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Note: Unless indicated otherwise, all information re/ated to the Model AOS-100A is also applicable
to the Model AOS-100A-S.

The objective of the thermal evaluation is to determine the temperature distribution in the transport
package, which occurs during Normal and Hypothetical Accident conditions of transport. Additionally, the
thermal evaluation verifies that the transport packages meet the performance requirements specified by
10 CFR 71[3.1] and /AEA TS-R-1{3.2}, and establishes the temperature effects on “the package

components and their performance, because these effects relate to the safe trangport of

radioactive material.

3.1  DESCRIPTION OF THERMAL DESIGN

The AOS Transport Packaging System is designed with a thermally passive system. The cask component
is enclosed at both ends by an overpack or impact limiter structure, whicr{/fﬁnctioqs as.a therma{ shield
and mitigates regulatory impact loads. Table 3-1 summarizes the dimensions.and typical contents ofieach
AOS Transport Packaging System model. The impact limiter consists of a thin-walled cylindrical shell, with
a flat disk at one end and a dish head at the other end. On the f}at d%k side, therg is cyl\indrica/l recess,
with an internal profile identical to that of the cask profile, which accommoda{es the qask during transport.
Twelve (12) squared ribs are attached to the inside wall cylindr‘iclal rese{:tion. Eight (8) of these ribs extend
beyond the flat disk plate, to be used as turnbuckle attachrpent points. Atithe dish head end, there is also a
resection, created to reduce the area available for impact during|a head-on drop. The“impact limiter shell is
filled with rigid, closed-cell, polyurethane foam material,

Figure 3-1 presents an isometric view of the ModeI\AOS 1OOA/AOS 100A-S packaglng This impact limiter
design applies to Models AOS-050, AOS-100, and AQS-165. For the- Model (AOS- 025, the impact limiter is
extended to the center of the package, enclosmg the cask component completely, and the turnbuckles are
replaced by eight (8) hook connectors.
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Figure 3-1. Transport Package, Isometric View — Models AOS-100A and AOS-100A-S
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The temperature distributions for the AOS Transport Packaging System models are determined for the
thermal environments listed in Table 3-2. '

All conditions were analyzed using the LIBRA Finite Element program, with the exception of Conditions 5
and 7, where uniform temperature fields of -40°C (-40°F) and -28.9°C (-20°F) were assigned. A description
of the LIBRA Finite Element program heat transfer module is provided in Appendix 3.5.3, which also
includes the qualifications and verification program performed by GE to support the modeling techniques
and assumptions taken throughout the thermal evaluation. To further verify the thermal model, a Heat test
was conducted, using the Model AOS-165A transport package. In this test, a 7-kW electrical heatsource
was placed in the cask cavity. The cask was then closed and placed into a pit. Placing the cask inside the
pit helped to maintain the environment temperature as constant as possible. Temperatures inside and
outside of the cask, as well as the ambient temperature inside the pit, were recorded during the c/:ask’s
heating and cooling cycle. Refer to Chapter 8, Appendix 8.3.1, “Heat Test Repott,” fora detailed account
of the heat test and its Eesults. '

Condition 3, fire transient, analysis is initiated at the steady-state Condition 1, in_which th\e maximu/m solar
load is applied. The maximum decay heat of each of the AOS TraﬁEport Packaging System\models_, is
distributed across the cask cavity surface. Table 3-3 presents the\resulting pressu}e due to thermal load

compared to design pressure, for each AOS Transport Packaging System model. Ta’ble 314 lists selected
. - N /
nodal temperatures determined by each analyses within“a regulatory environment, -as well as each

component’s thermal criteria, by model.
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I Table 3-1. AOS Transport Pa

ng System Summary — All Models

B Jﬁm_ensions (em/in.) Content vWeright {kg/ Ibs.)
r | MAoendllP| _acesk Cavity Fissile '
2 P Materials,
K] v U-235 Decay
© y : Radioisotope?, eq/Bup/ Heat, - S ) ;
Model oD ‘ Height Height oD Height TBq/Ci Cool Watts Packagin’g‘? - Cask | Limiters | Content
28.96 530 .62 BIA/E | 22.86 1270 | 53 ’ 71.4 53.6 11 6.8
AOS-025A | III L Ir-192 - 10
11.40 | 15600PP7.00 | 1 5.00 148 157 118 24 15
57.96 | 79. 2‘W JEETS '-;‘_, 2540 | 555 511 4312 | 526 | 27.2
AOS-050A Il - Ir-192 - 100
2282 | 31.20 10,00 981 1,126 950 116 60
11503 | 15850 | 7112 |0 S0 720 3950 | 3451 | 272 | 227
| |AOS-100A | i : — Co-60 - 400
45.64 | 62.40 | 28.00 9_,6!.@:@!? escm ﬁz:o)!@:@ﬂ B20,000 : 8,700 | 7,601 | 599 500
11593 | 158.50 | 71.12 | OTe4Ay ﬁm F0.50 | o, 3232 | 2823 | 272 | 227
AOS-100B | III = Co-60 - 400
45.64 | 62.40 | 28.00 6.50 /a0t - 164 7,125 | 6,218 | 600 | 500
nOS.100ag | ¢ 11893 15850 | 7112 | 91.44 81"@15"' EXEES 20 4 400 3,901 | 3402 | 272 | 227
I 45.64 | 62.40 | 28.00 | 36.00 | 6.50 (GO0 | 20,000H 8,600 | 7,500 | 600 500
AOSEsA | | 19126 ] 264.16 | 117.35 | 15088 | 27.23 i\ coc PG | S oo 18234 | 14968 | 2268 | 998
' 75.30 | 104.00 | 46.20 | 59.40 | 10.72 | 33004 REETOCON B ’ 40,200 | 33,000 | 5,000 | 2,200
nos.1esn | | |191:26 | 26416 | 117.35 | 15088 | 2723 83.82NE5010 |8 om0 15535 | 12270 | 2268 | 998
75.30 | 104.00 | 46.20 | 59.40 | 10.72 | 33.00 | 16,3004 34,250 | 27,050 | 5,000 | 2,200
| G
| b. ANl AOS Transport Packaging System models have dimensions greater than 10 cm (47}
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Table 3-2. Transport Package Thermal Environment Conditions — All Models
Condition Thermal Environment
1 37.8°C (100°F) ambient with maximum decay heat and maximum solar load.
2 37.8°C (100°F) ambient with maximum decay heat. -
3 Fire transient, t = 0 to 3.0 hours. -
4 -40°C (-40°F) ambient with maximum decay heat. / B \
5 -40°C (-40°F) ambient. SN )
6 -28.9°C (-20°F) ambient with maximum decay heat. ) < \ / /
7 -28.9°C (-20°F) ambient. AL\ 7

7 All Models

| Table 3-3. Maximum Cask Cavity Pressure Due to Normal Con

ditions of Trans ort
rmet P

| Volume Temperature (T)? ‘ressure (P)b -lmel sign Pressure®
Model I in® °C °F E’ —‘ psia
A \
| | AOS-025 0.17 10 | 99 2fo | 126~ —18 | < | 207 30
| | AOS-050 1.36 83 128 | <263 | 136 20| < | 414 60
. N\ I~
| A’é)%s1 ég%AS 11.21 684 126 \258 135 20 < | 1,931 280
~100A- a AN :
| | AOS-100B 11.21 684 | 126 | 259 N\ 135)| 20 < | 1,931 280
/ A N\ V4
| | AOS-165A 49 2978/ 365 /| 689—~] 200 30 < | 1517 220
~7
| | AOS-165B 49 2978\| 202" | 395 | 209 30 | <| 1517 220

a. Temperatures listed are the maximum Values obtained throughout Normal conditions of transport events.
| b Pressure calculation is,based upon the ideal.gas law where:

YP\\PE/ PP

\I{ T, T, T2
Initia] Condition " Final Condition
P1/— 14.7 psia P,=7?
T1 78°F T, =256°F
256 + 460
Py = —( )*147—1956p5|a
(78 + 460)
¢. Model-AOS-100 and AOS-165 transport packages — Pressure value is based upon projected
operating-conditions.
3-6 AOS Radioactive Material Transport Packaging System Safety Analysis Report
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I Table 3-4. Transport Packaggé\%psrature Summary - All Models

| | _ Thermal Temperatures, by Condition
[}]
i
EO 3¢ 4 5 6 7 ’ Regulatory/Component
| Component? °C | °F | °C | °F | °C | °F | °C | °F | °C | °F Criteria®
| Cask Cavity - -15 5 -40 | -40 -4 24 | -29 | -20 [400°C (752°F) .
| Shielding Material -16 3 -40 | -40 -5 23 | -29 | -20 |400°C (752°F)
| Cask Seal Area -16 3 -40 | -40 -5 22 -29 | -20 [300°C (572°F) Metallic Seal
| Cask Test Port 59 2 -40 -6 22 -29 | -20 [232°C (450°F) Elastomeric Seal
I Cask Drain Port 98 | 208N 59 2 -40 | -6 | 22 | -29 | -20 |232°C (450°F) Elastomeric Seal
< =
v | Cask Vent Port 98 | 208 2 -40 -6 22 -29 | -20 |232°C (450°F) Elastomeric Seal
S
¢ | Gask Outside 98 | 208 22 | 29 | -20 {400°C (752°F)
< |Surface
Impact Limiter N ) i 137°C (279°F)
Foam Material 98 | 208 22 29 20 Conditions 1 and 2
50°C (122°F) Non-Exclusive Use
Overpack Accessible )
Outside Surface? 87 | 1891 43 | 110 | 797, 9 29 20 85°C (185°F) Exclusive Use —
Condition 2
AOS Radioactive Material Transport Packaging System Safety Analysis Report 3-7
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Table 3-4. Transport Packag/efTQm'gerature Summary — All Models (Continued)

Thermal Temperatures, by Condition

o
©
§ 3° 4 ) S . Regulatory/Component
Component? °C| °F | °C | °F |°C | °F|°C | °F | °C | °F Criteria®
Cask Cavity | /4287|7263 198 | 205 | 401 | 18 | 65 | -40 | -40 | 29 | 84 | -29 | -20 |400°C (752°F)
Shielding Material ~ [\125 |-2577|.-89,/( 193 | 218 | 425 | 15 | 60 | -40 | -40 | 26 | 79 | -29 | -20 |400°C (752°F)
Cask Seal Area 123 |54 |88 | 190.{~200 \392 | 13 | 56 | -40 | -40 | 24 | 76 | -29 | -20 |300°C (572°F) Metallic Seal
Cask Test Port 123 \2537| 87188 | 200 | 393 | 13 | 55 | 40 | -40 | 24 | 74 | -29 | -20 |232°C (450°F) Elastomeric Seal
Cask Drain Port 124 | 254J| 87 | 1897|201 |/393 | 13 | 55 | -40 | -40 | 24 | 75 | -29 | -20 |232°C (450°F) Elastomeric Seal
< ; —
S | Cask Vent Port 123 | 254 [N88"|\190"( 199/| 391 | 3| 56 | -40 | -40 | 24 | 76 | -29 | -20 |232°C (450°F) Elastomeric Seal
(=]
. i N / 4 0 °F) .
8 gaffk Outside 122 | 252 | 86 | 187 | a7k | 706 | 12 [Vs3 | 40 | 40 | 22 | 72 | -28 | -20 éoo dC.t.(752 1F) 42
b4 urrace ( / / . /\ \ onaitions 1 an
.. i < N o 0
Impact Limiter 124 | 255 | 88 | 100/289] 53| 4 > 57 |\-40 | -40 | 24 | 76 | 20 | 20 |137°C(79°F)
Foam Material ¢ A ~ Conditions 1 and 2
AN / Y_/ / N 50°C (122°F) Non-Exclusive Use
Overpack Accessible
Outside Surface? 95 | 202 | 41 | 106 | 799 1’“( 36| 83 1740 | ~40 | 26 | 141 29 ) 20 |ano (185°F) Exclusive Use —
\ AN Condition 2 :
3-8 AOS Radioactive Material Transport Packaging System Safety Analysis Report
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- ~ Thermal Temperatures, by Condition
' é 3 4 5 Regulatory/Component
Component? °C °F °C °F °C °F °C °F °C °F ) Criteria®
| Cask Cavity 4 54 | -40 | 40 | 25 78 | -29 | -20 |400°C (752°F)
| Shielding Material 46 | -40 | 40 | 21 69 | -29 | -20 |400°C (752°F)
| Cask Seal Area 39 | -40 | -40 | 17 | 63 | -29 | -20 |300°C (572°F) Metallic Seal
| ‘3 Cask Test Port’ 36 -40 | -40 15 59 | -29 | -20 |232°C (450°F) Elastomeric Seal
| ?_: Cask Drain Port 36 -40 | -40 15 60 -29 | -20 |232°C (450°F) Elastomeric Seal
8' Cask Vent Port -29 | -20 |232°C (450°F) Elastomeric Seal
‘<‘. Cask Outside 29 | oo |400°C (752°F)
S Surface Conditions 1 and 2.
‘ . . 50°C (122°F) Non-Exclusive Use
85&%2023?:5:3 el 79 | 174 | 0 | 102 29 | 20 Jgpec (185°F) Exclusive Use —
Condition 2

AOS Radioactive Material Transport Packaging System Safety Analysis Report
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Table 3-4. Transport Packag}e'Temgera

ture Summary — All Models (Continued)

_ Thermal Temperatures, by Condition
[]] n
©
2 3° 4 5 Regulatory/Component
Component? °C| F | °Cc | °F|°C| °F|°C | °F| °Cc| °F Criteria®
|CaskCavity N | 4267|7259 1780 | 183 | 360 | 13 | 55 | -40 | -40 | 26 | 78 | -29 | -20 [400°C (752°F)
Shielding Material ~ \122 |-251| 86| 187 | 202 | 396 | 8 | 46 | -40 | -40 | 21 | 69 | -29 | -20 |400°C (752°F)
Cask Seal Area 118 | 245 | 82 | 180172341 | 4 | 39 | -40 | -40 | 17 | 63 | 29 | -20 |300°C (572°F) Metallic Seal
Cask Test Port 116 N241”| 81-{7177.| 172 342 | 2 | 36 | -40 | -40 | 15 | 59 | -29 | -20 |232°C (450°F) Elastomeric Seal
Cask Drain Port 116 | 242J| 81 | 178 | A72 |/342 | 2 | 36 | -40 | -40 | 15 | 60 | -29 | -20 |232°C (450°F) Elastomeric Seal
m
g | Cask Vent Port 118 | 245 |“82 " \180Y 171/| 340 | /4| 39 | 40 | -40 | 17 | 63 | -29 | -20 |232°C (450°F) Elastomeric Seal
A\ A k . / . s, ) o o
& |25k Oursice 115 | 239 | 70 | 17| 426 | 796" o [ay | a0 | 0 | 13 | 5 | -20 | 20 0% 152 F)
& | Surface » { / ’ PANTERN , onditions 1 an
Impact Limiter - INVARZRE BN R 137°C (279°F)
Foam Material 119 ] 246 | 83 | 182717618 | 1,145 5\> 40 1) -40 | 40 | 18 | 64 | 29 | 20 | G0 iiiong 1 and 2
_ ANV / ) 50°C (122°F) Non-Exclusive Use
Overpack Accessible .
Outside Surface® 79 | 174 139 | 102 | 799 1'47& 3 29 | 20 lggec (185°F) Exclusive Use —
N Condition 2
Y,
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Table 3-4. Transport Packag/e

' Model.

