mls 0,320 moles CO~g)

V( t®A) o 2.652 9 (0.018 moles) C3Fe, 4.165 g (0.347 motes) C £ 0.640 moles

Table 3 gives the overall pressure rise calculat•!i for mlle three Ptaing Cornfjgurations,
using the appropriate 0-4ing inventory (Table 1) and unoccupied TB-I volume (Table 3) for each
Co¢figvation.

Pagc 7 of 10
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Table 3. Intemna volume of the TB-I container (top foe), and solid voiumes of T-ampoula, filler
ring, sample containers (SC- t or SC-2) and Pu metal payloads for each Packing Configuration
(volume of O-dnq lubricant and optional tantatum foil are not incdided); The amount, of ljbricant
on the O•-rig would be minimal to permit joining the lid to the body of the T-Ampoule or sample

containers. Cotumn 4 gives the prewori dse for the case of owmplte voiat7iiation of all
contained o4ing materials. Column 5 is a summation of the pressure rise from Column 4 plus an
addiional 2. atmospheres, due to an intiet I alm of pressure assumed to be present in the TB-
I at the time of packaging, and then heated from ambient to 582.2 K during the accident
scenario.

Volume Volume Pressure Pressure
components (in3) (cm3) rise (psi) rise (psia)

Empty TB-i 89.10 1460.09

Packing Configvai~on #I____ _____

.. .. -ampoule-. 128.31......
FlHer ring 0.90 • 4.75

Pu cylinder 831, g. 2.57 42,1 4

Uroccupio d TB-I volume T7-80 1Z74.91 241.63o 284.25

Packinig Configuratlion #2'
T-ampoule 7.83 128.31
Fifer ring 0.90 14375

SC-2 2.75 45.06
SC-2 2.75 45.06

SC-2 Cradle Assembly 4.90 80.30
Pu cylinder 1.1" 0 x 1.1 Ih 1.05 17.21
Pu cylinder 1. 0 x .1" h 1.05 17.21
Unoccupied TB-I volume 67.87 1112,19 488,33 530.9*4

T-ampoule 7T83 128.31
Filler ring 0.90 14.75

SC-1 2.15 -35.23
SC-• 2.15 -35.23
SC-i 2.15 .35.23

SC-1 Cradle Assembly 5.02 82Z26
Pu cylinder 0.88*0 x 0.88" h 0,53 8.69
Pu cylin der O,68"0 x 0.88" h 0.53 8,69 __________

Pu cylinder 0,8$"0 x:0,88" h 0,53 8,69
UnoccupiedTB-I volume 67.31 1103.01J 598.94 641.56
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The PAT-1 SARP (section 4.4,2) stipulates thai the maximum allowable internal TB-1 pressure,
in the theoretical accident conditions, must remain less than 1,110 psia. The results of this
hghly conservative calculation of the thermal degdation of Vitonri A in the theoretical accident
conditions show that this maximum internal pressure is not exceeded for any of the three
Packing Conrif tions,

Packing Confguration #1

W

Packing Configuration #2

Packing Configuration 03

Figure 2. Schematic illustration of the Packing Configurations of the TB-1

Page 9 of 10
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From SAE AS568C, 'Aerospace Size Standard for 0-ringse. ID, w, and Volume are provided
from Table 1, rand R are derived,

The TB-1 0-ring is not used for plutonium metal shipmehts.
•. A.K. Buruham and RXK. Weese. 'Kinetics of thermal degradation of explosive binders Viton A,
Estano, and Kel-F', Thermochimica Acta 426 (2005) pp. 85-92:
r. H. Arito and R. Soda "Pyrolysis Products of Polytetrafluoroethylene and
Polyletralluoroethylenepropylene wth Reference to Inhalallon Toxicology', Korean J. Chem.
Eng. 12 (1995) pp. 247-255.
". L,O. Scheel, W.C, Lane and W.E. Colemen, "The Toxicity of Potytetraethylene Pyrolysis
Products- Including Carbonyl Fluoride and a Reaction Product, Silicon Tetrafluoride', Amer. Ind-
Hygiene Ass. 29 (1968) pp. 41-48.

J'. j. F. Smilh and G. T. Perkins, 'The Mechanism of Post Cure of Viton A' Fluorocarbon
Elastomee", J. Appl. Polym. S-ci. 16 (1961) pp. 460-467.
"'. Technical Information - Vitono fluoroelaslorner Fluid Resistance Guide (DuPont Dow
Elastomers, 1998).

V", Technical Information - Viton A-100 (DuPont Dow Etastomers, 2003).
r. The ideal gas law gives relates pressure, as a function of temperature and volume, as
Pe nRTN. If temperature (T) is expressed in Kelvin, volume M is expressed in cml, and mass
(n) in moles, then the pressure can, be expressed in units of atmospheres (aim) using a.

conversion factor of (82.056 aIm cn m e)Iole, K

Analytical Pyrolysis of Synthetic Omanic Polymers, ed. by $erban Moldoveanu (2005) p-289:
I. Lee, R.R. Reed. V.L Brady. and S.A. Finnegan, "Energy release in the reaction of metal

powders with fluorine containing polymers*, J. Thermal Anal. 49 (1997) pp. 1699-1705.
"'. A.E. Venger, et at., "Thermogravimetric Study of the Thermal Decomposition of
poly(tetrafluoroethylene) under Nonisothermal Conditions", Veslsi Akadenii Navuk BS$R,
Seryya Fizika-Energetychnykh Navuk 2 (1976) pp. 65.
x'. G. J. lKipight and W. W, Wright, "The Thermal Degradation of Hydrofluoro Polymers', J. Appl.
Polym. Sci. 16 (1972) pp- 683-693..

Page tO of10

4-38



PAT-I Safety Analysis Report Addendum Docket No. 71-0361 Rev. I

4.5.5 Determination of A 2 for the PAT 1 Package with Plutonium Contents
Prepared by Monty L. Goins and reviewed by Drew Winder, both of B&W Y-12

Technical Services, L.L.C., on November 23, 2010.

Introduction

The containment criteria for radioactive, fissile material packages are given in
10CFR71.51(a)(1) for Normal Conditions of Transport (NCT) (<10-6A 2/h), in 71.51(a)(2)
for Hypothetical Accident Conditions (HAC) (<A 2 in a week), and 71.64(a)(1)(i) for Accident conditions
for air transport of plutonium (<A2 in a week). The A2 value for this mixture of radioisotopes must be
determined to establish the content containment criteria and to determine the maximum release quantity
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 A2," Section IV. The results of
these analyses are used to demonstrate compliance of the PAT-i package with the containment
requirements of 10 CFR 71.