AOS-165A (7 kW Maximum Decay Heat)

AN

'Tem\;:erature Summary - All Models (Continued)

Thermal Temperatures, by Condition '

3° 4 5 Regulatory/Co:ﬁponent
Component? °C °F °C °F °C °F °C °F °C °F Criteria®
Cask Cavity v 277 | 531 | -40 | -40 | 288 | 550 | -29 | -20 |400°C (752°F)
Shielding Material 239 | 462 | -40 | -40 | 250 | 482 | -29 | =20 |400°C (752°F)
Cask Seal Area ; 212 | 414 | 40 | 40 | 224 | 435 | -29 | -20 |427°C (800°F) Metallic Seal '
Cask Test Port 289 197 | 386 | -40 | -40 | 208 | 406 | -29 | -20 |232°C (450°F) Elastomerié Seal
Cask Drain Port 290 198 | 388 | -40 | -40 | 209 | 408 | -29 | -20 |232°C (450°F) Elastomeric Seal
Cask Vent Port 305 -40 | 224 | 435 [ -29 | -20 |232°C (450°F) Elastomeric Seal
I 40 | 182 | 350 | 20 | 20 |00 g T
I(r)w\slﬁirgasc:rface 31 -40 | 231 | 448 | -29 | -20 é%%dcitii;ssa Fa)nd 2

50°C (122°F) Non-Exclusive Use

Overpack Accessible 80 4 108 29 | w20

Outside Surface®

176

85°C (185°F) Exclusive Use —
Condition 2

AOS Radioactive Material Transport Packaging System Safety Analysis Report
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Table 3-4. Transport Packagef!‘gm\gerature Summary — All Models (Continued)

Thermal Temperatures, by Condition

o

©

2 3 4 5 Regulatory/Component

Component? °C | F|°C| °F|°C | °F|°C| °F | °C| °F Criteria®

__|caskcavity . V| 20 70| 232 | 449 | 95 | 203 | -40 | -40 | 106 | 123 | -29 | -20 |400°C (752°F)

8 | Shielding Material _|\187 -3697| 157/| 315 | 227 | 441 | 79 | 175 | -40 | -40 | 91 | 196 | -29 | -20 |400°C (752°F)

> | Cask Seal Area 177 |/350-| 146 | 2967504\ 400 | 67 | 153 | -40 | -40 | 79 | 175 | -29 | -20 |204°C (400°F)

§ Cask Test Port 285. | 202 | 2 40 | -40 | 73 | 163 | -29 | -20 |232°C (450°F) Elastomeric Seal
g Cask Drain Port -40 | 40 | 73 | 164 | -29 | -20 [232°C (450°F) Elastomeric Seal
E Cask Vent Port -40 | 40 | 79 | 175 | -29 | -20 |232°C (450°F) Elastomeric Seal
m B

= | Cask Outside N 400°C (752°F)

2 |Surface 4 PaN 40 | -40 | 62 | 1441 29 | 20 o itions 1 and 2

4 —1 . Q _ S

© N B ) o o

& a‘é?d'ga;: oce 180 | ass | 140 | 301/ (5(34/ 1,167.] 70_ >~~1‘~59; 40 | -40 | 82 | 180 | 29 | -20 é%?&&sszfgn 4o
-m s

@ | NSO TJ / , - 50°C (122°F) Non-Exclusive Use
o | Overpack Accessible e } el o7 | i )

© | Outside Surface? 80 | 176 | 40 | 103 | 798 | 1,469 -38 87 1 40 W 40 27 16 29 20 85°C (185°F) Exclusive Use —
< T

X L Condition 2

. Maximum temperature for these components anywhere in the Transpyn‘ Packagi gJe’

3]

located throughout this chapter.

The Vendor Literature provided in Appendix 3.5.7, “Properties of Materials R‘eferences,‘ff’fs‘dpports these te4r>perature limits.

Temperature listed is the maximum value obtained throughout Fire conditions of transb‘oft;

Listed temperatures are on the overpack and cask surfaces, and not at the personnel barrier surface. -
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| 3.2 MATERIAL PROPERTIES AND COMPONENT SPECIFICATIONS

The thermal properties of each material are provided in the following sections. The curve fit functions,
which provide the property variations with temperature, are also provided. These property functions are
used in all analyses, to update the material properties as the temperature changes.

3.2.1  Material Properties
The transport packages consist of four materials:

¢ Stainless Steel, 300 Series (5S300)
¢ Tungsten Alloy or Carbon Steel

* LAST-A-FOAM FR-3700- '

s Air

Each is described in the paragraphs that foliow.

=
Vil
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3.2.1.1 Stainless Steel, 300 Series (SS300)

Table 3-5 lists the thermophysical properties of Type 304 Stainless Steel (SS304), as they apply to the
transport packages.

‘Table 3-5. Type 304 Stainless Steel (5S304) Thermophysical‘ Properties — All Models

Temperature Diffusivity Specific Heat ConduiEtivity,
0 e () Cp (KIkg-0)
21.1 0.0140 0.477 /S das8) )
37.8 0.0141 0.479 . 1506 S
93.3 0.0145 0.498 I N\ 1810 <
148.9 0.0149 0.510 NIRRT

N N\
204.4 0.0153 0528 A . \1800
260.0 0.0158 A 0535 N\ N 1886
N 1
315.6 0.0162 0542 \| ) 956
371.1 0.0166 0852 N\ |7 /2042
426.7 0.0171 | ossa N 21m
482.2 0.0176 INC | oBeo— 21.98
537.8 | 0.0180 Y oses / 22.85
593.3 00184 N\ 0,574~ 23.54
s \

648.9 0.0189 NN 0575 24.23
704.4 | 06193, ™~ | N\ 0583 © 25.10.
/4 & N/

760.0 Qoo /| T~ b7 25.79
815.6 00201 o~/ 0591 26.48

Specific Heat, C, (Btu/lb-°F

Density, p(Ib/in3)

> = 0.29

Note: Refer also to Appendix 3.5.5, "Material Properties Correlation between the Equations Provided
in the Test and the LIBRA Input File.”
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3.2.1.2

Tungsten Alloy

Table 3-6. Tungsten Alloy Thermophysical Properties — All Models

Table 3-6 lists the thermophysical properties of tungsten alloy, as they apply to the transport packages.

Temperature Density Diffusivity Specific Heat Conductivity
Q) Aglcc) o (cm?/sec) Cp (J/kg-K)
25 ' 0.2742 154.7
97 0.2700 159.2
18.11
206 0.2624
316 0.2553

Density, p (Ib/in3)

p =

ColM =

0.654

Specific Heat, C,, (Btu/lb-°F)

Conductivity, K (Btu/hr-in-°F)

AOS Radioactive Material Transport Packaging System Safety Analysis Report
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3.2.13

Table 3-7 lists the thermophysical properties of carbon steel SA105, as they apply to the Model AOS-100B
-and AOS-165B transport packages. Figure 3-2 illustrates the relationship between conductivity and

Carbon Steel

temperature for the carbon steel material.

Table 3-7. Carbon Steel Properties

pr——

Temperature Conductivity Thermal Diffusivity Specific beat
(°C) (W/m-°C) (m?Zhr)
Material: SA-105, Carbon Steel Forging ( & / /
21.1 60.75 . 0.06457 SN N\ 04324
37.8 60.06 ooe262 < | N\ \0.3408 N
65.6 59.02 0.05992, o \oaszg
93.3 58.15 0.05695 "\ N 04693
121.1 56.94 Mosads | ) pasis
148.9 55.90 ¢ olos2i2 N\ /" 0.4930
204.4 53.48 I | oloarsz ~—" os5167
260.0 51.06 / | o045 T 0.5351
3156 48.46 N ofoa023__~ 0.5537
343.3 ar25” O\ |\ 0losss 0.5646
371.1 Aboa,~ ) "\ 0.03660 0.5780
398.9 ( a3/ 7| T~ 00375 0.5929
426.7 Nget T~ 003298 0.6078
454.4 2 RN 0.03112 0.6262
482.2 SS9 N\ 0.02945 0.6483
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Density

7,832.8 kg/m?®

0.283 Ib/in3

The conductivity property as a function of temperature is defined as:

K

where:

The specific heat property as a function of temperature is defined as:

Cp
where:

Cp

t\I,B/TU%r i

conductivi

3.003 - 1.027E-3 T - 1.249E-7 T?

Conductivity - Btu/hr-in-°F

Temperature - °F

0.1009 + 4.847E-5 T + 9.493E-9 T2

Specific heat - Btu/lb-°F

Temperature, °F

5 Conductivity
7

3.500 ]

\ =1,249E-07k2- 1.027E-03x +|3.002E+D0
3.000 ( — S
2.500 \ iy > ) N‘e

-~

\/[/

e/

/

~N
N

0 100 200 300 400 500 600 700 800 900 1000

Temperature, F

Figure 3-2. Carbon Steel Conductivity (~ 0.5% Carbon) — Model AOS-100B
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3.21.4 LAST-A-FOAM FR-3700
Table 3-8 lists the thermophysical properties of each General Plastics LAST-A- FOAM type used within the ‘
FR-3700 family. Table 3-9 lists the foam density used for each transport package model.

Justification for the use of these properties is presented in Appendix 3.5.10, “Justification for Use of
LAST-A-FOAM 3700 Thermal Properties.”

Table 3-8. LAST-A-FOAM Thermophysical Properties — All Models

Density Conductivity Specific Heat
LAST-A-FOAM (kgm® (W/m-"C) (KJ/kg ~G)
FR-3710 160.18 0.0402 yd \ N = Q
FR-3712 192,22 ‘ - N N mar N

FR-3718 288.32 0.0513~ N\ —\ y
FR-3720 320.36 0.0842 "\ N ) -

N

| Table 3-9. Transport Package Foam Density ~ All Models\

Model ‘ k Densnty (kg/m®)
AOS-025 ‘ N Y~ 82036
_ AOS-050 o~ N 7 160.18
I _AOS-100 ) VMoo N 192,22 ‘
I pos-es S ) [ N 288.32
NS
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3215 Air

Table 3-10 lists the thermophysical properties of air, as they apply to the transport packages.

Table 3-10. Air Thermophysical Properties — All Models

Temperature ‘ Dynamic Prandtl
Density Viscosity Specific Heat Conductivity Number
°C °F | plkg/md) | p*107 (N-sec/im?) | Cp(KI/kg-K) | K*103 (W/m-K_)‘lmPr)A
27 80.6 1.1614 184.6 1.007 26.3 / N0:707)
77 | 1706 | 019950 208.2 1,009 30.08 - |N\0.700
o127 260.6 0.8711 . 230.1 1.014 /83.8 \ o 0690
177 350.6 07740 | 250.7 1.021 373N\ N 0686
. N\, - = N P4
227 4406 | 0.6964 270.1 1030 07N\ \O\.,§84
277 530.6 0.6329 288.4 10407 [\ 439\ || 0683
327 620.6 0.5804 305.8 1,051 \46 9 ) ] oess
, S
377 710.6 0.5356 3225 /1.9}63 4977 /I 0690
427 800.6 0.4975 338.8 | 1075 \s’z.y 0.695
477 890.6 0.4643 3546 \| | 1087—_| = 549 1 o702
527 980.6 0.4354 3698 |\ R 0.709
577 1,070.6 | 0.4097 384.3 0.716
627 1,160.6 | 0.3868 /3@3.1 N 0.720
677 12506 | 0.3666 | /- 4113 0.723
727 1,340.6 | 03482 o . S 4244 0.726
Note: The temperature unit used in the followmg equations is °F.
Density, p(lb/in®) \ v>
— 46847 10°- 7.150 * 108T + 5.869 * 1071172 - 1.834 * 107473
Specific HeiC\ (Btu/lb °F)\
G = 0.2402 - 1.401 * 10°°T + 3.995 * 10872 - 1.570 * 10773
Conductivity, K (Btu/hrin-F)
\/
K(T) = 1.110* 102 +2.083 * 10T - 3.956 * 1071072
Prandtl Number, Pr
PHT) = 0.7232-1.954 * 10°*T + 2.820 * 10772 - 1.002 * 10°1078
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3.22 Component Technical Specifications

The component. material within the transport package, considered to be temperature-sensitive, is the
elastomeric material used in the port plug O-Rings. The elastomeric material is a silicone-based compound
(Parker Silicon, 51224-70 compound, or equivalent), with a recommended temperature limit of 232°C
(450°F).

Other backage materials used are stainless steel and tungsten alloy. The melting points of these materials
are 1,430°C (2,606°F) and 3,370°C (6,098°F), respectively. All temperatures resulting from—Norr@aI and
Hypothetical Accident thermal conditions are well below these temperature limits; theréfore, melting of

these metals wili not occur. Q

s
4
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3.3 THERMAL EVALUATION UNDER NORMAL CONDITIONS OF TRANSPORT

‘ Figure 3-3 illustrates the LIBRA Finite Element model of the Model AOS-100 transport package, which
consists of 8,368 nodes and 7,820 elements. This model is used for all Normal conditions of transport, and
includes the cask and impact limiter structures. The encapsulated tungsten alloy shielding material
is included in the cask model. Because an axisymmetric (2D) solution is used, only a cross-section of the
package must be modeled. The model includes both conductive two-node axial and four-node
quadrilateral elements. Also, the boundary two-node element type is used. Air is represented to account
not only for temperature variation, but also for different heat transfer modes. The mode of heat transfer
across an air space varies, depending upon whether the air space is:

e Enclosed or open
» Vertically or horizontally oriented

Impact Limiter (2 pl)

Lid

Tungsten (3 pl)

Plug shell

Outer shell

Cavity shell ————»

End plate

. Figure 3-3. Thermal Finite Element Model — Normal Conditions of Transport
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3.3.1 Analytical Model

The thibk stainless steel outside shell, which comprises the bulk of the cask, defines the outside
dimensions of the cask. The cask cavity is defined by the cavity shell, which is secured to the outside shell.

The cavity shell defines the surface of the cask cavity. The plug shell is secured by the cask lid and cavity -

shell. Four-node quadrilateral conduction elements are used to model the outside shell, cavity shell, and
plug shell. Also, the end plate and lid are modeled with four-node quadrilateral conduction elements.

The side tungsten alloy shielding is encapsulated by the outside and cavity shells. The-vertical wall -

between the tungsten alloy and outside shell is packed with stainless steel wool, and betwéen the tungsten

alloy and cavity shell, an air gap exists. At the top and bottom horizontal surfaces, eX|st|ngfgaps with the

cavity shell are filied with stainless steel shim plates. Two-node conduction elements are uSed in the fmodel
N

for the surface contact resistance and conduction through the stainless steel wogl.

The bottom tungsten alloy shielding is encapsulated by the cavity shell andénd plate. The top and bottom
horizontal surfaces have zero gaps, and heat transfer across these interfaces. by a low-pressure, surface-
contact resistance. The gap between the shielding vertical side wall-and the caV|ty shell is packed with
stainless steel wool. The top tungsten alloy shielding is completely encapsulated\by the\plug sheII Ina
manner similar to the bottom shielding, the shielding top and bottom horizntal surfaces have zero gaps,
and heat transfer through these interfaces by a low-pressure; slurface-c\ontact resistanc;. A gap between
the vertical side wall and plug shell is packed with stainless’stee| wool. Twg-node conduction elements are

“used in the model for the surface contact resistance and conduction through\the-stafnless steel wool. All

zero-gap surface thermal contact resistances, 1/hc,/\se a| value of 0:03-hr-in?-°F/Btu (Reference [3.10]).

Packed steel wool conductive and density thermgl properties are assumed t6 be approximately 10% that
of the SS304 material, and its specific heat is approximated to that of-air. /

K = 0.068 Btu’hr-in-°F
Cp = 0.24Btu/lb
Density = 0.029 Ib/in®

N\

Several interface surfa\tces have aifgaps. Airgaps’are modeled with two-node conduction elements, with
conduction and radiation properties. The six.(6)air gaps are located between the:

\

1. Outside shell, and upper section,of the’cavity shell and lid.

4 N

lug\shell Igwer section.

»
o
@
»
3
o

go)

ug shell upper section.

NV

Piug shell top horizontal surface and lid.

N N

5. Outside_sheli corner and side, impact limiter.

o \caviy sl

Cavity shell’and tungsten alloy.

AN W N
O
&
<.
—
<5 <
[2)
-y
o
»
3
a
p=X

All air gaps/are vertical, with the exception of air gap No. 4, which is horizontal. (Refer to
Paragraph 3.3.1.2.) :
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The impact limiter structure is a doughnut-shaped axisymmetric (2D) structure. Its stainless steel outside
shell is modeled with two-node conduction elements. The interior is filled with General Plastics
LAST-A-FOAM material and modeled with four-node quadrilateral elements.

Other surface interfaces, between cask components, are assembled with zero gap and are modeled with
two-node conduction elements that have pressure surface-contact resistance properties of 0.03 hr-in2°F/
Btu (Reference [3.10]).

The decay heat of the cask contents is introduced in the model by two-node convective boupdary~elements
along the cask cavity wall. In the model, it is assumed that the load is uniformly distributed ever thésentire

cavity surface. / 0

Convective boundary elements define the convective and radiative properties at the{nterfaceretvv/een the
impact limiter outside surface and the regulatory environments. Another conve'etQ/e su\r\faCe, is loCated on
the side of the cask’s outside shell, between the upper and lower impact Ijmiter structures. In addition to

convective and radiative properties, these boundary two-node elements have the\eapa\bility to \ihclude

/"

required solar heat flux loads. \/
Figure 3-4 illustrates all thermal model components and interfaces! . .
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Figure 3-4. Expanded View of Thermal Model Defining Component Interfaces
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3.3.1.1  Heat Flux Property Set

Convective boundary elements, located in the model's cask cavity, define the prescribed heat flux due to
decay heat. The maximum heat load for the Model AOS-100 transport package' is 400W. As discussed in
Subsection 3.3.1, this load is applied as a uniform surface heat flux to the entire cavity surface area. Its

value is calculated as follows: '

(400)
(27)[(0.0838)° +(0.0838)(0.508)]

w O

1,283.69 W/m?

The justification for this approach is presented in Appendix 3.5.9, “Justification for\Use “of Uniformly
Distributed Decay Heat throughout Cask Cavity.” N

3.3.1.2 Enclosed Air Space Property Sets

| Six element prope'rty sets represent the previously described enclosed air spaces.

N

For convective heat transfer in an enclosed vertical ait-space, Gebhart.[3.5] provides the following:

4
0.18 VGO (H/5)-19) Form‘\<er< 2+ 105

Nu =
3
Nu = 0065 VO, For{05 < Gr< 11 * 108
where:
Nu = Kussslt. Number
™ \

| Gr = Grashef Number, based upon S

%: |\stance across-énclosed space
H Heig\ht}énclosed space
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For Gr less than 2,000, the process is simple conduction, Nu = 1.0. The Grashof Number is defined
as follows:

ar - P gfS’AT _ gS’AT
= - = =
H Tv”
where:
p = Density, kg/m?3
g = Acceleration of gravity (9.8 m/s?)
p = Coefficient of the thermal expansion (°C) = i for ideal’gases
. : T
. .
T i cloéure (¢
AT = emperature difference across enclasure (°C)
H = Dynamic viscosity (kg/m-s)
v = Kinematic viscosity (m?/s)= p/p
T = Absolute temperature (°K)

The above correlation between Nu“and Gr applies-to-an_air space e_ndosed between plates. In general,
a curved surface can be considered flat withdut significant error, if according to Gebhart [3.6]:

where:

DlaTete)r
\Height
&\ Grashof Number, based upon height

Table'3-11 lists a|r~gaps 1, 2, 3, 5, and 6, with a temperature of 300°K (26.85°C; 80.33°F), and a AT =
5 6°C (42. 08°F) These values |nd|cate the correlation applicable to the vertical air gap geometries.

NS
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Table 3-11. Correlation Applicable to Vertical Air Gap Geometries — Model AOS-1652

D_ 35
Air Gap A(I:n(r;lna)p (rlr)l) (rlr-l) L 4‘/—GTL
1 0.3 0.70 0.30 2.10>0.52
2 0.4 0.27 0.05
3 1.3 0.46 0.22
5 5.1 1.17 0.42
6 0.1 0.34 0.91 <

plate’s temperature, the process is simple conduction:

Nu

AOS Radioactive Material Transport Packaging System Safety Analysis Report
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After Nu is known, the convective heat transfer coefficient, h,, can be determined by the following

expression in both cases, vertical and horizontal air spaces: . ‘
he - ‘Nu*k
S £
-where:
k = Thermal conductivity (W/m-°C)
S = Distance across the space (m)

For radiative heat transfer:

h o= oF([P+ T +T))
where:
I,T, = Temperatures on either side,of air space (°K)
o = 5.669 * 108(W/m?-K#)
F = Gray body shapé factor

e

The gray body shape factor, F, is defined\a\s/follows-:

1
R .
Foo- i}l\%‘-é LN DL
Ake, NF,

AS;

Area of smaller surface

where:

Aréa of larger surface
'

Emissivities

Fio© = Shape factor
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The shape factor, F, is a geometric function of the system. When body A is completely enclosed by body

A, and Al , it cannot see itself, as is the case here, F5 = 1.0 (Reference [3.8]).

From Reference [3.9], for oxidized SS304, &, = &, = 0.52 and assuming 4, = 4, then:

F = 0.351

for all six material sets.

The finite element model represents these air spaces with conductive elements. The»conVe@s from h to
k are as follows:

k = h*S
where:
k = Conduction
h = Convective
S = Distance across the air space

In general, the effective conductmty across the air'space, Ky, is due to conductlon plus radiation. However,
as previously discussed, a convective mode can\arlse dependmg upon the Gr and/or the plates’

temperatures. Therefore, k, can be as foIIo/ws \>
, ky (k+h)*S O

or
ka = ((hc+hr)*3

Table 3-12 lists the thermal Rroperties usedhin the analysis as a function of temperature, for each AOS
Transport Packaging System model.
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Table 3-12. Thermal Properties Used in Analysis as Function of Temperature — All Models

- 3-30

Effective Conductivity (Btu/hr-in-°F), Including Radiation
s
Model Air Gap (in.) k(T)?
1 0.0018 | 1.115E-3 + 2.072E-6T - 2.940E-10T2
2 0.0024 | 1.116E-3 + 2.069E-6T - 2.601E-10T2 -
rOS00 3 0.0076 | 1.131E-3 + 2.037E-6T + 3.353E-11T2 e \
4 0.0047 | 1.123E-3+ 2.055E-6T - 1.302E-1012 < ) Y
5 0.0303 | 1.197E-3 + 1.899E-6T + 1.315E-9T2 N N
6 0.0008 | 1.112E-3+2.078E-6T - 3505E-1072 N\ _ \
1 0.0040 | 1.121E-3 + 2.059E-6T - 1698E10T2\ N\ \ )
2 0.0050 | 1.124E-3+2.053E-6T- 14836072 N\ \
AOS.050 3 0.0150 | 1.153E-3+ 1.992E-/6TA 4314E- 17(")T\2\ ) )
4 0.0090 | 1.135E-3+ 2.028E%6T } 1. 26 oT2 - /
5 0.0610 | 1.285E-3 + 1.712E-6T 4 3.049E-9T2\—/
6 0.0020 | -1.115E.3% 2.071E-6T 2 :
1 0.0070 | 1. 130E‘.\+ 2.041E- ]
2 0.0100 /1/15@3 +2, 02\2E 6T A1.691E-10T2
OS.100 3 0 03/09/ 1196E-3 - 1.900E-6T + 1/398E-0T2
4 0.0190 - \1,164E-3+ 1.967E-6T + 6.773E-10T2
5 0.1210 | 1.456E°3+-1.346E-6T + 6.437E-9T2
6 /" 1~0.0030 “ 1.118E3 + 2.065E-6T - 2.262E-10T2
1( 0.0720~_| 1:096E-3 + 2.455E-6T - 5.362E-10T2 + 3. 974E-13T3
2\ |\ 0:0160 | 1J03E-3+2.497E-6T - 4.437E-10T2 + 4,645E-13T
R SNERR \60/590’\ /1.158E-3 + 2.859E-6T + 3.425E-10T2 + 1.035E-12T3
| . | 06310 | 1.127E-3+ 2.657E-6T - 9.688E-11T2 + 7.160E-13T3
N5 N\ |\ 02000 | 8.659E-4 + 6.990E-6T + 3.992E-10T2 + 4.927E-12T2
«/\ ‘\  \N > "0.0050 | 1.684E-3 + 7.550E-7T + 7.256E-9T2
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3.3.1.3 Boundary Property Sets

Transport packages are transported in a horizontal position, with the center axis of the package aligned in
the direction of travel. Eleven (11) material property sets surround the cask assembly. These sets link the
transport package with the external environment. Each set contains the film coefficient, ambient
temperature, and solar heat flux values.

These eleven (11) material property sets define the cask thermal boundary. Each set specifies the free
convective coefficient, ambient temperature and solar heat flux value for a portion of the cmundary.
Free convective coefficients are determined in accordance with empirical eguations given in
Reference [3.4]. In general, convection coefficients are determined by finding the Nusselt Number and
then solving for h from the equation:

Nu = h*L/k
where:
h = Convective 'film coefficient
L = Chabracteristic‘length
k = Air conductive coefficient

The empirical formulations used to determme{he Nu\sselt Nur[kers\usedl in the cask analyses for the
vertical and horizontal surfaces are presented in Paragraph 3.3.13.1 and Paragraph 3.3.1.3.2.

Convective film coefficient values aré dependent upon thexplate”shape, size, and orientation. The film
temperature is assumed as the avérage<between the transpoit package surface and required. regulatory
ambient temperatures. The film coefficient is_then evaluated with air properties defined at the film
: N P Y )
temperature. The transport package harizontahsurfaces-are curved; however, lengths are relatively short
compared to its radius. THerefore, it is assumedthat these plates are flat and horizontal. For all models,
Table 3-13 (Normal conditions\of\transpor't) and’ Table 3-14 (Fire conditions of transport) list, and
Figure 3-5 illustrates, \the assumed ofientation;” shape, and size of the cask assembly’s eleven (11)
external surfaces. (Refer aIsS@able 3-15 and Table 3-16.)
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Table 3-13. Cask Assembly External Surface Orientation and Size,
Normal Conditions of Transport — All Models -

Length Width
Model Surface Orientation (m) (m)
1 Bottom Horizontal 0.091 0.091

2  Vertical 0.051 -0.030

AOS-025 3 Bottom Horizontal 0.099 / 2‘_50_%1;02\\

(Transported 4 Vertical 0.343 /L 0N45
Vertical 9 Top Horizontal 0.099 S \0A402
10 Vertical 0051 A_ |\ . 0030

11 Top Horizontal 0.00f -\ N\l 0.091\

1 Bottom Horizontal o183\ |\ 0J83

2 Vertical eg02 N\(| | o064

3 Bottom Horizontal | "\ 0.198_ 1] o196

4 Vertical N0.290 | "/ o282

AOS-050 5 Top Horizontal .~ 0234 | 0109
(Transported 6 Vetical | L 0.178 0.099
Vertical) 7 Bottorf Horizortal | 0.234> 0.109
8 Vettical 0.290 0.282

9 7" TopHorizeptal © |\~ 0.198 0.196

10 /| Verical \ | > 0102 0.064

11 /(| TopHorizontal \J’ 0.183 0.183

1 N_ |~ Verical 0.360 0.360

2 \_ | Bottom Hotizdntal 0.203 0.127

T8 O\ - Vertical 0.406 0.406

w4 >~ \Mop'Horizontal 0.584 0.457

AOS-100 N\ \5> | Vertical 0.457 0.229
(Transportéy \ % " TopHorizontal 0.406 0.356
H°”Z°"ta')k\ \ 7¢( " Vertical 0.457 0.229
o ' Top Horizontal 0.584 0.457

Vertical 0.406 0.406

Bottom Horizontal 0.203 0.127

Vertical - 0.360 0.360
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Table 3-13. Cask Assembly External Surface Orientation and Size,

Normal Conditions of Transport — All Models (Continued)

Length Width
Model Surface Orientation {m) (m)
| 1 Vertical 0.597 0.597
| 2 Bottom Horizontal 0.340 0.208
| 3 Vertical 0.660
{ 4 Top Horizontal 0.958
AOS-165 5 " Vertical
(Transported 6 Top Horizontal
| Horizontal) 7 Vertical
| 8 Top Horizontal
| 9 A Vertical
| 10 Bottom Horizontal
| 11 Vertical

AOS Radioactive Material Transport Packaging System Safety Analysis Report
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Table 3-14. Cask Assembly External Surface Orientation and Size,
Fire Conditions of Transport — All Models

. , Length Width
Model Surface Orientation (m) (m)
1 Bottom Horizontal 0.091 0.091
2 Vertical 0.051 0.030
AOS-025 3 Bottom Horizontal 0.091 0,084\
(Tranaportod 4 Vertical 0.294 0430 )
Vertical) 9 Top Horizontal 0100 | \0091 /
10 Vertical 0.051 10.030
11 Top Horizontal . 0.091/‘ \ \ 0.09\1\
1 Bottom Horizonital _ 0.183) \ -\0.\183 /
2 ~ Vertical Ceg0a |\ 0064
3 Bottom Horizontal | "\ 0.180_ 1) o165
4 Vertical N0.300 |/ 0259
AOS-050 5 Top Horizontal 0.248 0.079
(TFr';iSNF')‘::tZ' p 6 Vertical \ 0178 0.102
Vertical) 7 Bottom Honzontal 0 0.218> 0.079
8 Vertical 0.259 0.196
9 P /T\opﬁonzor\nal 0.191 0.180
10 | - Vetica \_ | > 0104 0.020
11 /(| JopHorizental N\’ 0.183 0.183
1N, Y _Verica / 0.360 0.360
2 \_| Bottom Hotizdntal 0.200 0.130
S M Vertical 0.360 0.330
X ~ 4 \ \'I;gp/ Horizontal 0.520 0.500
AOS-100 N > Vertical 0.440 0.160
;‘;S"g%‘:t‘z 3 \ % | Top Horizontal 0.410 0.360
Honzontal \ 7 ( Vertical 0.440 0.160
/&\ N\ 8) Top Horizontal 0.520 0.290
N Vertical 0.360 0.380
\ N/ 10 Bottom Horizontal 0.200 0.040
\ \ \ 1 Vertical 0.360 0.360
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Table 3-14. Cask Assembly External Surface Orientation and Size,

Fire Conditions of Transport — All Models (Continued)

Model -

Surface

Orientation

AQOS-165
Fire Model
(Transported
Horizontal)

1

Vertical’

Bottom Horizontal

Vertical

Top Horizontal

Vertical

Top Horizontal

Vertical

Top Horizontat

O (N |WIN

Vertical

oy
o

Bottom Horizontal

—_
—_

Vertical
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Figure 3-5. Cask Assembly External Surface Identification
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In-addition to convection, the cask surface interacts radiatively with its surroundings. The radiative heat
transfer coefficient, h, is calculated using the equations provided in Paragraph 3.3.1.2. Regulatory

environments place the transport package in an outside environment. Therefore, in evaluating the
equation for the gray body shape factor, it is assumed that A, is negligible compared with A,, and Fy, = 1.