Scope

The A2 value of the plutonium content to be shipped is evaluated based on the mass and weight
percents of materials shown in Tables 4.5.5.1 and 4.5.5.2 defined in Section 1.2.2 of the addendum. The
analysis documented in this section was conducted to establish the upper limit for the total activity and
the maximum number of A2s proposed for transport in the PAT-i package. The maximum activity
[53.281 TBq (1440.02 Ci)] occurs at initial fabrication. However, the maximum activity-to-A 2 value
(5.5708 H 103) of the contents occurs when the Pu-241 fully decays to Am-241. These values have been
determined using a maximum of 1300 gram of plutonium. By applying the weight percents of isotopes
shown in Tables 4.5.5.1 and 4.5.5.2, the maximum activity, minimum A2 value, and the minimum leakage
requirements were determined for the proposed contents and are summarized in Tables 4.5.5.3, 4.5.5.4,
and 4.5.5.5. The mass and isotopic concentrations used for the proposed content do not take into
consideration limits based on shielding, criticality or structural.

According to 10 CFR 71, Appendix A, parent and daughter nuclides are considered to be
a mixture of different nuclides than those of the parent nuclide. The radioactive decay of uranium (refer
to the decay chains presented by Dr. David C. Kocher, Radioactive Decay Data Tables [Kocher 1981])
creates isotopes that will accumulate enough activity to exceed their respective criteria for limited
quantities (Shippers CGeneral Requirements for Shipments and Packagings [49 CFR 173.425], Table 4,
AActivity Limits for Limited Quantities, Instruments, and Articles@) and for Type A quantities of
radionuclides (10 CFR 71, Table A-I, "A, and A2 Values for Radionuclides"). Furthermore, the A2 value
for the mixture will change over time as a result of radioactive decay. The analysis below shows that the
A2 value for this mixture reaches a minimum when the Pu-241 is fully decayed to Am-24 1.

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 a

Mass
Nuclide Weight percent (g)

Pu-238 0.050000 0.650000

Pu-239 92.350000 1200.550000

Pu-240 6.500000 84.500000

Pu-241 1.000000 13.000000

Pu-242 0.100000 1.300000

Am-241 0.000000 0.000000

Total 100.000000 1300.000000
a Entire weight of contents is assumed to be plutonium. Maximum content mass is assumed to be 1300 grams.

Table 4.5.5.2. Isotopic mass and weight percent for the Plutonium contents with full Pu-241
decay to Am-241a

Mass

(g)Nuclide

Pu-238

Pu-239

Pu-240

Pu-241

Pu-242

Am-241

Total

Weight percent

0.050000

92.350000

6.500000

0.000000

0.100000

1.000000

100.000000

0.650000

1200.550000

84.500000

0.000000

1.300000

13.000000

1300.000000

a Entire weight of contents is assumed to be plutonium. Maximum content mass is assumed to be 1300 grams.
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Table 4.5.5.3. A2 value and activity calculation for 1300 g of radioactive material at 0 years

Mass Specific activity Activity A2  f(i) f(i) / A 2Isotope (g) (TBq/g) (TBq) (TBq) (TBq/TBq) (1/TBq)

Pb-210

Pb-212

Bi-210

Bi-212

Po-210

Rn-222

Ra-223

Ra-224

Ra-225

Ra-226

Ra-228

Ac-225

Ac-227

Ac-228

Th-227

Th-228

Th-229

Th-230

Th-231

Th-232

Pa-231

Pa-233

U-232

U-233

U-234

U-235

U-236

Np-237

Pu-236

Pu-238

Pu-239

Pu-240

Pu-241

Pu-242

Mass =

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.65000

1200.5500

84.50000

13.0000

1.30000

1300.0000

2.8000E+00

5.1 OOOE+04

4.6000E+03

5.4000E+05

1.7000E+02

5.7000E+03

1.9000E+03

5.9000E+03

1.5000E+03

3.7000E-02

1.0000E+01

2.1 000E+03

2.7000E+00

8.4000E+04

1.1OOOE+03

3.OOOOE+01

7.9000E-03

7.6000E-04

2.OOOOE+04

4.OOOOE-09

1.7000E-03

7.7000E+02

8.3000E-0 1

3.6000E-04

2.30OOE-04

0.OOOOE+00

0.OOOOE+00

0.OOOOE+00

0.OOOOE+00

0.OOOOE+00

0.OOOOE+00

0.OOOOE+00

0.OOOOE-rOO

0.OOOOE--00

0. 0000E--00

0.OOOOErOO

0.OOOOE-00

0. 0000E--00

0.0000E+00

0.OOOOEx-00

0.OOOOE+00

0.OOOOE+00

0.OOOOE`00

0.OOOOE-÷00

0.OOOOE+00

0.OOOOE+00

0.OOOOE+00

0.OOOOE±00

0.OOOOE+00

0.OOOOE+00

5.00001--02

2.OOOOE-0 I

6.OOOOe-0 I

6.OOOOE-0 I

2.O0000E-02

4.OOOOE-03

7.OOOOE-03

2.OOOOE-02

4.OOOOE-03

3.OOOOE-03

2.OOOOE-02

6.OOOOE-03

9.OOO0ie-05

5.00O1--01

5.00001:-03

I .OOOOE-03

5.OOOOEý-04

1 .00O01,03

2.00OO1--02

I .OOOOE+75

4.OOOOE-04

7.OOOOE-0 I

I .0OOOE-03

6.00001--03

6.0000t--03

0.OOOOE+00

0.OOOOE+00

0.OOOOE+00

0.OOOOE+00

0.OOOOE±00

0.OOOOE+00

0.OOOOE+00

0.OOOOE+00

0.OOOOE+00

0.OOOOE+00

0.0000E-+00

0.0000E-+00

0.OOOOE±+00

0.OOOOE--00

0.OOOOE+00

0.OOOOE-00

0.0000E-00

0.OOOOE+00

0.OOOOE+00

0.0000E+100

0.OOOOE-00

0.OOOOE±00

0.00001:+00

0.OOOOE+00

0.0000E+00

0.OOOOE-i00

0.OOOOE--00

0.OOOOE±00

0.OOOOE+00

0.00001B-+00

0. 0000E-i00

0.OOOOE+00

0.OOOOE+00

0.OOOOE±00

0.OOOOE+00

0.OOOOE+00

0.00001-+00

0.000017+00

0.00001-00

0.OOOOE--00

0.0000O:+00

0.OOOOE+00

0.OOOOE-00

0.00001-+00

0.0000F+00

0.00001-~-+00

0.OOOOE+00

0.00001-±00

0.OOOOE+00

0.0000F+00

8.OOOOE-08

2-40OOE-06

2.600OF-05

0.OOOOE-00 I .OOOOE+75 0.OOOOE±+00 0.0000OE+00

0.OOOOE--00 6.OOOOE-03 0.OOOOE-i00 0.OOOOE+00

0.OOOOE--00 2.OOOOE-03 0.0000E+00 0.OOOOE+00

2.OOOOE+01

6.3000E-01

2.3000E-03

8.4000E-03

3.8000E+00

1.5000E-04

ACTIVITY SUM

0.OOOOE+00

4.0950E-01

2.7613E+00

7.0980E-01

4.9400E+01

1.9500E-04

5.3281 E+01

3.OOOOE-03

1.0000E-03

1.0000E-03

1.0000E-03

6.OOOOE-02

1.0000E-03

0.OOOOE+00

7.6857E-03

5.1825E-02

1.3322E-02

9.2716E-01

3.6599E-06

SUM OF F1 /A 2 =

0.OOOOE+00

7.6857E-00

5.1825F+01

1 .3322E+01

1 .5453 E--0I

3.6599E-03

8.8289E+01

(mixture)
3f(i) / A 2

1
8.8289 H 10' (I/TBq) 1.1326H 10-2 TBq

4-41



PAT- I Safety Analysis Report Addendum Docket No. 71-0361 Rev. I

Table 4.5.5.4. A2 value and activity calculation for 1300 g of radioactive material
with full Pu-241 decay to Am-241