The impact limiter outside surface is oxidized SS304, and the surface emissivity is 0.52. The cask’s
outside surface is polished, and an emissivity of 0.20 is used.

The effective film coefficient, h (Btu/hr-in?-°F), is as follows:

h = he + h, . <>
C

The three (3) regulatory required ambient temperatures are 37.8°C (100°F), 28.9°C “(-20°F), and
-40°C (-40°F). Convective properties, including radiation, used in the analysis“as ‘a function of temperature
have a form:

ag +a;T +ayT2 + agTo

hT) =
where:

h(T) = Btu/hr-in?-°F

T = Surface temperature -°F

Table 3-15 (Normal conditions of transport)-and Table 3-16 l(Fir}onditions of transport) define the
polynomial coefficients used in the equivalent convective prokpg\rty of each ambient temperature and

| external surface, for each AOS Transpért Packaging System model.

AOS Radioactive Material Transport Packaging System Safety Analysis Report 3-37

| for Model AOS-025, AOS-050, AOS-100, and AOS-165 Transport Packages, Rev. B



Table 3-15. Polynomial Coefficients Used in Equivalent Convective Property of Ambient
Temperature and External Surface, Normal Conditions of Transport — All Models

Ambient Temperature

Polynomial Coefficient

Model °C °F Surface g a a
1 9.438E-3 6.940E-6 2.288E-8
2 1.254E-2 1.139E-5 |  2.105E-8
3 9.438E-3 | 6.940E;6° | —2.288E8
37.78 100 4 9.438E-3 6.940E-6 | 2.288E-8
9 1420E2 | A434ES | 1.965E-8
10 125462 7 1.139E-5\| 2.705E-8
11 1420E-2 | \1.434E%5_ [\ 1.965£:8
8920633 | 7MGIE-6 \| 2024E-8
1586E2 N\ 107765 | 1.860E-8
1V lBo20E@ | “za61E-6 /| 2.024E-8
AOS-025 -28.89 B.920E-3\| 7.161E:6° | 2.024E-8
ls19E-2 | T1I315E-3 1.730E-8
1.286E-2 "~ 1.077E-5 1.860E-8
5192 | 1.315E-3 1.730E-8
8.931E-3 | 7.069E-6 1.986E-8
1.304E-2 1.048E-5 1.829E-8
\8.931E-3 7.069E-6 1.986E-8
-40 7 B8.931E-3 | .7.069E-6° | 1.986E-8
_ 1.567E-2 1.286E-5 1.696E-8
1.304E-2 1.048E-5 1.829E-8
/t 1.567E-2 1.286E-5 1.696E-8
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| for Model AOS-025, AOS-050, AOS-100, and AOS-165 Transport Packages, Rev. B

Table 3-15. Polynomial Coefficients Used in Equivalent Convective Property of Ambient
Temperature and External Surface, Normal Conditions of Transport — All Models (Continued)

Ambient Temperature

P‘olynoniiall Coefficient

Model °C °F _ Surface Qo BT a _
1 8.715E-3 5.909E-6 2.332E-8
2 1.119E-2 9.418E-6 2.186E-8
3 . 8.715E-3 :
4 9.807E-3
5 1.313E-2
37.78 100 6 7.320E-3 _8110E§
7 8.715E:3 ( 5909E-6 \|
8 9.807E-3 H1E
9 1.2576%2, 2077E-8
10 19E-2 2.186E-8
"2.077E-8
- B:408E 2.059E-8
"-9166E-6 1.933E-8
|~ 6.408E-6 2.059E-8
" 7.393E-6 2.014E-8
1.182E-5 1.795E-8
AOS-050 -28.89 7.135E-6 5.691E-9
6.408E-6 2.059E-8
P 9.185E-3 7.393E-6 2.014E-8
1.322E-2 1.130E-5 1.821E-8
1.119E-2 9.166E-6 1.933E-8
1.322E-2 1.130E-5 1.821E-8
1 8.330E-3 6.690E-6 2.003E-8
2 1.126E-2 8.987E-6 1.896E-8
3 8.330E-3 6.690E-6 2.003E-8
N 4 9.207E-3 7.299E-6 1.975E-8
B 5 1.402E-2 1.143E-5 1.768E-8
/\ o 6 8.454E-3 6.845E-6 5.624E-9
N 7 8.330E-3 6.690E-6 2.003E-8
8 9.207E-3 7.299E-6 1.975E-8
9 1.324E-2 1.081E-5 1.798E-8
10 1.126E-2 8.987E-6 1.896E-8
11 1.324E-2 1.081E-5 1.798E-8
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Table 3-15. Polynomial Coefficients Used in Equivalent Convective Property of Ambient

Temperature and External Surface, Normal Conditions of Transport — All Models (Continued) : ‘
Ambient Temperature Polynomial Coefficient
Model °C °F Surface ag ay ap
I 1 '9.141E-3 6.264E-6 2.323E-8
I 2 9.141E-3 6.264E-6 2.323E-8
I 3 9.141E-3 2
I 4 1.093E-2
I 5 9.141E-3
I 37.78 100 6 8.395E-3 )
I 7 9.141E3 ~ | 6.26¢
I 8 1.093E-2
| RN
I 10 9941E-3 N[ 2.323E-8
I 11 [ laaEg | Ne264k 2.323E-8
I 1 (| lB264E-3\| " 6.672Es¢ 2.046E-8
I 2. || ‘s2e4E3 | 667266 2.046E-8
| 3N | E-3 |~ 6.672E6 2.046E-8
I N4 | ese2 | 1.012E5 1.744E-8
I /‘\ 5\ | 1.027E-2 2.872E-6 2 246E-8
| | AOSs-100 -28.89 207 | \6 \| 9.689E-3 8.641E-6 4.912E-9 ‘
I <} L N\ Ao27E-2 2.872E-6 2.246E-8
I N8 P 1.198E2 1.012E-5 1.744E-8
I - 9~ | 8.264E3 6.672E-6 2.046E-8
I - \Jo 8.264E-3 6.672E-6 2.046E-8
I \ N 8.264E-3 6.672E-6 2.046E-8
I > ' ~ 1 8.826E-3 5.616E-6 2.132E-8 .
I 2 8.826E-3 5.616E-6 2.132E-8
| 3 8.826E-3 | 5.616E-6 2.132E-8
I 4 1.227E-2 1.002E-5 1.686E-8
| 5 1.053E-2 2.881E-6 2.171E-8
I -40 6 1.065E-2 | 6.986E-6 5.460E-9
I 7 1.053E-2 2.881E-6 2.171E-8
I 8 1.227E-2 1.002E-5 1.686E-8
I 9 8.826E-3 5.616E-6 2.132E-8
I 10 8.826E-3 5.616E-6 | 2.132E-8
I 11 8.826E-3 5.616E-6 2.132E-8
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Table 3-15. Polynomial Coefficients Used in Equivalent Convective Property of Ambient
Temperature and External Surface, Normal Conditions of Transport — All Models (Continued)

Ambient Temperature

Polynomial Coefficient

Model °C °F Surface ap ay ay

| 1 8.842E-3 5.958E-6 - 2.332E-8
| 2 8.460E-3 5.531E-6 2.348E-8
| 3 1.017E-2 6.810E-6 - 124E-8
| 4 1.095E-2 ;
| 5 8.840E-3
| 37.78 ., 100 6 7.614E-3
| 7 8.840E-3
| 8 1.095E-2
| 9
| 10 2.348E-8
| 2.332E-8
| 1.520E-8
| 2.075E-8
| 1.531E-8
| JISH99E=2. 9.857E-6 1.803E-8
I il .028E2 | 6.960E-6 2.010E-8
| AOS-165 -28.89 3 ,-\_1”5.7‘0/19E-2 8.825E-6 3.944E-9
I N\ _A7028E-2 6.960E-6 2.010E-8
i 7 1.199E-2 9.857E-6 1.803E-8
I 9.612E-3 1.181E-5 1.531E-8
| 7.648E-3 6.076E-6 2.075E-8
| 9.960E-3 1.079E-5 1.520E-8
| 1 9.990E-3 1.144E-5 1.421E-8
| 2 7.602E-3 6.066E-6 2.034E-8
| 3 1.003E-2 1.015E-5 1.645E-8
| 4 1.233E-2 9.411E-6 1.775E-8
| 5 1.031E-2 7.737E-6 1.896E-8
| 6 1.070E-2 8.232E-6 3.962E-9
| 7 1.031E-2 7.737E-6 1.896E-8
| 8 1.233E-2 9.411E-6 1.775E-8
| 9 1.008E-2 1.015E-5 1.645E-8
| 10 7.602E-3 6.066E-6 2.034E-8
| 11 9.990E-3 1.144E-5 1.421E-8
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Table 3-16. Polynomial Coefficients Used in Equivalent Convective Property of Ambient
Temperature and External Surface, Fire Conditions of Transport — All Models

Ambient Temperature 'Polynomial Coefficient
Model °C °F Surface a Ly az
1 9.624E-3 7.201E-6 2.277E-8
2 1.255E-2 1.139E-5 | _-2.106E-8
| 3 9.624E-3 7.201E-6 /| . 2.277E-8
A0S-025 37.78 100 4 9.624E-3 7.201E%. ., 277E]
9 1.420E-2 E:5 . [\ /1.965E-8
10 1.255E-2 . |" 2406E-8
11 1420E2 {1 _1.965E-8
1 B.B4BE3 | 6JITOE-6\ | \2.323E-8
2 1BE-2\ | 937E6 \ 2.188E-8
3 BBASE-3 N\ 6.110E6 | 2.323E-8
a | oosses | ‘es4iE-6/ | 2.321E-8
5 || |.337E-2 N 1.465E5 1.906E-8
AOS-050 37.78 100 B\ || 7m319E3 | 8.112E6 6.484E-9
| 8848E-3 | 7 6.110E-6 2.323E-8
| 9.968E-3_| 6.641E-6 2.321E-8
h271E-2 1.201E-5 2.067E-8
1,H6E-2 9.371E-6 2.188E-8
_V1.271E-2 1.201E-5 2.067E-8
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Table 3-16. Polynomial Coefficients Used in Equivalent Convective Property of Ambient
Temperature and External Surface, Fire Conditions of Transport - Ail Models (Continued)

Ambient Temperature P'olynomial Coefficient
Model °C ! °F Surface a . a
I 1 9.326E-3 6.712E-6 2.299E-8
I 2 9.326E-3 6.712E-6 2.299E-8
| 3 9.326E-3 6.712E-6 2¢
I 4 1.094E-2
I 5 9.326E-3
| | AO0S-100 37.78 100 6 8.395E-3
I 7 9.326E-3
I 8 1.004E-2 |
I 9 :
I 2.252E-8
I 2.299E-8
| ai 2.331E-8
I T5531E-6 2,348E-8
I |~ 5.964E-6 2.331E-8
I ” 1.073E-5 2.061E-8
| 1.430E-5 1.667E-8
| | AOs-165 1.196E-5 3.583E-9
I 1.430E-5 1.667E-8
I 1.063E-2 1.191E-5 1.955E-8
I 9.926E-3 5.561E-6 2.274E-8
| 9.315E-3 6.817E-6 2.293E-8
| 8.842E-3 5.964E-6 2.331E-8
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3.3.1.3.1 Vertical Surface

The Nusselt Number used for convection from a vertical surface under laminar flow, 10* < Ra < 109,
is determined from Reference [3.4], Equation 9.27:

0.68 + A/B

Nu =

A = 0.670 * Ra'4

B = [1 + (0.492 / Pr)¥16)4/9
where: ’

Pr = Prandtl Number

N

The Nusselt Number for turbulent flow, Ra > 109, is determined’from\Reference\[Sﬁ], Equation 9.26:

Nu = {o.sés + AIB)?

A = 0.387 * Ra'/6

B = [1 +(0.492/ PP
where:

Ra = Rayleigh Numb

3.3.1.3.2 Horlzont/al\ Surface

The Nusselt Number used for convection, from a horizontal, upper surface under laminar flow,
10* < Ra < 10%, is determlned\from Reference [3.4], Equation 9.30:
\u
5

The’NusseIt Number for turb

N3

= 01

lent flow, Ra > 109, is determined from Reference [3.4], Equation 9.31:

* Ra 1/3

The Nusselt Number used for convection from a horlzontal lower surface, 10° < Ra< 1010, is determined
from Reference [3.4], Equation 9.32:

Nu = 0.27 * Ra'/*
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3.3.1.3.3 Horizontal Cylinder

. | The Nusselt Number used for convection from a horizontal cylinder with Ra < 10'2 is determined from

Reference [3.4], Equation 9.34:

Nu = {0.60 + A/B}?

A = 0.387 * Ra'/®

B = [1 +(0.559 / Pr)¥/16)8/27
where:

Pr = Prandtl Number

3.3.1.3.4 Solar Heat Load

Table 3-17 defines the soiar heat applied to the cask’s outS|de surfaces , flent temperature of
37.8°C (100°F). In the evaluation, the solar load is applled sing a steady s@lalytlcal solution, for a
12-hour period.