Mass Specific activity Activity A2  f(i) f(i) / A 2(g) (TBq/g) (TBq) (TBq) (TBq/TBq) (I/TBq)

Pb-210

Pb-212

Bi-210

Bi-212

Po-210

Rn-222

Ra-223

Ra-224

Ra-225

Ra-226

Ra-228

Ac-225

Ac-227

Ac-228

Th-227

Th-228

Th-229

Th-230

Th-231

Th-232

Pa-231

Pa-233

U-232

U-233

U-234

U-235

U-236

Np-237

Pu-236

Pu-238

Pu-239

Pu-240

Pu-241

Pu-242

Am-241

Mass =

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.65000

1200.5500

84.50000

0.0000

1.30000

13.0000

1300.0000

2.8000E+00

5. 1 OOOE+04

4.6000E--03

5.4000E+-05

1 .7000E+02

5 .7000E+03

1 .9000E+03

5 .9000E+03

1 .5000E+03

3.7000E-02

I OOOOE-rO

2. 1 OOOE+03

2.7000E±00

8.4000E+04

1.I1OOOE+03

3.OOOOE±0 I

7.9000E-03

7 .60001,04

2.OOOOE+04

4.0OOOr-09

I .7000E-03

7.7000E+02

8.3000E-01

3 .6000E-04

2.3000E-04

8.OOOOE-08

2.4000E-06

2.6000E-05

2.OOOOE±0 I

6.3000E-0 I

2.3000E-03

8.4000E-03

3.8000E+00

I .5000E-04

I .3000E-01

Activity sum

0.OOOOE+00

0.OOOOE+00

0.OOOOE+00

0.OOOOE-i00

0.OOOOE+00

0.OOOOE+00

0.0000r+00

0.OOOOE+00

0.OOOOE±00

0.OOOOE+00

0.OOOOE+00

0.OOOOE+00

0.OOOOE±00

0.OOOOE+00

0.0000E+00

0.OOOOE+00

0.OOOOE+00

0.OOOOE+00

0.OOOOE+00

0.00001-+00

0.OOOOE±00

0.OOOOE+00

0.0000E+00

0.OOOOE+00

0.OOOOE+00

0.OOOOE+00

0.0000Et-00

0.OOOOE+00

0.OOOOE+00

4.0950E-0 I

2.76 13E+00

7.0980E-0 I

0.0000E+00

I .9500E-04

1 .6900E+00

5.5708E+00

5.OOOOE-02

2.OOOOE-0 I

6.OOOOE-0I

6.OOOOE-0 I

2.OOOOE-02

4.0000E-03

7.OOOOE-03

2.00OO1--02

4.OOOOE-03

3 .OOOOE-03

2.OOOOE-02

6.OOOOE-03

9.OOOOE-05

5 .OOOOE-0 I

5 .00O1--03

I .OOOOF-03

5.OOOOE-04

I .OOOOE-03

2 .OOOOE-02

I .OOOOE+75

4.OOOOE-04

7.OOOOE-0 I

L OOOOE-03

6.OOOOE-03

6.OOOOE-03

I OOOOE+75

6.OOOOE-03

2.OOOOE-03

3.OOOOE-03

I -OOOOE-03

1 .OOOOE-03

I .OOOOE-03

6.00OOE&02

I .OOOOE-03

I OOOOE-03

0.OOOOE-+00

0.0000E+00

0.0000E+00

0.OOOOE±00

0.00001--00

0.OOOOE+00

0.OOOOE+00

0.00001-00

0.0000E+00

0.0000E+00

0.0000E+00

0.0000E+00

0.OOOOE-{00

0.0000E+00

0.0000O-+00

0.00001-00

0.00001:+00

0.OOOOE+00

0.0000O,+00

0.OOOOE+00

0.0000E+00

0.0000E+00

0.OOOOE+00

0.OOOOE±00

0.00001E+00

0.00001-00

0.0000E+00

0.0000E+00

0.OOOOE+00

7.3 509E-02

4.9567E-01

I .2742E-0I

0.00001:+00

3-5004E-05

3.0337E-01

Sum of f,/A2 =

0.OOOOE+00

0.0000FE+00

0.0000E+00

0.0000E+00

0.OOOOE+00

0.OOOOE+00

0.OOOOE+00

0.0000E+00

0.0000E+00

0.0000E+00

0.OOOOE+00

0.OOOOE+00

0.00001--+00

0.0000E+00

0.0000E+00

0.0000E+00

0.00001:+00

0.OOOOE+00

0.0000OE+00

0.0000E+00

0.OOOOE+00

0.OOOOE+00

0.OOOOE+00

0.OOOOE+00

0.0000E+00

0.OOOOE+00

0.OOOOE+00

0.OOOOE+00

0.OOOOE+00

7.3509E+0 I

4.9567F+02

1 .2742E~+02

0.OOOOE+00

3.5004E-02

3 .0337E+02

I.OOOOE+03

0

A2 (mixture) 1 .0000 H 10.' TBq
3f(i) / A2 1.0000 H 103 (I1/TBq)
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The total number of A2 proposed for shipment is equal to the ratio of total activity divided by the A2 of
this particular mixture as shown in Table 4.5.5.5.

Table 4.5.5.5. Activity, A 2 value, and number of A2 proposed for transport

Activity A2

Isotopic distribution (TBq) (TBq) Act / A2

Full Pu-241 5.3281E+01 1.1326E-02 4.7042E+03
(see Table 4.5.5. 1)

Full Am-241 5.5708E+00 1.0000E-03 5.5708E+03
(see Table 4.5.5.2)
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4.5.6 Calculation of the PAT-I Containment Vessel's Regulatory Reference
Air Leakage Rates
Prepared by Monty L. Goins and reviewed by Drew Winder, both of B & W Y-12

Technical Services, L.L.C., on November 23, 2010.

Introduction

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
Tables 4.5.5.1 and 4.5.5.2. Section 5 of ANSI N14.5-1997 defines the maximum allowable leakage rate
based on the maximum allowable release rate. These leakage rates, LN , LA, and LpA , are the maximum
allowable seal leakage rates for Normal Conditions of Transport (NCT), Hypothetical Accident
Conditions (HAC), and Accident condition 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 a helium leakage rate for leak testing. A bounding mass for the plutonium
content of 1300 gram is used in this calculation to certify the PAT-I package for shipment. The
maximum allowable leakage rates are calculated using this maximum 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 RN , RA, and RPA: 0

where
RN = allowable release rate for normal conditions of transport;
RA = allowable release rate for hypothetical accident condition, and
RPA = allowable release rate for accident condition for air transport of plutonium.

The maximum allowable release rate is based on using A2.

A, = 1.1326 x 10-2 TBq, (3.0611 x 10-' Ci). Table 4.5.5.5

The containment requirements for NCT, HAC, and ACATP are:

RN = A2 x 10-6TBq/h = A2 x 2.78 x 10'0 TBq/s, ANSINI4.5-1997 (Eq. 1)
= 1.1326 x 10-2 x 2.78 x 10° TBq/s,
= 3.1488 x 10-12 TBq/s, (8.5102 H 10-f Ci/s).

RA = A2 (TBq/week),
= A, x 1.65 x 10-6 (TBq/s), ANSI N14.5-1997 (Eq. 2)
= 1.1326 x 10-2 X 1.65 x 10.6 TBq/s,
= 1.8689 x 10s TBq/s, (5.05 10 x I0-7 Ci/s). or limited to 10 A2 /week of 85Kr

RPA = A2 (TBq/week),
= A2 xl.65 x 10-6 (TBq/s), ANSI N14.5-1997 (Eq. 2)
= 1.1326 x 10-2 x 1.65 x 10-6 TBq/s, 0
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= 1.8689 x 10-8 TBq/s, (5.05 10 x 10-7 Ci/s).

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

m = total nuclide mass in the package available for release (g),
TotA = total 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 (g), Table 4.5.5.5
TSA = 4.0985 x 10.2 TBq/g.

pp = 9 x 10-6 g/cm 3. The maximum density of powder aerosols in the fill gas
Curren, W.D. and R.D. Bond, 1980, Leakage qf
Radioactive Powders from Containers.

For the packaging arrangement:

CN activity per unit volume of medium that could escape from the containment
system (TBq/cm3).

CN = TSA x pp,
= 4.0985 x 10-2 (TBq/g) x 9 x 10-6 (g/cm 3),

CN = 3.6887 x 10. TBq/cm3 . NCT

Using Curren's maximum aerosol density, CA = CN = CPA:

CA = activity per unit volume of exiting gas (TBq/cm3), HAC
CA = 3.6887 x 10-7 TBq/cm 3.

CPA = activity per unit volume of exiting gas (TBq/cm3 ), ACATP
CPA = 3.6887 x 10-7 TBq/cm 3.

Section 6.1 of ANSI N14.5-1997 calculates LN with (Eq. 3) and LA, and LpA with (Eq. 4). LN, LA, and LPA
are the maximum allowable leakage rates for the containment vessel fill gas aerosol during NCT, HAC,
and ACATP, respectively.

LN = maximum allowable leakage rate for the medium for NCT (TBq/cm3 ),
LN = RN / CN, ANSI N14.5-1997 (Eq. 3)
LN = 3.1488 x 10-"2 (TBq/s) / 3.6887 x 10-7 (TBq/cm 3),
LN = 8.5363 x 10-6 cm 3/s.

LA = maximum allowable leakage rate for the medium for HAC (TBq/cm 3),
LA = RA / CA,

LA = 1.8689 x 10-' (TBq/s) / 3.6887 x 10.' (TBq/cm 3),
LA = 5.0665 x 10.2 cm 3/s.

LPA = maximum allowable leakage rate for the medium for ACATP (TBq/cm 3),
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LpA = RpA / CPA,

LpA = 1.8689 x 10.8 (TBq/s) / 3.6887 x I0-7 (TBq/cm3),
LPA = 5.0665 x 10-2 cm3 /s.

LN , LA, and LPA correspond to the upstream volumetric leakage rate (La) at the upstream pressure
(Pu) in the ANSI N14.5-1997 formulas for use later in this section. The reference air leakage rates LRN.

LRA, and LRPA for NCT, HAC, and ACATP based on the LN, LA, and LPA are then calculated using the
maximum temperatures and pressure combinations from Sections 4.2, 4.3, and 4.3.1.

Determination of the Leakage Test Procedure Requirements for the Plutonium Content

This 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 A2 value and the maximum content activity-to-A 2 value ratio for this mixture were calculated in
Section 4.5.5 and summarized in Table 4.5.5.5. As calculated in Section 4.5.5, the A-, value and the
maximum content activity-to-A2 ratio used in the following calculations occur at initial fabrication and
are 1.1326 x 10-2 TBq (3.0611 x 10I Ci) and 4.7042 x 103 respectively. These values are used
to determine the leakage test procedural requirements when packaging the TB-I containment vessel.

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

LN and LA correspond to the upstream volumetric leakage rate (Lu) at the upstream pressure (P,).

LN = 8.5363 x 10-6 cm 3/s,
LA = 5.0665 x 10-2 cm 3/s,

LPA = 5.0665 x 10-2 cm 3/s.

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

T - 273.15 + T(0C),
T = 273.15+5 /9(F-32)(K).

TN = 273.15 + 5 /9 (218.000 F- 32) (K), (T = 218.00°F)
TN = 376.48 K. NCT (Section 4.2)

TA = 273.15 + 5 / 9 (276.00°F - 32) (K), (T = 276.00°F)
TA = 408.71 K. HAC (Section 4.3)

TpA = 273.15 + 5 / 9 (1080.00°F- 32) (K), (T = 1080°F)

TPA = 855.37 K. ACATP (Section 4.3.1)

Converting the pressures from psia to atmospheres:
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PN

PN
PN

PA

PA

PA

= P (psia) / 14.696 (psia/atm),
= 18.872 (psia) / 14.696 (psia/atm),
- 1.2842 atm.

= P (psia) / 14.696 (psia/atm),
20.486 (psia) / 14.696 (psia/atm),

= 1.3940 atm.

where P is the pressure in Section 4.2
for NCT

where P is the pressure in Section 4.3
for HAC

For ACATP conditions, a pressure of 1110 psia will be analyzed:

PPA

PPA

PPA

P (psia) / 14.696 (psia/atm),
1110 (psia) / 14.696 (psia/atm),
75.5308 atm.

where P is the pressure in Section 4.3.1
for ACATP

The molar gas percentages, determined later in this section for ACATP at 1110 psia, will be used for the
PPA analysis during ACATP.

NCT Leakage Hole Diameter for the Plutonium Content

The following calculations determine the leakage hole diameter that generates the maximum
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 Section 4.1.1, the
gas inside the containment vessel may consist of nitrogen/helium/argon with a maximum 100 parts per
million of oxygen. Based on sample calculations, the lowest regulatory leakage rate was predicted with
100 percent helium in the void volumes of the TB-i containment 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 100% helium gas:

LN

Pu
Pd

a
T

ML
M

8.5363 x 10-6 cm 3/s,
1.2842 atm,
0.2382 atm,
0.056 cm,
376.48 K,
0.023 10 cP,
4.0 g/g-mole.