Models

Outsi I
Surface Form and Locati_ Toltlalllln!s:ollfation for a 12-Hour Period (g cal/cm?)

Flat surfaces transported horizontally”” A

e Base

* Other surfaces \ ) <\

Flat surfaces not transponed honzontally \ \

Curved surface ( N \ \ /
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3.3.1.3.5 Cask Boundary Surfaces at 1,475°F Environment

During the 30-minute fire condition, the ambient air is 1,475°F. Using the relationship provided in
Paragraph 3.3.1.1 for convection due to radiation, the surface convective coefficient is:

h = S*F*(T42 +1,935%) * (T4 + 1,935)
where:
S = Stefan-Boltzmann constant = 1.1944E-11 Btu/hr-in-°R*
F = Gray body shape factor, using emissivity value of 0.9 and absorptivity =,0.8
= 0.7347
T, = Surface temperature, °R
Then:

h, 0.87753E-11 * (T3 + 1,935 * T,24 1,9352 * T, .1,935%)

—

A convective heat transfer is also present during the-fire condition:

hy = 10 w/m2-°C (0.01223 Btu/hrin?-°F)

Combining the effects of both radiatio/n/and convedtion, total surface convection during the fire condition
defined as a function of temperat?is:

 9.722E-2

=
=
Il

D3.999E-5 * T-4 4.998E-8 * T2
\/

where:

Surface.temperature, °F

\
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3.3.2 Normal Conditions of Transport Results —
‘ ' Models AOS-100A and AOS-100A-S

Table 3-18 lists the tables and figures in this subsection that present the Model AOS-100A and
AOS-100A-S transport package results under Normal conditions of transport, for Load Cases 101 through
106. Each table provides a list of temperatures at each monitoring node. Also listed are the maximum
temperatures within each transport package component.

Table 3-19 lists the temperature monitoring points (nodes) for the Model AOS-100 (A,_/B:and A-S)
transport packages, under Normal and Hypothetical Accident (Fire) conditions of transpdrj. Figure 3-6
illustrates the location of each node on the transport packages, under Normal conditioris. -

Note: Results for the Model AOS-100B transport package are provided in Subsect/on 3.3.3:
Results for the Model AOS-025, AOS-050, and AOS-165 transport packagesére prowded
in Appendix 3.5.

A

Table 3-18. Normal Conditions of Transport Results — Models AOS-100A and AGS-1 OOA‘

Load A )
Case Description * Results Tlable Model Cask Model
101 100°F Ambient, Maximum Decay Heat Tabl\éSZO‘ -7 / Figure 3-8
100°F Ambient, Maximum Decay Heat, o )
102 Maximum Insolation Figure 3-10
403 -20°F Ambient, Zero Decay Heat,
Zero Insolation , -
-40°F Ambient, Zero Decay Heat/ R N .
' 104 | o Ambent i \ Tablg 323 Figure 3-12 -
- ; . T A Nod, . ' -
105 | -40°F Ambient, Mammurg,pega[Heat)_ /- Table 3°24 Figure 3-13 Figure 3-14
106 | -20°F Ambient, MaximumDecay Heat | Table 3225 Figure 3-15 Figure 3-16
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| Table 3-19. Temperature Monitoring Points, All Conditions of Transport - Model AOS-100

Nodal Location

LIBRA Model Nodal Number

Normal Conditions

Fire Conditions

1 5001 5001
2 4532 4532
3 4227 4227
4 4752 a752” \
5 4838 A8/ N )
6 4995 Sg995 T/
7 3309 N\ 3309 C
8 3419 SO ueNL O\
9 678 A O 678, N\
10 2537 N 2537\
11 1888 A N N\ Jees )
12 583 N 583/
13 3001 | 3001
14 3148°\_ | —~ 3148
15 7633 N /. 7533
16 3TN, | 7377
17 1 N\ 7371
18 S N894 N\ 6942
19 SN 8267 T~ 6267
20 AN o2 S 6121
21 I~ N 6001 6001
22/ TSl \_ 9501 15481
23\ N~ | T \g950 16630
24\ N\ ¢ _ J 1o14 16694
s\ | T 1078 18111
C 2 N0 \ | 9091 1153
AN\ 2 NO\ 8463 9785
N\ AN Y 8462 9571
TN 2o\ 8197 8197
NN 9711 15451
N N\3tY 9821 15961
TN 32 10158 17022
© 33 10605 17743
34 9102 11051
35 8578 9900
36 8225 8673
37 8001 8225
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37 .....‘...........,......L ,/’//. 35
3B

Figure 3-6. Selected Nodal Locations for Normal Conditions of Transport — Models AOS-100
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Table 3-20. Load Case 1.01 - iOO“F Ambient, Maximum Decay Heat -
Models AOS-100A and AOS-100A-S

Location

W~ U W N

I I R S R N e ol
WNREOW®ELIOU BWNDRE O

24
25
26
27
28
29
30

31/\\\\
fz

33

3-50

Node Tenmp (F)
5001 198.20
4532 191.10
4227 194.20
4752 187.90
4838 180.80
4995 180.30
3309 181.80
3419 180.30
678 180.70
2537 177.20
1888 173.60
583 177.40
3001 181.30
3148 119.6k
7533 185.20
7377 186.2b
7371 82.50
6942 82.70
6267 182.50
6121 183.00
6001 182.20
9501 181.6q:>
9950 178200
10014 175790
10781 .80
9091 .60
§463\\\\\\\\\ \\\ .60
8462 .10
é197§§;;> Ph .10
\ e
9741 .80
982, .40
10158 .30
10§05 .80
9102 .80
8578 37.94 100.30
8225 38.00 100.40
8001 38.78 101.80
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Maximum Component Temperatures
Component Node' 1 Node_2 Node Max_Temp (C) Max_Temp (F)
butside Shell 101 2894 606 8.2722E+01 1.8090E+02
Bottom Plate 3001 3232 3120 8.3111E+01
Lid © 3233 3424 3233 8.3389E+01
Shell Cavity 4001 4998 4227 9.0111E+01
Plug 5001 5404 5001 9.2333E+01
Tungsten Alloy 6001 7656 7377 8.5667E+01
LAST-A-FOAM 8.3111E+01

AOS Radioactive Material Transport Packaging System Safety Analysis Report 3-51
| for Model AOS-025, AOS-050, AOS-100, and AOS-165 Transport Packages, Rev. B



VECTOR 1
MIN: 1. 0@3ZE+02
MAX: L. 9520E+02

1420E+0Z
17E0E+02
Z13eE+a2

PLE+GZ
S121E+02
U0 02
SBZOE 02

-

Figure 3-7. Load Case 101 — 100°F Ambient, Maximum Decay Heat, Entire Model —
Models AOS-100A and AOS-100A-S
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VECTOR 1
MIN 1L 7P357E+02
MA, 1. 9820E+a2

TTITEXOZ
TBE5E+02

PIPEE Q2

ISEBEOZ
FEUUE+OZ

=P

Figure 3-8. Load Case 101 — 100°F Ambient, Maximum Decay Heat, Cask Model —
Models AOS-100A and AOS-100A-S
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Table 3-21. Load Case 102 — 100°F Ambient, Maximum Decay Heat, Maximum Insolation —
Models AOS-100A and AOS-100A-S

Location Node Temp (C) Temp (F)
1 5001 127.72 261.90
2 4532 123.94 255.10
3 4227 125.61 258.10
4 4752 122.22 252.00
5 4838 118.39 245.10
6 4995 118.11 244 .60
7 3309 118.83 245:.90
8 3419 118.06 244 .50
9 678 118.50 245.30

10 2537 116.33 241.40
11 1888 114.89 238.80
12 583 116.44 241.60
13 3001 118.61 245.5P
14 3148 117.67 2%}.8P
15 7533 120.67 249.ZP
16 7377 121.22 2%0.29
17 7371 119.39 266.90
18 6942 119.61 2§7.30
19 6267 119.39 246.90
20 6121 119.64 247 .30
21 6001 119.11 246 .40
22 9501 1/18/7-8 245.80 ‘
23 9950 116.78 242 720
24 10014 - ll§\67 2%9 20
25 10781 91.06 195.90
26 9091 . 91.00 195.80
27 8}53\1;%44 239.80
28 8462 Ll6.§9 242 .40
29 \%97‘§;:>> ligT?9 245 .30
30 971 6%739 146.1Q
31 82& 79.00 174.20
<f 10158 76.94 170.50
\ 0605 68.72 155.70
9102 68.72 155.70
8578 76.94 170.50
8225 79.00 174.20
8001 -63.33 146.00
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Maximum Component Temperatures

Component Node_1 Node_2 Node
Outside Shell 101 2894 620
Bottom Plate 3001 3232 3120
Lid 3233. 3424 3233
Shell Cavity 4001 4998 4227
Plug 5001 5404 5001
Tungsten Alloy 6001 7656 7377
LAST-A-FOAM

.1850E+02
.1878E+02
.1900E+02
.2561E+02
.2772E+02
.2122E+02
.1878E+02
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VECTOR
MIN: 4
MAL 2

JoR N R

r

3-56

1
HEOSE v
E1B9E+02

UEOSE +02
SO18E 02
ZE-02
£E 02
OF +02
02

TE+R2

Figure 3-9. Load Case 102 — 100°F Ambient, Maximum Decay Heat, Maximum Insolation,

Entire Model — Models AOS-100A and AOS-100A-S
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WECTOR 1
MIN: Z.3880E-02

Max Z B1BIE+0Z

I O ST

LV 5 B

N

MO N

O

N

Figure 3-10. Load Case 102 — 100°F Ambient, Maximum Decay Heat, Maximum Insolation,
Cask Model - Models AOS-100A and AOS-100A-S
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Table 3-22. Load Case 103 — -20°F Ambient, Zero Decay Heat, Zero Insolation —

Models AOS-100A and AOS-100A-S v ‘
Location Node . Temp (C) Temp (F)
1 5001 -28.89 -20.00
2 4532 -28.89 -20.00
3 4227 -28.89 -20.00
4 4752 -28.89 -20.00
5 4838 -28.89 -20.00
6 4995 -28.89 -20.00
7 3309 - -28.89 -20.00
8 3419° -28.89 -20.00
9 678 -28.89 -20.00
10 2537 -28.89 -20.00
11 1888 : -28.89 -20.00
12 583 / -28.89 -20.00
13 3001

14 3148
15 7533
16 7377
17 7371
18 : 6942
19 6267
20 6121

21 6001
22 9501 ‘
23 9950

24 10014
25 10781
26 9091

yd
27 8463
28 8462
29 8\*1\97
30 9741
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Maximum Component Temperatures
Component Node_1 Node_2 Node Max_Temp (C) Max_Temp{(F)
Outside Shell 101 2894 101 -2.8889E+01 ~-2.0000E+01
Bottom Plate 3001 3232 3001 -2.8889E+01 -2.0000E+01
Lid 3233 3424 3233 -2.8889E+01 —2.0QQOE£01
Shell Cavity 4001 4998 4001 -2.8889E+01 —2.000QE+01
Plug 5001 5404 5001 -2.8889E+01 —2(5q90E+01
Tungsten Alloy 6001 7656 6001 -2.8889E+01 —2(00005&01
LAST-A-FOAM 8001 10791 8001 -2.8889E+01 <2 :0000E+0Y

AOS Radioactive Material Transport Packaging System Safety Analysis Report 3-59
| for Model AOS-025, AOS-050, AOS-100, and AOS-165 Transport Packages, Rev. B



UECTOR 1
MIN: -2 OOOE +01

MAax -2 0000E+~01
2 OE Q1
POVE @1

QOOE +@L

v
i
|
|
=

Figure 3-11. Load Case 103 — -20°F Ambient, Zero Decay Heat, Zero Insolation,
Entire Model - Models AOS-100A and AOS-100A-S
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Table 3-23. Load Case 104 — -40°F Ambient, Zero Decay Heat, Zero Insolation —

Models AOS-100A and AOS-100A-S

Location

0 3O U W N

NN R R R R R RRRR
WNR OWO®OLUOoOU R WNDRE oW

24
25
26
27
28
29
30
31/\\\\
éz
33
34
35
36
37
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Node Temp (C)

5001 =40.
4532 -40.
4227 -40.
4752 -40.
4838 -40.
4995 -40.
3309 -40.
3419 -40.

678 -40.
2537 -40.
1888 -40.

583
3001
3148
7533
7377
7371
6942
6267
6121
6001
9501
9950

10014

10781
9091
8463

7
8462
8197
971
982y

10158

N\ -

10605

AN
9102
8578
N
8225
8001
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Component
Outgide Shell
Bottom Plate
Lid

Shell Cavity
Plug

Tungsten Alloy
LAST-A-FOAM

Maximum Component Temperatures

Node_2. Node
2894 101
3232 3001
3424 3233
4998 4001
5404 5001
7656 6001

10791 8001

AOS Radioactive Material Transport Packaging System Safety Analysis Report
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.0000E+01
.0000E+01
.0000E+01
.0000E+01
.0000E+01
.0000E+01
.0000E+01

Max_Temp (F)

-4 .0000E+01
-4.0000E+01
—4.0%90E+Ol
-4.0000E+01
-4.0000E+01
o)
-4 .0000E+01
: N4
<4.0000E+0Y
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Figure 3-12. Load Case 104 - -40°F Ambient, Zero Decay Heat, Zero Insolation,
Entire Model — Models AOS-100A and AOS-100A-S
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Table 3-24. Load Case 105 — -40°F Ambient, Maximum Decay Heat -

Models AOS-100A and AOS-100A-S ‘ . ‘
Location Node Temp (C) Temp (F)
1 5001
2 4532
3 4227
4 4752
5 4838
6 4995
7 3309
8 3419
9 678
10 2537
11 1888
12 583
.13 3001
14 3148
15 7533
16 7377
17 7371
18 6942
19 6267
20 6121
21 6001 - ,
22 9501 ‘
23 9950
24 10014
25 . 10781
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: Maximum Component Temperatures

Component Node_1 Node_2 Node Max_Temp (C) Max_Temp (F)
Outside Shell 101 2894 606 4.1889E+00 3.9540E+01
Bottom Plate 3001 3232 ' 3120 4.6611E+00 4.0390E+01
Lid 3233 3424 3233 4.9333E+00 4.0%§OE£01
Shell Cavity 4001 4998 4227 1.2156E+01 5 : :
Plug 5001 5404 5001 1.4678E+01 5

Tungsten Alloy 6001 7656 7377 7.5833E+00

LAST-A-FOAM 8001 10791 9501 4.6778E+00
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Figure 3-13. Load Case 105 — -40°F Ambient, Maximum Decay Heat, Entire Model -
Models AOS-100A and AOS-100A-S
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Figure 3-14. Load Case 105 - -40°F Ambient, Maximum Decay Heat, Cask Model -
Models AOS-100A and AOS-100A-S
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Table 3-25. Load Case 106 — -20°F Ambient, Maximum Decay Heat —