Maximum upstream leakage
Upstream pressure = 18.872 psia

Downstream pressure = 3.5 psia, per 10 CFR 71.71(3)
Leak path length (copper gasket seal compression)

Fill gas temperature = 218.OOEF
Viscosity at temperature

Molecular weight of fill gas

The average pressure is:

Pa

Pa

(Pu + Pd)/ 2 ,
(1.2842 + 0.2382) / 2,
0.7612 atm. Average pressure during NCT

According to ANSI N14.5-1997, the flow leakage hole diameter is unknown. Therefore, the
mass-like leakage flow rate must be calculated to calculate the average leakage flow rate.
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SQ is the mass-like leakage for flow using the upstream leakage, Lu, and pressure, P,:

Q
L,

Q
Q

Q
La
La,

(Eq. BI)
NCT leakageLN.

(1.2842)(atm) (8.5363 x 10-6)(cm 3/s),
1.0962 x 10-5 atm-cm 3/s.

Pa La,
Q / Pa = 1.0692 x 10-5 (atmcm3/s) / (0.7612)(atm),
1.4403 x 10-5 10-5 cm 3/s.

NCT mass-like leakage rate

(Eq. B1)

NCT average leakage rate

Solve equations B2BB4 from ANSI N14.5-1997:

La = (F, + Fm) (Pu - Pd) cm 3/s,
La = (Fc + Fm) (1.2842 - 0.2382),
La = (1.0460) (Fc + Fm) cm 3/s.

Fc = (2.49 x 106) D4 / (a lt) (cm 3/atm-s),
Fc = (2.49 x 106) D4 / ((0.056) (0.02310)),
Fc = (1.9245 x 109) D4 cm 3/atm-s.

Fm = (3.81 x 103) D3 (T / M)./ (a Pa) (cm 3/atm-s),
Fm = (3.81 x 103) D3 (376.48 / 4.0)5 / ((0.056) (0.7612)),
Fm = (8.6717 x 105) D3 cm 3/atm-s.

From the mass-like leakage calculation:

(Eq. B2)

(Eq. B3)

(Eq. B4)

La 1.4403 x I0_5 cm 3/s. NCT average leakage rate

Find the leakage hole diameter that sets:

L2 La.

Using the equations:

L2 = (1.0460) (F, + Fm) cm 3/s,

F = (1.9245 x 109) D4 cm 3/atm-s,
Fm = (8.6717 x 105) D 3 cm 3/atm-s.

To get a better guess on a new D use:

D = D 2 (La / L 2)
0.252.

Now a guess must be made for D2 to solve Eq. B2 for NCT:

D2 0.001 cm, and solve for La = 1.4403 x 1 0_5 cm 3/s. NCT average leakage rate
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Diameter F Fm L2  L2 / L2

1.0000E-03 1.9245E-03 8.6717E-04 2.9201E-03 0.0049

2.6221 E-04 9.0966E-06 1.5632E-05 2.5867E-05 0.5568

2.2623E-04 5.0410 1E-06 1.0041 E-05 1.5775E-05 0.9129

2.2110 E-04 4.5987E-06 9.3723E-06 1.4614E-05 0.9855

2.2028E-04 4.5315E-06 9.2693E-06 1.4436E-05 0.9976

2.2015E-04 4.5207E-06 9.2528E-06 1.4407E-05 0.9996

2.2013E-04 4.5190E-06 9.2502E-06 1.4403E-05 0.9999

2.2013E-04 4.5187E-06 9.2498E-06 1.4402E-05 1.0000

The NCT leakage hole diameter for the plutonium content:

D 2.2013 x 10-4 cm. NCT diameter

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 testing must ensure that no leakage is
greater than the leakage generated by the hole diameter D = 2.2013 X 10-4 cm. Therefore, the NCT
reference leakage flow rate (LR, N) must be calculated to determine the allowable test leakage rate.

Input data for NCT reference air leakage rate:

D
a
Pa
Pd

T
M

1.1

= 2.2013 x 10-4 cm,
= 0.056 cm,
= 1.0 atm,
= 0.01 atm,
= 298 K,
= 29 g/g-mole,
= 0.0185 cP,

From NCT
Leak path length (copper gasket seal compression),

Upstream pressure
Downstream pressure

Fill gas temperature, 77'F
Molecular weight of air

Viscosity of air at reference temperature

Calculate P,:

Pa

Pa

F,
F,
Fc
Fc

(Pu + Pd) / 2 ,
= (1.0 + 0.01)/2,
= 0.505 atm. NCT average pressure

= (2.49 x 106) D4 / (a [t) (cm 3/atm-s),
= (2.49 x 106) (2.2013 x 10-4) / ((0.056) (0.0185)),
= (2.4035 x 109) (2.2013 x 10-4)4,

= 5.6433 x 10-6 cm 3/atm-s.

= (3.81 x 103) D3 ( T / M )5 /(a Pa) (cm 3/atm-s),

(Eq. B3)

(Eq. B4)
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Fm = (3.81 x. 103) (2.2013 x 10-4)3 (298 / 29)' / ((0.056) (0.505)),
Fm = (4.3187 x 105) (2.2013 . 10-4)3,

Fm = 4.6066 x 10-6 cm 3/atm-s.

L = (Fc + Fmo) (Pu- Pd) (Pa / P") (cm 3/s), (Eq. B5)
L = (5.6433 x 10-6 + 4.6066 H 10' 6)(cm 3/atm-s) (1.0 - 0.01)(atm) (0.505 / 1.0),
L, = (1.0250 x 10-6)(cm 3/atm-s) (0.49995)(atm),
Lu = 5.1244 x 10-6 cm 3/s.

The reference air leakage rate as defined in ANSI N 14.5-1997, Section B.3, is the upstream leakage in air.

LR,N-Air = 5.1244 x 10-6 ref-cm 3/s. plutonium content

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

M = 4 g/g-mole, Molecular weight of helium

= 0.0198 cP. Viscosity of helium at temperature

Fc = (2.49 x 106) D4 / (a jt ) (cm 3/atm-s), (Eq. B3)
F, = (2.49 x 106) (2.2013 x 10-4) 4 / ((0.056) (0.0198)),
F = (2.2457 x 109) (2.2013 Hx 104)4,
Fc = 5.2728 x 10-6 cm 3/atm-s.

Fm = (3.81 x 103) D3 (T / M) 5 / (a Pa) (cm 3/atm-s), (Eq. B4)
Fm (3.81 x 103) (2.2013 x 10-4) 3 (298 / 4.0)-/ ((0.056) (0.505))
Fm = (1.1629 x 106) (2.2013 x 10-4) 3,

Fi = 1.2404 x 10-5 cm 3/atm-s.

Lu = (Fc + F.,) (Pu - Pd) (Pa / Pu) (cm 3/S), (Eq. B5)
Li = (5.2728 x 106 + 1.2404 x 10-5 )(cm 3/atm-s) (1.0 - 0.01)(atm) (0.505 / 1.0),
Li = (1.7676 x 10-5)(cm 3/atm-s) (0.49995)(atm),
L, = 8.8373 x 10-6 cm 3/s.

The allowable leakage rate using helium for leak testing is:

LR,N-Hie = 8.8373 x 106 cm 3/s. NCT helium test value

HAC Leakage Hole Diameter for the Plutonium Content

The calculation of a maximum 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 temperature and pressure 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 = 5.0665 H 10-2 cm 3/s, Maximum exit leakage
Pu = 1.3940 atm, Upstream pressure = 20.486 psia
Pd 1.0 atm, Downstream pressure
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T
I'
M
a

Pa

Pa

= 408.71 K,
= 0.02442 cP,
= 29 g/g-mole,
= 0.056 cm.

Fill gas temperature = 276TF
Viscosity of gas mixture at temperature

Molecular weight of gas mixture
Leak path length (copper gasket seal compression)

= (P" + Pd) / 2
= (1.3940 + 1.0) 2,
= 1.1970 atm.

HAC average pressure

Q is the mass-like leakage for flow using the upstream leakage, L., and pressure, P,:

Q
LQ

Q
Q
Q

La

La
La

= Pu Lu,
= LA.

(Eq. BI)
HAC leakage

(l.3940)(atm) (5.0665 x 10-2)(cm 3/s),
= 7.0626 x 10.2 atm-cm3/s.
= Pa La,

= Q/Pa
= 7.0626 x 10.2 (atm-cm 3/s) / (1.1970)(atm),
= 5.9003 x 10-2 cm 3/s.

HAC mass-like leakage rate
(Eq. BI)

HAC average leakage rate

Solve equations B2BB4 from ANSI N14.5-1997:

La

La
La

Fm

Fm

Fm

(Fc + F,,) (P. - Pd) (cm 3/s),

(F, + Fm) (1.3940 - 1.0),
0.3940 (Fc + Fm) cm 3/S.

(2.49 x 106) D4 / ( a !t ) (cm 3/atm-s),
(2.49 x 106) D4 / ((0.056) (0.02442)),
(1.8211 x 109) D4 cm 3/atm-s.

(3.81 x 103 ) D3 (T / M) 5 / (a Pa) (cm 3/atm-s),
(3.81 x 103) D3 (408.71 / 4.0)- / ((0.056) .(1.1970)),
(5.7454 x 105) D3 cm 3/atm-s.

(Eq. B2)

(Eq. B3)

(Eq. B4)

From the mass-like leakage calculation:

La 5.9003 H 10.2 cm 3
/s. HAC average leakage rate

Find the leakage hole diameter that sets:

L, = La.

Using the equations:

= 0.3940( F, + Fm) cm 3/s,
(1.8211 x 109) D4 cm3/atm-s,

= (5.7454 x 105) D 3 cm 3/atm-s.Fm
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To get a better guess on a new D use:

D = D2 (La / L2)0 252 .

Now a guess must be made for D 2 to solve Eq. B2 for HAC:

D- = 0.001 (cm), and solve for La = 5.9003 H 10-2 (cm 3/S). HAC average leakage rate

Diameter F, Fm L 2  La / L 2

1.0000E-02 1.82111E+01 5.7454E-01 7.4014E+01 0.00797

2.9593E-03 1.3967E-02 1.4890E-02 6.0896E-02 0.96891

2.9359E-03 1.3530E-02 1.4539E-03 5.9034E-02 0.99948

2.9355E-03 1.3523E-02 1.4533E-03 5.9004E-02 0.99999

2.9355E-03 1.3523 E-02 1.4533E-03 5.9003E-02 1.00000

The HAC leakage hole diameter for the Plutonium content is:

D 2.9355 H 10-3 cm. HAC diameter

HAC Reference Air Leakage Rate for Plutonium Content

The leakage hole diameter found for the maximum 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 = 2.9355 x 10-3 cm. Therefore, the HAC
reference air leakage rate (LR, A) must be calculated to determine the acceptable test leakage rate for
post-HAC leakage testing.

Input data for HAC reference air leakage rate:

0

D
a
Pu
Pd
T
M

= 2.9355 x 10-3 cm,

0.056 cm,
= 1.0 atm,
= 0.01 atm,
= 298 K,
= 29 g/g-mole,
= 0.0185 cP.

From the HAC of transport
Leak path length (copper gasket seal compression)

Upstream pressure
Downstream pressure

Fill gas temperature, 77EF
Molecular weight of air

Viscosity at temperature

Calculate Pa:

Pa

Fc
Fc
F,

= (Pu + Pd) / 2
= 0.505 atm. HAC average pressure

= (2.49 x 106) D 4 / ( a p ) (cm 3/atm-s),
= (2.49 x 106) (2.9355 x 10-) 4/ ((0.056) (0.0185)),
= (2.4035 x 109) (2.9355 x 10-3) 4,

(Eq. B3)
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F, 1.7847 x 10-' cm 3/atm-s.

Fm = (3.81 x 10') D3 (T / M)s / (a Pa) (cm 3/atm-s), (Eq. B4)
Fm = (3.81 x 103) (2.9355 x 10-3) 3 (298 / 29)s / ((0.056) (0.505)),
Fm = (4.3 187 x 105) (2.9355 x 10-3) 3,

Fm = 1.0924 x 10-2 cm3/atm-s.

Lu = (F, + Fmo) (Pu - Pd) (Pa / P") (cm 3/s), (Eq. B5)
L = (1.7847 x 10-' + 1.0924 x 10.2 )(cm 3/atm-s) (1.0 - 0.01)(atm) (0.505 / 1.0),
L = (1.8939 x 10-1 )(cm 3/atm-s) (0.49995)(atm),
Lu = 9.4686 x 10.2 cm 3/s.

The HAC reference air leakage rate as defined in ANSI N 14.5-1997, Section B.3, is the upstream leakage
in air.

LRA-Air = 9.4686 x 10.2 ref-cm 3/S. for plutonium content

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

M = 4 g/g-mole, Molecular weight of helium
1_ = 0.0198 cP. Viscosity of helium at temperature

Fc = (2.49 x 106) D 4 / (a it) (cm 3/atm-s), (Eq. B3)
Fc = (2.49 x 106) (2.9355 H 103 cm) 4 / ((0.056) (0.0198)),
F = (2.2457 x 109) (2.9355 H 10-3 cm) 4,

F = 1.6675 x 10- cm 3/atm-s.

Fm = (3.81 x 103) D 3 (T / M)" 5 / (a Pa) (cm 3/atm-s), (Eq. B4)
Fm = (3.81 x 103) (2.9355 x 10-3 cm) 3(298 / 4).5/((0.056) (0.505)),
Fn = (1.1629 × 106) (2.9355 × 10-. cm) 3,
Fm = 2.9415 x 10-2 cm 3/atm-s.

Lu = (Fc + Fm) (Pu - Pd) (P / Pu) (cm 3/s), (Eq. B5)
L, = (1.6675 x 10- + 2.9415 x 10-2 )(cm 3/atm-s) (1.0 - 0.01)(atm) (0.505 / 1.0),
L, = (1.9617 x 10-' )(cm 3/atm-s) (0.49995)(atm),
L, = 9.8072 x 10!2 cm 3/s.