Models AOS-100A and AOS-100A-S

Location Node Temp (C) Temp (F)
1 5001 27.63
2 4532 23.56
3 4227 25.16
4 4752 21.51
5 4838 17.24
6 4995 ©16.98
7 3309 17.82
8 3419 16.97
9 678 17.16
10 2537 -~ 15.13
11 1888 12.89
12 583 15.28
13 3001 17.54
14 3148 16.54
15 7533 20.00
16 7377 20.61
17 7371 18.19
18 6942 18.32
19 6267 18.17
20 6121 18.58
21 6001 . 18706
22 9501 17 716
23 9950 15.52
24 10014 104
25 10781 -5.99
26 9091 *6.10
27 §4€5\\\\\\\\\£§\g§
28 g462 15.63
29 §%97 57?49  63.47
30 9711 =27 63 -17.74
31/\\\\ 982q -28755 ~19.39
<§; %plSé -28.68 -19.63
33 \\\\io§p5 -27.94 -18.29
9102 -27.94 -18.30
st 8578 ~ -28.68 -19.63
8225 -28.55 -19.39
8001 -27.64 -17.75
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3 Component Node_1 Node_2 Node
Outside Shell 101 2894 606
Bottom Plate 3001 3232 3120
Lid 3233 3424 3233
Shell Cavity 4001 4998 4227
Plug 5001 5404 5001

Tungsten Alloy 6001 7656 7377
‘LAST-A-FOAM )

Maximum Component Temperatures

.7300E+01
.7T744E+01
.8011E+01
.5161E+01
.7628E+01
.0606E+01
.7756E+01
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6.3140E+01

6.3940E+01

6.4420E+01
S
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1 9626E+@1
8 17ZeE+01

81726 01

Figure 3-15. Load Case 106 — -20°F Ambient, Maximum Decay Heat, Entire Model -
Models AOS-100A and AOS-100A-S
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7 SQIBE+0L
7 BOUYIErQL
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Figure 3-16. Load Case 106 — -20°F Ambient, Maximum Decay Heat, Cask Model —-
Models AOS-100A and AOS-100A-S
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3.3.3 - Normal Conditions of Transport Results — Model AOS-100B

Table 3-26 lists the tables and figures in this subsection that present the Model AOS-100B transport
package results under Normal conditions of transport, for Load Cases 101 through 106. Each table
provides a list of temperatures at each monitoring node. Also listed are the maximum temperatures within
each transport package component. : '

Table 3-19 lists the temperature monltorlng points (nodes) for the Model AOS-100B transport package,
under Normal and Hypothetical Accident (Fire) conditions of transport. Figure 3-6 illustrates the-location of
each node on the transport package, under Normal conditions.

Note: Results for the Model AOS-100A and AOS-100A-S transport packages are<prov1de<>
in Subsection 3.3.2.
“Results for the Model AOS-025, AOS-050, and AOS-165 transpon packageSfare prowded

~in Appendix 3.5. .
Table 3-26. Normal Conditions of Transport Results — Model AOS-1 00B

Load
Case Description - Resultsgiable Enhre Model 'Cask Model
100°F Ambient, Maximum Decay Heat, | | .
101 Carbon Steel Shielding . /\Tabk\a 3 ?7&\ Flgure 3- 17 Figure 3-18
100°F Ambient, Maximum Decay Heat, </ w
102 Maximum Insolation, Carbon Steel Table 3-28 Figure 3-19 Figure 3-20
Shielding _ - l\ ~
N - : s
103 | -20°F Ambient, Zero Decay Heat, Table 3:29 Figure 3-21 Figure 3-22
Zero Insolation, Carbon Ste/el/Sh:e/ldmg N
, FATIT %
. -40°F Ambient, Zero Decdy Heat, . . : . i
104 Zero Insolation, Carbon<St\eeI Shielding Table}so Figure 3-23 Figure 3-24
. . N Ve ’
-40°F Ambient, Maximum Decay Heat; - ) . 2. . i
105 | Garbon Steol Shielding \\ Table 3-31 Figure 3-25 Figure 3-26
-20°F Amblent ‘Maximum- Decay Heat, / ' . i . !
106 Carbon Steel Sh:eldlng ' _ Table 3-32 Figure 3-27 F|g.ure 3-28
- 3-72 AOS Radioactive Material Transport Packaging System Safety Analysis Report
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Model AOS-100B

Location

AOS Radioactive Material Transport Packaging System Safety Analysis Report
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8463 79.
8462 81

Node . Temp (C) Temp (F)
5001 92.50 198.50
4532 88.67 191.60
4227 90.28 194.50
4752 86.78 188.20
4838 82.67 180 .80
4995 82.44 180.40
3309 83.22 181.80
3419 82.44 180.40

678 82.61 180.70
2537 80.67 177.20
1888 78.67 173.60

583 80.83 177.50
3001 82.94 181.30
3148 82.00 . 179.60
7533 85.17 185. 3p
7377 85.94 1§G/I
7371 83.67 18260
6942 83.89 1l83. 00
6267 83.67 182. 60
6121 84.11 183.40
6001 83.44 182. 20
9501 83 17 181. 7o
9950 81711 178. 00
10014 79 94 17590
10781 6 oo) 141\80
9091 605 89 141 60

. 78 1/75.60

17 178.10

819 82\ 89 181.20
9711 38 78 101.80
9821 3'8-. OO 100.40

9102 38.

8578 37.
8225 38.

8001 38

10158§§;;> 37, .
10605 38,478 101.80

94’ 100.30
78 101.80
94 100.30
00 100.40
.78 101.80

Table 3-27. Load Case 101 — 100°F Ambient, Maximum Decay Heat, Carbon Steel Shielding -

>
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Maximum Component Temperatures

Component Node_1 Node_ 2 Node Max_TemeC) Max_Temp (F)
Outer Shell .101 2894 606 8.2722E+01 1.8090E+02
Bottom Plate - 3001 3232 3120 8.3111E+01 1.8160E+02
Lid : 3233 3424 3233 8.3389E+01 1.8213@:02
Shell Cavity - 4001 4998 4227 9.0278E+01 1.9/4’50E+O‘2
Plug 5001 5404 5001 9.2500E+01 1/./9850E:+02
Tungsten 6001 7656 7377 8.5944E+01 1.8(6'7/033‘)+02
LAST-A-FOAM 8001 10791 9501 8.3167E+01 1.81\7\O/E+02
3-74 i AOS Radioactive Material Transport Packaging System Safety Analysis Report
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. Figure 3-17. Load Case 101 — 100°F Ambient, Maximum Decay Heat, Carbon Steel
Shielding, Entire Model — Model AOS-100B
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VECTOR i
MIN L7 02
MaX 1 SeS1E+02

1 753
1 TE2HE+02
1 TPAZEQ2

Q2

1 7980E+02
1 BOE3E O
1 8159E+02

1 S4OEE

1 QUESE+02

imum Decay Heat, Carbon Steel
S-100B
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Location

AOS Radioactive Material Transport Packaging System Safety Analysis heport
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10781

Node Temp (C) Temp (F)
5001 127.89 262.20
4532 124.28 255.70
4227 125.83 258.50
4752 122.39 252.30
4838 118.39 245.10
4995 118.11 244.60
3309 118.89 246.00
3419 . 118.11 244 .60

678 118.50 245.30
2537 116.33 241 .40
1888 114.89 238.80

583 116.44 241.60
3001 118.61 245.50
3148 117.72 243,90
7533 120.72 2g9(ép
7377 121.50 260.70
7371 11944 ﬂ47.ob

6942 119.72 2\‘417.50
6267 119.44 <2\147.00
6121 119.83 247.7|O
6001 119.17 246.50
9501 118.78 245.80

b ol
18 245.
9950 Ile.83 242.30
10014 <11§{67> 24(%2/0
-\/‘ : X3

9091 91.00 195.80
8463 215.44 239.80
8§5§\\\\\\\\j}6\§%jf5;:\\\242.40
gl97 118.5¢ 245.40

9711 63..39 146.10
98@1§§;;> 79.00 174.20
10158 76,794 170.50
10605 68.72 . 155.70
9102 68.72 155.70,
8578 \ - 76.94 170.50
8225 79.00 174.20

ngi:> 63.33 146.00

Table 3-28. Load Case 102 — 100°F Ambient, Maximum Decay Heat, Maximum Insolation, Carbon Steel
Shielding — Model AOS-100B '
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Component
Outer Shell
Bottom Plate
Lid .

Shell Cavity
Plug
Tungsten
LAST-A-FOAM

3.78

Maximum Component Temperatures

Node_1

Node_2‘ Node
2894 622
3232 3120
3424 3233
4998 4227
5404 5001
7656 7377

10791 9501

AOS Radioactive Material Transport Packaging System Safety Analysis Report
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.1850E+02
.1878E+02
.1906E+02
.2583E+02
.2789E+02
.2150E+02
.1878E+02

2.4530E+02
2.4580E+02
2.4630E+02
T
2.5850E+02
%/6220E+02
3 . 5070E+02

2,4§8OEL02
N/




‘ Figure 3-19. Load Case 102 — 100°F Ambient, Maximum Decay Heat, Maximum Insolation, Carbon
Steel Shielding, Entire Model — Model AOS-100B
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Figure 3-20. Load Case 102 — 100°F Ambient, Maximum Decay Heat, Maximum Insolation, Carbon
Steel Shielding, Cask Model — Model AOS-100B
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Table 3-29. Load Case 103 — -20°F Ambient, Zero Decay Heat, Zero Insolation, Carbon Steel Shielding —

‘ Model AOS-100B

Location

J
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Maximum Component Temperatures

Component Node_1 Node_2 Node Max_Temp (C) Max_Temp (F)

Outer Shell 101 2894 101 -2.8889E+01 -2.0000E+01
Bottom Plate 3001 3232 3001 -2.8889E+01 -2.0000E+01
Lid 3233 3424 3233 -2.8889E+01 -2.0000E+01
Shell cavity 4001 4998 4001 -2.8889E+01 ~2.0000E+01
Plug 5001 , 5404 5001 -2.8889E+01 —%/OOQ9§+01
Tungsten 6001 7656 6001 -2.8889E+01 J2.0900ET01
LAST-A-FOAM ’ 8001 10791 8001 -2.8889E+01 —2.00Q9£+Ol
3-82 ° : AOS Radioactive Material Transport Packaging System Safety Analysis Report
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~Z. QOOOE Q1
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. Figure 3-21. Load Case 103 - -20°F Ambient, Zero Decay Heat, Zero Insolation, Carbon Steel
Shielding, Entire Model — Model AOS-100B
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Figure 3-22. Load Case 103 - -20°F Ambient, Zero Decay Heat, Zero Insolation, Carbon Steel
Shielding, Cask Model — Model AOS-100B
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Model AOS-100B

Location

Node
5001
4532
4227
4752
4838
4995
3309
3419
678
2537
1888
583
3001
3148
7533
7377
7371
6942
6267
6121
6001
9501
9950
10014
10781
9091
8463

\_/

—40\00
-40.00
40 00

8462 —40\00
8197 -40. OO

9711
9821&

32 10158
33 10605
<; 9102

35 8578
36 8255

AOS Radioactive Material Transport Packaging System Safety Analysis Report
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—40-. OO
-40. OO
~40,460
~40.00
-40.00
-40.00
-40.00
-40.00

Table 3-30. Load Case 104 - -40°F Ambient, Zero Decay Heat, Zero Insolation, Carbon Steel Shielding -
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Maximum Component Temperatures’

Component Node_1 Node;2 Node Max_Temp (C) Max_Temp (F)
Outside Shell 101 2894 101 -4 .0000E+01 -4.0000E+01
Bottom Plate 3001 3232 3001 -4 .0000E+01 -4.0000E+01
Lid . 3233 3424 3233 -4.0000E+01 —4.000&E{Ol ‘
Shell Cavity 4001 4998 4001 -4.0000E+01 —4.0/O'OOE+O‘1

Plug ‘ 5001 5404 5001 -4.0000E+01 -4 .0000E+01
Tungsten 6001 7656 6001 -4.0000E+01 4. 0000E¥01

-4, OO'O\O/E)+01

LAST~-A-FOAM ' 8001 10791 8001 -4.0000E+01

3-86 AOS Radioactive Material Transport Packaging System Safety Analysis Report
for Model AOS-025, AOS-050, AOS-100, and AOS-165 Transport Packages, Rev. B



‘ Figure 3-23. Load Case 104 —-40°F Ambient, Zero Decay Heat, Zero Insolation, Carbon Steel
Shielding, Entire Model — Model AOS-100B
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Figure 3-24. Load Case 104 - -40°F Ambient, Zero Decay Heat, Zero Insolation, Carbon Steel ‘
Shielding, Cask Model - Model AOS-100B
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Table 3-31. Load Case 105 — -40°F Ambient, Maximum Decay Heat, Carbon Steel Shielding —
‘ Model AOS-100B
Location - Node Temp (C) Temp (F)
1 5001 . 14.82 58.68
2 4532 10.80 51.44
3 4227 12.28 54.11
4 4752 8.61 47 .49
5 4838 ' 4.16 39.48
6 4995 3.91 39.03
7 3309 4.77 40.58
8 3419 3.89 39.01
9 678 4.02 39.24
10 2537 2.02 35.64
11 1888 -0.35 31.37
12 583 2.18 35.92
13 3001 " 4.48 40.06
14 3148 3
15 7533 7
16 7377 7
17 7371 5
18 6942 5
19 6267 5
20 6121 5
21 6001
22 9501
‘ 23 9950
24 10014
25 10781
26 9091
27 8463 )
28 8462 .
29 gfé;\\\\\\\\\ Nt
30 9711 8..86
31 9821
32 10158
33 10605
<§4 9102
35 8578
\ N,
36 8225 -39.70 -39.46
3j§§. 8Q3i>> -38.86 -37.95
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Component
Outside Shell
Bottom Plate
Lid

Shell .Cavity
Plug
Tungsten
LAST-A-FOAM

- 3-90

Maximum Component Temperatures

Node_1 Node_2 Node Max_Temp (C)
101 2894 606 4.1778E+00
3001 3232 3120 4.6833E+00
3233 3424 3233 4.9611E+00
4001 4998 4227 1.2283E+01
5001 5404 5001 1.4822E+01
6001 7656 7377 7.7833E+00
8001 10791 9501 4.7000E+00

AOS Radioactive Material Transport Packaging System Safety Analysis Report
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Max_Temp (F)
3.9520E+01
4.0430E401
4,0930E+01
5.@}16%?6\
5 /8680E+01
4 .601T0E+01

4.0%60Ek01
. N




. Figure 3-25. Load Case 105 - -40°F Ambient, Maximum Decay Heat, Carbon Steel Shielding,
Entire Model — Model AOS-100B
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VECTOR
MIN 3 1372
Max. 5 8ew