The allowable leakage rate using helium for leak testing for HAC is:

LR,A-He = 9.8072 x 10-2 cm3/s. HAC helium test value

Accident Condition for Air Transport of Plutonium (ACATP)

The calculation of a maximum 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 maximum values for temperature and pressure were used as
steady-state conditions for a week. The maximum values were generated during the 60-min bum test for
ACATP [10 CFR 71.74(a)(5)]. In accordance with 4.5.3, 1.42 H 10-7 moles of He gas are generated per
gram of plutonium in one year. Therefore, using 1300 grams of plutonium, 1.846 H 10-4 moles of helium
is generated in one year. The basic assumption for the packaging assumed that the contents are
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assembled inside a glove box filled with an inert gas. Using helium as the inert gases will lower the
regulatory leakage criteria. Therefore, the 1103.01 cm 3 of void volume would contain 0.0452 moles of
helium. According to the 0-ring decomposition and pyrolysis of ancillary plastic analysis shown in
Section 2.12.8, the following molar quantity of gases (shown in the table below) are created during
ACATP for each proposed ancillary plastic type.

Common Name Units Metalized PET Polyethylene PVC Teflon(PTFE)'

Chemical name Polyethylene Polyvinyl polytetrafluoro-
of monomer terephthalate Polyethylene chloride ethylene
Monomer formula Cj 0H80 4  CH2  C2H4CI C2F4

Allowable mass g 6.9 3.5 12.2 12.5
(plastic only)

Molar Contribution (mol) -. .

Original mol 0.0452 0.0452 0.0452 0.0452
Atmosphere
O-ring Thermal
Decomposition

HF mol 0.2940 0.2940 0.2940 0.2940

CF4  mol 0.0270 0.0270 0.0270 0.0270

C02 mol 0.3200 0.3200 0.3200 0.3200

Helium generated mol 0.0002 0.0002 0.0002 0.0002
from alpha decay
Subtotal of all mol 0.6864 0.6864 0.6864 0.6864
above sources
Ancillary Plastic --
thermal decomposition
and oxidation

C02 mol 0.3577 0.2504 0.2504 0.2504

H2 0 mol 0.1431 0.2504 0.1878

012 mol . 0.0626
F2  mol 0.2504

Total mol 1.1872 1.1872 1.1872 1.1872

0
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This table represents four different packaging scenarios. The gases in each scenario are assumed
perfectly mixed generating the following gas percentages:

Shipping arrangement ancillary plastic material
(percent of total gas mixture)

Gas Polyethylene Polyethylene Polyvinyl Polytetrafluoroethylene
constituents terephthalate chloride

He 3.8241 3.8241 3.8241 3.8241

HF 24.7642 24.7642 24.7642 24.7642

CF4  2.2743 2.2743 2.2743 2.2743

CO2  57.0838 48.0458 48.0458 48.0458

H20 12.0536 21.0916 15.8187 0.0000

C12  0.0000 0.0000 5.2729 0.0000

F2  0.0000 0.0000 0.0000 21.0916

Total 100.0000 100.0000 100.0000 100.0000

Normally, the leakage hole length, a, is assumed to be the basic diameter of the 0-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 calculations are shown for the case where
the Pu-241 has not decayed to Am-241 and the ancillary plastic is metalized PET. Table 4.5.6.1
summarizes the results for both decay conditions with the various gas mixtures.
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Input data for ACATP:

LPA

Pu
Pd

T

M
a

Pa

Pa

5.0665 x 10-2 cm 3/S,
75.5308 atm,
1.0 atm,
855.37 K,
0.04168 cP,
34.40 g/g-mole,
0.056 cm.

Maximum exit leakage
Upstream pressure = 1110 psia (PpA)

Downstream pressure
Fill gas temperature = 1080'F

Viscosity of gas mixture at temperature
Molecular weight of gas mixture

Leak path length (copper gasket seal compression)

= (PU + Pd ) / 2
= (75.5308 + 1.0)/2,
= 38.2654 atm.

ACATP average pressure

Q is the mass-like leakage for flow using the upstream leakage, Lu, and pressure, P.:

Q
LQ
Q
Q

Q

La
La
La

Pa Lu,
LA.

(75.5308)(atm) (5.0665 H 10-2)(cm 3/s),
3.8268 atm-cm 3/s.

(Eq. B1)
ACATP leakage

ACATP mass-like leakage rate

Pa La, (Eq. B1)

- Q/Pa
= 3.8268 (atm-cm 3/s) / (38.2654)(atm),

1.0001 H 10-' cm 3/s. ACATP average leakage rate

Solve equations B2BB4 from ANSI N 14.5-1997:

La = (Fc + Fmn) (Pu - Pd) (cm 3/s),
La = (Fc + Fm) (75.5308 - 1.0),
La = 74.5308 (Fc + Fm) cm 3/s.

Fc = (2.49 x 106) D 4 / ( a ji) (cm 3/atm-s),

Fc = (2.49 x 106) D4 / ((0.056) (0.04168)),
Fc = (1.0668 x 109) D4 cm 3/atm-s.

Fm = (3.81 x 103) D3 (T / M) 5 / (a Pa) (cm 3/atm-s),
Fm = (3.81 × 103) D3 (855.37 / 34.40).5 / ((0.056) (38.2654)),
Fm = (8.8665 103) D3 cm 3/atm-s.

(Eq. B2)

(Eq. B3)

(Eq. B4)

From the mass-like leakage calculation:

La 1.0001 H 10-' cm 3/s. ACATP average leakage rate

Find the leakage hole diameter that sets:

L, La.
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Using the equations:

L, = 74.5308 ( F, + Fm) cm 3/s,
F, = (1.0668 x 109) D4 cm 3/atm-s,
Fm = (8.8665 x 103) D3 cm 3/atm-s.

To get a better guess on a new D use:

D = D 2 (La / L 2)
0 252.

Now a guess must be made for D2 to solve Eq. B2 for ACATP:

D2 = 0.01 (cm), and solve for La = 1.0001 H 10- (cm 3/S). ACATP average leakage rate

Diameter F, Fm L 2  La / L 2

1.0000E-02 1.0668E+01 8.8665E-03 7.9574E+02 0.00013

1.0400E-03 1.2477E-03 9.9722E-06 9.3738E-02 1.06687

1.0571 E-03 1.3319E-03 1.0472E-05 1.0005E-01 0.99961

1.0569E-03 1.33 13E-03 1.0469E-05 1.0001E-01 1.00000

The ACATP leakage hole diameter for the Plutonium content is:

D 1.0569 H 10'3 cm. ACATP diameter

ACATP Reference Air Leakage Rate for Plutonium Content

The leakage hole diameter found for the maximum allowable leakage rate for ACATP 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 = 1.0569 x 10-3 cm. Therefore, the ACATP
reference air leakage rate (LR, PA-AIR) must be calculated to determine the acceptable test leakage rate for
post-ACATP leakage testing.