3 4299E 01
3 S2TE+0L

4 2101E+01
4 3076E+QL
4 YOSIE+O1
4 SOZEE«OL
4 BOOLE+OL

%
5 18536401
5 2828E+01
5 38036 +01
5 4778E 0L
5 5753E 01
5 B729E+01
5. 7704E vo1
5 8679E +0L

-

Figure 3-26. Load Case 105 — -40°F Ambient, Maximum Decay Heat, Carbon Steel Shielding,
Cask Model — Model AOS-100B
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Table 3-32. Load Case 106 ~-20°F Ambient, Maximum Decay Heat, Carbon Steel Shielding —
‘ Model AOS-100B
Location Node Temp (C) Temp (F)
1 5001 27.77 81.99
2 4532 23.79 ©74.82
3 4227 25.29 77.52
4 4752 21.65 70.97
5 4838 17.26 63.06
6 4995 17.00 62.60
7 3309 17.84 64.12
8 3419 16.98 62.57
9 678 17.16 62.89
10 + 2537 15.13 59.24
11 1888 12.89 55.21
12 583 15.28 59.51
13 3001 17.56 63.61
14 3148 16.56 61.8P
15 7533 20.06 68(1p
16 7377 20.82 f@.4p
17 7371 18.27 64.8?
18 6942 18.42 ?5,16
19 6267 18.24 64.83
20 6121 18.74 <i:::::%5.7?
21 6001 18)99 64.5?
22 9501 ;7.78 64.00
. 23 9950 15.53 5-9.95>

. 24 10014 <i::?é{12\\i2\\\57.%1
25 10781 -5N99 2;;21
26 9091 -6.09 21.03
27 8463 %?.93 57.08
28 8&65\\\\\\\\\%5\§3 60.14
29 @197 17.49 63.49
30 9011 —27»@} -17.74
31 9821 ; > -28.5% ~19.39
32 1015? =28768 -19.63
33 10605 -27.94 -18.29
<§4 9102 -27.94 -18.30
%? 85(8 -28.68 -19.63
~-28.55 -19.39
-27.64 -17.75
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Maximum Component Temperatures

Component Node_1 Node_2 Node Max_Temp (C) Max_Temp (F)
Outside Shell 101 2894~ 606 1.7289E+01 6.3120E+01
Bottom Plate 3001 3232 3120 1.7767E+01 6.3980E+01
Lid 3233 3424 © 3233 1.8039E+01 6.4470E+01
"Shell Cavity 4001 4998 4227 2.5289E+01 7.7520E+01
Plug 5001 5404 5001 2.7772E+01 @/19%9§+01
Tungsten 6001 7656 7377 2.0817E+01 i 6.9?WOET01
1.7778E+01

LAST-A-FOAM ' 8001 10791 9501 6.,40‘O\O/E+Ol

394 AOS Radioactive Material Transport Packaging System Safety Analysis Report
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. Figure 3-27. Load Case 106 — -20°F Ambient, Maximum Decay Heat, Carbon Steel Shielding,
Entire Model ~ Model AOS-100B
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Figure 3-28. Load Case 106 —-20°
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| 3.4 THERMAL EVALUATION UNDER HYPOTHETICAL ACCIDENT
‘ CONDITIONS OF TRANSPORT

After two free drops — one from a height of 914.4 cm (30 ft.), and another from a height of 121.92 cm (4 ft.)
onto a cylindrical punch — the package must be exposed to a fire transient. The thermal test consists of
exposure of the entire package, for not less than 30 minutes, to a radiation environment of 800°C
(1,475°F) with an emissivity coefficient of at least 0.9. The surface absorptivity of the package is taken as
0.8, and the convective heat coefficient is in the range of 5 to 10 w/m2-°C [3.11]. The transient is then
continued, until maximum temperature values within the cask are obtained.

The package’s thermal performance during the fire transient is evaluated, using the finite element program
LIBRA. In this evaluation, the properties are updated every time step, by the rQatenal\f{Jpctlon/wnhm
the LIBRA Code. This function contains expressions relating element properties to te{nperature. Thermal
properties, as well as density and heat capacitance, are periodically updated. The LIBRA program allows
the user to select the time-marching scheme. In this analysis, the backward difference schéme is selected.

Figure 3-29 (a revised model of Figure 3-3, “Thermal Finite Element Model& Normal Congitions of
Transport,” which represents Normal conditions of transport) illustfates the LIBRA\Finite Element model -
used for the Model AOS-100 transport package, for Fire conditions.of trar?sport, which includes the cask
and impact limiter structures. Thermal models used for the fife event include reducéd iméact limiters that
account for deformations from head-on, side, and cornef 9-m| (30-ft.) drops applied-simultaneously. In
contrast, the Model AOS-165 transport package’s geometry has a 14.22 cm-(5:6in.) reduction due to
head-on drop, and a 28.96 cm (11.4 in.) reduction.due to the cofnerdrops applied to the upper impact
limiter. A 10.41 cm (4.1 in.) reduction due to the<&ide drop is applied to bo\tﬁthe upper and lower impact
limiters. General Plastics LAST-A-FOAM properties.are adjustedto-the reduced volume. The cask is not
altered for this event. For the other geometn'és\the reduced rmpact llmlter effects are linearly scaled by
. their cask size. The encapsulated tungstén alloy shleldlng\matenal\rs included in the cask model. Because
an axisymmetric (2D) solution is used, or/rly a“crossrsection ‘of tr}e package must be modeled. The model
includes both conductive two-nodé axiakand’ four-quadrilaterdl elements. Also, the boundary two-node
. . N L L. .
element type is used. Air is represenjed to account not onlyfor temperature variation, but also for different
heat transfer modes. The mode of heat transfer across-ah air space varies, depending upon whether the
air space is:

* Enclosed ofiopen
* Vertically or horizontaily, oriented
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Figure 3-29. Thermal Finite Element Model — Fire Conditions of Transport
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3.4.1 Initial Conditions

The initial condition for the fire event is the Normal condition of transport — 38°C (100°F) ambient
temperature — with maximum decay heat and solar ioad. The analytical model used in the evaluation is the
same as the one used to evaluate the Normal condition, with the section representing the impact limiter
modified to represent the deformed geometry of this structure because of the free-drop condition.

3.4.2 Fire Test Conditions /—\

As discussed in Subsection 3.4.1, the fire condition analysis began from the 38°C/{100°F) arnbient

temperature, with maximum decay heat and solar load solution. At time zero, an ambierﬁ?emperature

of 800°C (1,475°F) is applied to the model. This ambient temperature is maintained\fgr/o.s hours.
]

At this time, the ambient condition is reversed to the initial condition. The anélysis contindes until

five (5) hours elapse. _
3.4.3 Maximum Pressures and Temperatures /\ ,
Cask Cayity Pressure Due to Normal

The maximum pressures are reported in Table 3-3, “Maximu/]m % v
Conditions of Transport — All Models.” The maximum temperatures ‘are report@Table/SA, “Transport

Package Temperature Summary — All Models.” Temperaturtle table\s and contours 6Iots of the Fire
condition follows. \/

3.4.4 Maximum Thermal Stresses

[y
Thermal stresses resulting from temper% gradients and differential thermal expansion for the
Model AOS-100 transport package are Brovided in Chapter 2, Table 2-26 through Table 2-31 for Normal
conditions of transport, and Table 2:66 through Table\2-71 for> Hypothetical Accident conditions of
transport. ' \/

Thermal stresses for the other models are p'rovided in the Chapter 2 appendices, by model.

3.4.5 Hypothetical"Accident Conditions for Fissile Material Packages

for Air Tra\fosport\\/

Note: Not applicable. Fue/wan authorized content for the AOS Transport Packaging System.
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3.4.6 Hypothetical Accident Conditions of Transport Resulits -
Models AOS-100A and AOS-100A-S

Table 3-33 lists the tables and figures in this subsection that present the Model AOS-100A and
AQOS-100A-S transport package results under Hypothetical Accident conditions of transport, for Load
Cases 111 through 116. Each table provides a list of temperatures at each monitoring node. Also listed are
the maximum temperatures within each transport package component.

Table 3-34 lists the temperature monitoring points (nodes) for the Model AOS-100 ( /B“and A-S)
transport package, under. Normal and Hypothetical Accident (Fire) conditions of transport Flgure 3-30
illustrates the location of each node on the transport package, under Fire condmons

Note: Results for the Model AOS-100B transport package are provided in Subsect/on 3. 4 7.
Results for the Model AOS-025, AOS-050, and AOS-165 transport packages are prowded

in Appendix 3.5. :
Table 3-33. Hypothetical Accident Conditions of Transport Results«—
Models AOS-100A and AOS-100A-S

Load Te erature
Case Description Results Table ﬂgvleqsus Time . ..@m‘i}@ Mo v Cask Model
Fire at 30 Minutes, l \_/
111 1,475°F Ambient, Table 3-35\ Figure-3-3 Figure 3-32 Figure 3-33
Maximum Decay Heat NI %
Fire at 60 Minutes, 100°
112 Maximum Decay Heat, Table 3-36 - Figure 3-34 Figure 3-35
Maximum Insolation ) / \ \ N
Fire at 90 Minutes, 100°F, ) ) '
113 Maximum Decay Heat, Table 3:37— — " Figure 3-36 Figure 3-37
Maximum Insolation N4 w
Fire at 120 Minutes, 100°F\ T~ -
114 Maximum Decay_Heat, Table 3-38 - Figure 3-38 Figure 3-39

1/ .
Maximum Insolatlo\ \

-Fire at 1 50<M|nutes 100°F\ \/

115 | Maximum D\ecay Hgat Table 3-39 - Figure 3-40 Figure 3-41

Maxnmum Insolatnon\ ) /
R v

/F:re at180 Mmutes 100°F/
116 < Maximum Decay\Heat Table 3-40 - Figure 3-42 Figure 3-43
- Maximum lnsolatlon . :

\
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I Table 3-34. Temperature Monitoring Points, All Conditions of Transport — Model AOS-100

Nodal Location

LIBRA Model Nodal Number

Normal Conditions

Fire Conditions

A

1 5001 5001
2 | 4532
3 4227
4 4752
5 4838
6 4995
7 3309
8 3419
9 678 P
10 2537 D
¥ 1888 NB
12 583 $
13 3001 g
14 T~
- SEH
16
17
18
19
20
21
22
23
24\ \ /| /10014
25 N 10781
G N
e
ZARNN AR
X N\ 8197
NN
O\ 9821
N\ 32 10158
© 33 10605
34 9102
35 8578
36 8225
37 8001

AOS Radioactive Material Transport Packaging System Safety Analysis Report
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Figure 3-30. Selected Nodal Locations for Fire Conditions of Transport — Model AOS-100
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Table 3-35. Load Case 111 - Fire at 30 Minutes, 1,475°F Ambient, Maximum Decay Heat —
Models AOS-100A and AOS-100A-S

Location

AOS Radioactive Material Transport Packaging System Safety Analysis Report
for Model AOS-025, AOS-050, AOS-100, and AOS-165 Transport Packages, Rev. B

Node
5001
4532
4227
4752
4838
4995
3309
3419
678
2537
1888
583
3001
3148
7533
7377
7371
6942
6267
6121
6001
15481
16630
16694
18111
11531
9785
9571
8197

15@51 '
15961
17022\

61834

617.78

»24.06
AN

118,78 .

118. 1N

- 793890
799.4%

796,411
797.78
798.89
797.78
798.89
'795.56

317.60
244.90
244.80
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Maximum Component Temperatures

Component Node_1 Node_2 Node Max_Temp (C) Max_Temp (F)
Outside Shell 101 2894 1888 4.2589E+02 7.9860E+02
Bottom Plate 3001 3232 3120 1.1872E+02 2.4570E+02
Lid 3233 3424 3233 1.1850E+02 2.45%95192
Shell Cavity 4001 4998 4531 1.4611E+02 2.%§OQ§fQ2
Plug 5001 5404 5012 1.2856E+02 %{63%9§}92 ,
Tungsten Alloy 6001 7656 6938 1.6006E+02 3 2910E?02
LAST-A-FOAM 8001 18126 15913 7.9944E+02 ’ 7%8E£03
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Figure 3-31. Load Case 111 - Fire at 30 Minutes, 1,475°F Ambient, Maximum Decay Heat,
Temperature versus Time — Models AOS-100A and AOS-100A-S
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Figure 3-32. Load Case 111 - Fire at 30 Minutes, 1,475°F Ambient, Maximum Decay Heat,
Entire Model — Models AOS-100A and AOS-100A-S

3-106 AOS Radioactive Material Transport Packaging System Safety Analysis Report
for Model AOS-025, AOS-050, AOS-100, and AOS-165 Transport Packages, Rev. B




1
2 UULIE 07

7 98seE+~02

2 YH1AE 02

& TZE ~02
YDHYE+DZ

Figure 3-33. Load Case 111 — Fire at 30 Minutes, 1,475°F Ambient, Maximum Decay Heat,
Cask Model — Models AOS-100A and AOS-100A-S
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Table 3-36. Load Case 112 — Fire at 60 Minutes, 1OOY°F, Maximum Decay Heat, Maximum Insolation —

Models AOS-100A and AOS-100A-S ‘
Location Node Temp (C) Temp (F)
1 5001 142.50 288.50
2 4532 202.78 397.00
3 4227 151.22 304.20
4 4752 159.17 318.50
5 4838 159.11 318.40
6 4995 132.94 271.30
7 3309 120.72 249.30
8 3419 125.39 257.70
9 678 217.39 423.30
10 2537 172.94 343.30
11 1888 245.06 473.10
12 583 . 171.61 340.90
13 3001 123.83 254.90
14 3148 129.89 265,80
15 7533 129.22 264/69
16 7377 .131.28 ' 26% 30
17 7371 182.83 361.10
18 6942 203.94 399. 10
19 6267 181.06 357 90
20 6121 136.44 277. 60 :
21 6001 133.17 271. 70 ’
22 15481 1;0(%0 248. 90
23 16630 33.72 272. 7o> : ‘
24 16694 : 13@(33 28i\oo
25 18111 179\33 354 80
26 11531 - 175.61 348.10
27 9785 240. oo 284.00
28 9571 13& 274.60
29 8197 123. 22 253.80
30 15451 157-.83 316.10
31 153§1Y§Z>> 161.8% 323.30
3;/\\\\17ogg rag/§4 321.70
33 17743 156.39 313.50
<§4 11051 148.33 299.00
15 3990 153.00 307.40
3% 8673 160.50 320.90

3j§§ 8%ii>> 150.28 302.50
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Maximum Component Temperatures
Component’ Node_1 Node_2 Node Max_Temp (C) Max_Temp (F)
Outside Shell 101 2894 1885 2.4650E+02 4.7570E+02
Bottom Plate 3001 3232 3120 1.7606E+02 3.4890E+02
Lid 3233 3424 3233 1.7456E+02 3.46%9§i92
Shell Cavity 4001 4998 4532 . 2.0794E+02 4.9530E+O2
Plug 5001 5404 5001 1.8389E+02 376300E+02
Tungsten 6001 7656 6949 2.0761E+02 4.0(5«7”0?5702
LAST-A-FOAM - 8001 18126 17671 3.2656E+02 6.1988E+02
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Figure 3-34. Load Case 112 — Fire at 60 Minutes, 100°F, Maximum Decay Heat,
Maximum Insolation, Entire Model — Models AOS-100A and AOS-100A-S
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Figure 3-35. Load Case 112 — Fire at 60 Minutes, 100°F, Maximum Decay Heat,
Maximum Insolation, Cask Model — Models AOS-100A and AOS-100A-S
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Table 3-37. Load Case 113 — Fire at 90 Minutes, 100°F, Maximum Decay Heat, Maximum Insolation —