Input data for ACATP reference air leakage rate:

D
a
Pu
Pd

T
M

1-t

1.0569 x 10-3 cm,

0.056 cm,
1.0 atm,
0.01 atm,
298 K,
29 g/g-mole,
0.0185 cP.

From the ACATP of transport
Leak path length (copper gasket seal compression)

Upstream pressure
Downstream pressure

Fill gas temperature, 77'F
Molecular weight of air

Viscosity at temperature
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Calculate Pa:

Pa = (PU + Pd)/ 2
= 0.505 atm. ACATP average pressure

F = (2.49 x 106) D4 / a [I) (cmM3/atm-s), (Eq. B3)
F, = (2.49- 106) (1.0569 x 10-3)4 / ((0.056) (0.0185)),
F = (2.4035 x 109) (1.0569 x 10-3) 4,

F = 2.9995 Hx 10-3 cm 3/atm-s.

Fm = (3.81 x 103) D3 (T / M)-5 / (a Pa) (cm 3/atm-s), (Eq. B4)
Fm = (3.81 x 103) (1.0569 x 10-3) 3 (298 / 29)5 / ((0.056) (0.505))
Fm = (4.3187 x 105) (1.0569 x 1 0 -3) 3,

Fm = 5.0994 x 10-4 cm 3/atm-s.

,= (F+ Fm) (Pu- Pd) (Pa / Pu) (cm 3/s), (Eq. B5)
= (2.9995 x 10-3 + 5.0994 x 10-4 )(cm 3/atm-s) (1.0 - 0.01)(atm) (0.505 / 1.0),

La = (3.5095 x 10-3 )(cm 3 /atm-s) (0.49995)(atm),
La = 1.7546 x 10-3 cm 3 /s.

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

LR,PA-AIR = 1.7546 x 10-3 ref-cm 3/S. for plutonium content 0
The same equations can be used to calculate an allowable leakage rate using helium for leak testing.

M 4 g/g-mole, Molecular weight of helium

t = 0.0198 cP. Viscosity of helium at temperature

F = (2.49 x 106) D 4 / (a ýt) (cm 3/atm-s), (Eq. B3)

Fc = (2.49 x 106) (1.0569 H 10-3 cm) 4 / ((0.056) (0.0198)),
Fc = (2.2457 x 109) (1.0569 x 10- cm) 4,

Fc = 2.8026 x 10-3 cm 3/atm-s.

Fm = (3.81 . 103) D 3 (T / M)0 5 / (a Pa) (cm 3/atm-s), (Eq. B4)

Fm = (3.81 xH 103) (1.0569 x 10-3 cm) 3 (298 / 4)5 / ((0.056) (0.505)),

Fm = (1.1629 x 106) (1.0569 H 10-3 cm) 3,
Fm = 1.3730 x 10-3 cm 3/atm-s.

Lu = (Fc + Fm) (P, - Pd) (Pa / Pu) (cm 3/s), (Eq. B5)
Lu = (2.8026 x 10-3 + 1.3730 x 10-3 )(cm 3/atm-s) (1.0 - 0.01)(atm) (0.505 / 1.0),
Lu = (4.1757 x 10-3 )(cm 3/atm-s) (0.49995)(atm),
Lu = 2.0876 x 10-3 cm 3/s.

The allowable leakage rate using helium for leak testing for ACATP is:

LR,PA-He - 2.0876 x 10-3 cm 3/s. ACATP helium test value
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In accordance with Table 4.2 of the SAR, the highest measured air leakage rate following the ACATP
conditions was 4.5 H 10-5 cc/sec at atmosphere conditions (atm cc/s). This leakage rate is considerably
lower than the calculated maximum allowable regulatory leakage rate requirement of 1.4703 x 10-3 ref
cc/s shown in Table 4.5.6.1. Therefore, the TB-1 containment vessel inside the PAT-1 shipping package
maintains containment for NCT, HAC, and ACATP conditions.

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 10-1 cm 3/s ) is
multiplied by the aerosol mass density (9.0 x 10-6 g/cm 3) and by time (6.048 x 105 sec/week). You
obtain a mass release of approximately 2.45 x 10-4 grams in one week. This release amount disregards
orifice size and particle size limits.

The regulatory release mass limit for the material in the containment vessel is calculated by using the
regulatory activity limit of an A2 in one week divided by the specific activity of the mixture. Assuming a
homogenous mixture, the material leaving the containment vessel has a specific activity determined by
dividing the total activity (TBq) by the total mass (grams) or TBq/gram. Therefore, the allowable mass
release is then the A2 in a week (TBq/week) divided by the specific activity of the mixture (TBq/gram) or
grams/week. Using this approach for the material that has no Pu-241 decay and Table 4.5.5.3, you obtain
an activity release rate of 1.1326 x 10-2 TBq/week; total activity of 53.2808 TBq; total mass of 1300
grams; a specific activity of 4.0985 x 10-2 TBq/g; and finally an allowable mass release of 2.7634 x 10-'
grams. Again using this approach for the material with total Pu-241 decay to Am-241 and Table 4.5.5.4,
you obtain an allowable mass release of 2.3336 x 10-' grams. Since both of these material conditions
release much less than the regulatory allowable mass release, the TB-I containment vessel inside the
PAT-I shipping package maintains containment during ACATP conditions.
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Table 4.5.6.1 Regulatory Leakage Criteria for 1300 g plutonium

NCT a HAC a ACATP
Isotopic Distribution Ancillary plastic LR,N- air LR,N-He LR,A-air LR,A-He LR,PA-air LR,PA-I1e

composition (ref-cm 3/s) (cm3/s) (ref-cm 3/s) (cm3/s) (refcm 3/s) (cm3/s)

polyethylene terephthalate 5.1244 E-06 8.8373 E-06 9.4686 E-02 9.8072 E-02 1.7546E-03 2.0876E-03

polyethylene 5.1244 E-06 8.8373 E-06 9.4686 E-02 9.8072 E-02 1.7339E-03 2.0642E-03
No Pu-241 decay

polyvinyl chloride 5.1244 E-06 8.8373 E-06 9.4686 E-02 9.8072 E-02 1.7487E-03 2.081OE-03

polytetrafluoroethylene 5.1244 E-06 8.8373 E-06 9.4686 E-02 9.8072 E-02 2.1844E-03 2.5725E-03

polyethylene terephthalate 4.2787 E-06 7.4737 E-06 7.9817 E-02 8.3008 E-02 1.4703E-03 1.7873E-03

Complete polyethylene 4.2787 E-06 7.4737 E-06 7.9817 E-02 8.3008 E-02 1.4729E-03 1.7673E-03
Pu-241 decay to Am-

241 polyvinyl chloride 4.2787 E-06 7.4737 E-06 7.9817 E-02 8.3008 E-02 1.4854E-03 1.7816E-03

polytetrafluoroethylene 4.2787 E-06 7.4737 E-06 7.9817 E-02 8.3008 E-02 1.8549E-03 2.2012E-03

a Since temperatures associated with pyrolysis of the ancillary plastics are not reached during NCT and HAC, the various plastics have no affect

on the regulatory leakage criteria at those conditions.
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