Models AOS-100A and AOS-100A-S , ' ‘
Location Node Temp (C) Temp (F)
1 5001 159.56 319.20
2 4532 207.94 406.30
3 4227 170.89 339.60
4 4752 173.00 . 343.40
5 4838 170.89 339.60
6 4995 149.00 - 300.20
7 3309 ©131.17 268.10
8 3419 139.61 283.30
9 678 208.28 406.90
10 2537 173.50 344.30
11 1888 211.22 , 412.20°
12 583 172.67 342.80
13 3001 138.83 281.90
14 3148 145.56 294.9p
15 . 7533 144.17 231(59
16 7377 146.61 295.90
17 7371 190.28 374.50
18 6942 204.44 400.00
19 6267 188.78 371.80
20 6121 154.50 310.10
21 6001 150228 <i::::;o3.4p
22 15481 {30.67 g§7.20 - :
23 16630 148.50 29.9.3o> ‘
24 16694 <<::f4g(%i;\\il_\\iof\%g
25 18111 14767 297,80
26 11531 145.00 293.00 ,
27 9785 250.44 302.80
28 9571 149,33 300.80
29 - 8197 137.89 280.20
30 15451 10761V 225.70
31 15a§1§§;;> 112.3% 234.20
3%/\\\\1702g 4717 237.50
33 17743 108.61 227.50
<?4 11051 102.67 216.80
3 108.22 ' 226.80
113.17 235.70
101.44 214.60
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Figure 3-36. Load Case 113 - Fire at 90 Minutes, 100°F, Maximum Decay Heat,
Maximum Insolation, Entire Model — Models AOS-100A and AOS-100A-S
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Figure 3-37. Load Case 113 - Fire at 90 Minutes, 100°F, Maximum Decay Heat,
Maximum Insolation, Cask Model — Models AOS-100A and AOS-100A-S
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Table 3-38. Load Case 114 — Fire at 120 Minutes, 100°F, Maximum Decay Heat, Maximum Insolation -

Models AOS-100A and AOS-100A-S ‘
Location . Node . Temp (C) Temp (F)
1 5001 170.06 - 338.10
2 4532 201.83 395.30
3 4227 179.06 354.30
4 4752 177.67 351.80
5 4838 . 174.89 346.80
6 4995 159.56 319.20
7 3309 144.50 292.10
8 3419 151.89 305.40
9 678 198.61 389.50
10 2537 174.33 345.80
11 1888 195.44 383.80
12 583 173.78 344.80
13 3001 153.17 307.70
14 3148 157.33 315.2P
15 7533 _ 156.44 3;3.6P
16 7377 158.50 317.39
17 7371 188.39 3bl.lp
18 6942 197.56 3?7.60
19 6267 187.56 1?9.60
20 6121 165.39 329.7P
21 6001 162.50 324.59
22 . 15481 143789 291.00
23 16630 58 .06 31~6.50> . ‘
24 16694 153/39) 319%307
25 _ 18111 1364 27?;70 )
26 11531 135.78 %76.40
27 9785 L§§.06 316.50 '
28 957‘1\58\.\89 318.00
29 @197 152.28 306.10
30 15651 _89&4} 193.00
31 159@1% 96}6’ 204.90
3%/\\§\1702? 98744 209.20
33 17743 92.72 198.90
<34 11051 88.61 191.50
94.06 201.30
97.61 207.70
84.83 184.70
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Figure 3-38. Load Case 114 - Fire at 120 Minutes, 100°F, Maximum Decay Heat,
Maximum Insolation, Entire Model — Models AOS-100A and AOS-100A-S
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Figure 3-39. Load Case 114 - Fire at 120 Minutes, 100°F, Maximum Decay Heat,
Maximum Insolation, Cask Model — Models AOS-100A and AOS-100A-S

AOS Radioactive Material Transport Packaging System Safety Analysis Report 3-119
for Model AOS-025, AOS-050, AOS-100, and AOS-165 Transport Packages, Rev. B




Table 3-39. Load Case 115 — Fire at 150 Minutes, 100°F, Maximum Decay Heat, Maximum Insolation —

Models AOS-100A and AOS-100A-S ‘
Location . Node Temp (C) Temp (F)
1 5001 176.39 349.50
2 4532 ° 195.72 384.30
3 4227 182.50 360.50
4 4752 179.44 355.00
5 4838 176.33 349.40
6 4995 166.06 330.90
7 3309 . 155.44 311.80
8 3419 160.67 321.20
9 678 - ©191.28 376.30
10 2537 174.61 346.30
11 1888 186.17 - 367.10
12 583 174 .50 346.10
13 3001 163.00 325.40
14 3148 165.00 329.00
15 7533 164.83 3;8(5b
16 7377 166.44 331.60
17 7371 185.44 3k5.8p
18 6942 191.39 376.50
19 6267 185.17 365.30
20 6121 171.50 340.70
21 6001 169)g4 <i::::;37.09 _ ‘ ‘
22 15481 %;4.89 310.80 :
23 16630 164 .1 323.4o> '
24 16694 163(%3;\\tz_\\32£\@o : |
.25 18111 133700 27140 -
26 11531 131.72 ;65.10
27 9785 263.28 325.90 - : ,
28 9éyf\\\\\\\\i6S\Piiig;j\\\329.10
29 8197 162.28 324.10
30 15451 80-.67 177.20
31 15g§1§§;:> 88.78 191.80
3;/\\\\17022 91711 196.00
33 17743 85.61 186.10
34 1{051 82.67 180.80

35 99\00 87.83 150.10
8673 90.67 195.20

8%3§>> 77.28 171.10
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Maximum Component Temperatures
Component Node_1 Node_2 Node Max_Temp (C) Max_Temp (F)
QOutside Shell 101 2894 1885 2.4650E+O2 4.7570E+02
Bottom Plate 3001 3232 3120 1.7606E+02 3.4890E+02
Lid 3233 3424 3233 1.7456E+02 3.46%9§i92
Shell Cavity 4001 4998 4532 2.0794E+02 4.9530E+02
Plug 5001 5404 5001 1.8389E+02 3/63QOE+02~
Tungsten 6001 7656 6949 2.0761E+02 4;0?76%?02
LAST-A-FOAM 8001 18126 17671 3.2656E+02 6;19&8E+02

AOS Radioactive Material Transport Packaging System Safety Analysis Report 3-121
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Figure 3-40. Load Case 115 — Fire at 150 Minutes, 100°F, Maximum Decay Heat,
Maximum Insolation, Entire Model — Models AOS-100A and AOS-100A-S
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Figure 3-41. Load Case 115 - Fire at 150 Minutes, 100°F, Maximum Decay Heat,
Maximum Insolation, Cask Mpdel — Models AOS-100A and AOS-100A-S
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Table 3-40. Load Case 116 — Fire at 180 Minutes, 100°F, Maximum Decay Heat, Maximum Insolation -

Models AOS-100A and AOS-100A-S

Location Node
________ \ R
1 5001
2 4532
3 4227
4 4752
5 4838
6 4995
7 3309
8 3419
9 678
10 2537
11 1888
12 583
13 3001
14 3148
15 7533
16 7377
17 7371
18 6942
19 6267
20 6121
21 6001
22 15481 -

23 16630

/7
/
24 16694
25 18111
26 . 11531

27 9785

o \ )
28 9571 X
29 glo7 5
A ~

30 15451
31 15&§1‘§;:>
3;/\\\\17022
33 17743

34 11051
Gy
99QO

8673
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Maximum Component Temperatures

Component Node_1 Node_2 Node Max_Temp (C) Max_Temp (F)
Outside Shell 101 2894 1885 2.4650E+02 4.7570E+02
Bottom Plate 3001 3232 3120 1.7606E+02 3.4890E+02
Lid 3233 3424 3233 1.7456E+02 3.4620E+02
Shell Cavity 4001 4998 4532 2.0794E+02 4.0630E+02
Plug 5001 5404 5001 1.8389E+02 3,/6300E+02
Tungsten © L6001 7656 6949 2.0761E+02 4.0576Ef02
LAST-A-FOAM 8001 18126 17671 3

.2656E+02

6 .1980E+02
§-1280]
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Figure 3-42. Load Case 116 — Fire at 180 Minutes, 100°F, Maximum Decay Heat,
Maximum Insolation, Entire Model — Models AOS-100A and AOS-100A-S
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Figure 3-43. Load Case 116 — Fire at 180 Minutes, 100°F, Maximum Decay Heat,
Maximum Insolation, Cask Model — Models AOS-100A and AOS-100A-S
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3.4.7

Table 3-41 lists the tables and figures in this subsection that present the Model AOS-100B transport
package with carbon shielding results under Hypothetical Accident conditions of transport, for Load Cases
111 through 116. Each table provides a list of temperatures at each monitoring node. Also listed are the

Hypothetical Accident Conditions of Transport Results -

Models AOS-100B

maximum temperatures within each transport package component.

Table 3-34 lists the temperature'monitorihg points (nodes) for the Model AOS-100 (A,Bi~and A-S)
transport package, under Normal and Hypothetical Accident (Fire) conditions of transport. Figure 3-30

_illustrates the location of each node on the transport package, under Fire condmong <>

FaN

Notes

Results for the Model AOS-100A and AOS-100A-S transport packages are prowded

in Subsection 3.4.6.

Results for the Model AOS-025, AOS- 050, and AOS-165 transport packages are prowded

in Appendix 3.5.

Table 3-41. Hypothetical Accident Conditions of Transport Results -
Model AOS-100B, with Carbon Shielding

)

Load Temperature'ﬁ
Case Description Results Table | fiversus Time Cask Model
Fire at 30 Minutes, 1,475°F /\j —
119 | Ambient, Maximum Decay Table3-42 Figue3-44 | Fioure3-45 | Figure 3-46
Heat plus Solar, Carbon / :
Steel Shielding — ‘\ ‘
Fire at 60 Minutes, 100°F, / \ N X
Maximum Decay Heat plus \ i _ . ! . .
112 Solar, Maximum Insolation; /Table Sﬁ\\/ Figure 3-47 Figure 3-48
Carbon Steel Shielding N\ / S
Fire at 90 Minutes, 100°F\ o S/
113 | Maximum Decay Heat plus Table.3-44 - Figure 3-49 | Figure 3-50
Solar, Maximurf Insolation,
Carbon Steel Shmlan \
Fire at 120 Mmutes,\1 00°F, N
Maximum Decay Heat plus . _ ' ) . i
114 . Solar Maxtml}m lnsblatlon /Table 3-45 Figure 3-51 Figure 3-52
‘/Carbon Steel Sh|eld|ng
| Fire_at 150.Minutes, 1005F,
Maximum D\ecay Neat plus
M5 \ N NN Table 3-46 - Figure 3-53 Figure 3-54
Solar MaX|mum\InsoIatlon
\Carbon\SteeI Shleldlng
N \ _Fire at 180 Mindtes, 100°F,
W6 [\aximum Pecay Heat plus Table 3-47 - Figure 3-55 | Figure 3-56
SQIar,\Maxmum Insolation,
\ Carhon Steel Shielding
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Table 3-42. Load Case 111 — Fire at 30 Minutes, 1,475°F Ambient, Maximum Decay Heat plus Solar,
Carbon Steel Shielding — Model AOS-100B

Temperatures @ 0.500 hr
Location Node ‘Temp (C) Temp (F)
1 5001 128.06 262.50
2 4532 141.39 286.50
3 4227 ©126.94 260.50
4 4752 126.89 260.40
5 4838 128.17 262.70
6 4995 118.83 245.90
7 3309 118.28 244.90
8 3419 117.83 244.10
9 678 178.11 352.60
10 2537 161.50 322.70
11 1888 425.83 798.50
12 583 158.67 31760
13 3001 118.22 244(@9
14 3148 118.22 244 .80
15 7533 120.44 2@8 8@
16 7377 121.39 50.50
17 7371 134.00 273.20
18 6942 148.28 <:::::}98 90
19 6267 133)§f 272.50
20 6121 120722 248.40
21 6001 1i9.22 246.60
22 15481 <::?1§(é;;\\>,\\3§4 80
23 16630 18517 24470
24 16694 122.17 251.90
25 18111 618 . 33 145.00
26 11531 617\ 1144.00
27 9785 124. 06 255.30
28 9571 118.78 245.80
8197§§:>> 118. 1Y 244.60
30 15451 793 49 1461.00
//\\\\15961 799.44 1471.00
<; 17022 796.11 1465.00
17743 797.78 1468.00
iﬂ 11051 798.89 1470.00
35 99oo>> 797.78 1468.00
36 8673 798.89 1470.00
56 1464.00

8225 795.

N
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Component

Outside Shell

Bottom Plate .

Lid

Shell Cavity
Plug
Tungsten
LAST-A-FOAM

3-130

Maximum Component Temperatures

Node_1

Node_2 Node Max_Temp (C)
2894 1888 4.2583E+02
3232 3120 1.1856E+02
3424 3233 1.1850E+02
4998 4536 1.4156E+02
5404 5001 1.2806E+02
7656 6938 1.5839E+02

18126 15913 7.9944E+02

AOS Radioactive Material Transport Packaging System Safety Analysis Report
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1 .47L0E+03,
N :

Max_Temp (F)

7.9850E+02
2.4540E+02
2.4530E+02
2.8680E+02
2,/62502+02
3. 1740802
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Figure 3-44. Carbon Steel Shielding, 5-Hour Thermal Transient, Fire at 30 Minutes, 1,475°F Ambient,
. 4.5-Hour Cool Down at 100°F Ambient with Solar Heat, 400W Maximum Decay Heat Present
throughout Transient — Model AOS-100B
Figure 3-44 illustrates the Temperature Time history for four (4) monitoring points:
1. Cask Cavity wall at center.
2. Seal Area.
3. Outside Shell at Outside Center.
4. Upper Impact Limiter at Upper Corner.
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Figure 3-45. Load Case 111 — Fire at 30 Minutes, 1,475°F Ambient, Maximum Decay Heat plus Solar,
Carbon Steel Shielding, Entire Model — Model AOS-100B
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‘ Figure 3-46. Load Case 111 — Fire at 30 Minutes, 1,475°F Ambient, Maximum Decay Heat plus Solar,
Carbon Steel Shielding, Cask Model — Model AOS-100B
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Table 3-43. Load Case 112 — Fire at 60 Minutes, 100°F, Maximum Decay Heat plus Solar,

Maximum Insolation, Carbon Steel Shielding —~ Model AOS-100B ‘
Location Node Temp (C) Temp (F)
1 5001 139.2<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>