3 THERMAL EVALUATION

This chapter identifies, describes, discusses, and evaluates the principal thermal engineering design of the
packaging, components, and systems important to safety, and describes how the package complies with
the performance requirements specified by 10 CFR 71 [3.1] and /IAEA TS-R-1[3.2].

The evaluation accomplishes this objective by determining the temperature distributions within the
transport package during Normal conditions of transport (NCT) and Hypothetical Accident conditions
(HAC) of transport. Additionally, the thermal results are compared against the performance requirements
and temperature limits of the materials used. The approach taken assures the safe operation of
the package.

3.1 DESCRIPTION OF THERMAL DESIGN

The AOS Transport Packaging System is designed with a thermally passive system to provide adequate
thermal performance under Normal and Hypothetical Accident conditions of transport relying solely upon
the design capacity to transmit and dissipate heat to the outside environment. The cask component is
enclosed at both ends by an impact limiter structure, which functions as a thermal shield and mitigates
regulatory impact loads, per regulatory requirements. In the case of the Model AOS-025, the impact limiter
component of the AOS Transport Packaging System completely encloses the cask.

3.1.1  Design Features

The AOS Transport Packaging System consists of three (3) main components: (a) cask; (b) impact
limiters; and (c) cask lid seal. Materials of construction are 300 series stainless steel (SS300) for structural
members of the packaging; tungsten alloy or carbon steel for shielding material inserts; polyurethane foam
for thermal shielding and impact load mitigation; and selected silicone/SS300 series for the cask lid

elastomeric seal and silver/nickel-chromium alloy/SS304L combination for the Helicoflex® cask lid metallic
seal. Refer to Section 1.2, “Package Description,” for further details regarding these main and other minor
components. Principal packaging dimensions are presented in Table 1-1, “AOS Transport Packaging
System Dimensions and Maximum Authorized Package Weight — All Models.”

Due to fabrication dimension tolerances, there is a series of gaps throughout the cask body. To minimize
their impact upon the heat transfer characteristics of this component, the largest gaps are either packed
with stainless steel wool or shim stock. The conservative approaches taken for the treatment of these gaps
within the analytical model are discussed further in this chapter.

The temperature distributions for the AOS Transport Packaging System models are determined for the
thermal environments listed in Table 3-1.

All thermal conditions were analyzed using the LIBRA Finite Element program, with the exception of
Thermal Conditions 5 and 7, where uniform temperature fields of -40°C and -29°C (-40°F and -20°F,
respectively) 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 conducted 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 a 165%-scaled geometry of the
Model AOS-100A transport package. In this test, a 7-kW electrical heat source was placed inside the cask
cavity. The cask was then closed and placed within a pit. Placing the cask inside the pit helped to maintain
the environment temperature constant. Temperatures inside and outside of the cask, and the ambient
temperature inside the pit, were recorded during the cask heating and cooling cycles. Refer to
Appendix 3.5.7 for a detailed account of the heat test and its results.
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The maximum decay heat for each AOS Transport Packaging System model is distributed across the cask
cavity surface. Condition 3 (fire transient) analysis is initiated at the steady-state Condition 1, in which the
maximum solar load is applied.

Table 3-1. Transport Package Thermal Environment Conditions — All Models

Conditions of

Condition Transport Thermal Environment
38°C (100°F) ambient with maximum decay heat and maximum
1 Normal
solar load.
2 Normal 38°C (100°F) ambient with maximum decay heat.

Hypothetical Accident

3 (Fire) Fire transient, t = 0 to 8.0 hours.

4 Normal -40°C (-40°F) ambient with maximum decay heat.
5 Normal -40°C (-40°F) ambient.

6 Normal -29°C (-20°F) ambient with maximum decay heat.
7 Normal -29°C (-20°F) ambient.

3.1.2 Contents’ Decay Heat

Table 1-2, “10 CFR 71.47(a) Activity Limits (All Isotopes Except Ir-192 and Ir-194) — All Models,”
Table 1-2a, “10 CFR 71.47(a) Ir-192 and Ir-194 Activity Limits — All Models,” and Table 1-2b,
“10 CFR 71.47(b) Activity Limits — Model AOS-100A and AOS-100A-S,” provide the maximum decay heat
and radioactivity for the AOS Transport Packaging System contents. This includes Decay Heat (W/Ci)
values for each radioisotope listed, showing that the decay heat is consistent with the maximum quantity of
radioactivity contents. A summary of the Decay Heat values is shown in Table 3-2. The method that
is used for calculating the decay heat for the isotope mixture in Models AOS-100A and AOS-100A-S is
presented in Appendix 5.5.5, “Shipments of Multiple Isotopes under 10 CFR 71.47(a).”

Table 3-2. Contents’ Decay Heat — All Models

Contents’ Decay Heat

Model (W)

AOS-025A 10

AOS-050A 100

AOS-100A 400

AOS-100B 400

AOS-100A-S 400
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3.1.3

Summary Tables of Temperatures

Table 3-3. Maximum Temperature Summary,
Normal Conditions of Transport — All Models

Regulatory/
Component
_ Criteria
3 (Temperature
E° Thermal Temperatures, by Condition® Range)
1 2 4 5 6 °C
Component? °C °F °C| °F | °C | °F | °C | °F | °C | °F | °C | °F °F
gﬁ:ﬁ Outer 124 | 256 | 77 [170| 3 | 37 | -40 | -40 | 13 | 56 | 29 | 20
Cask Cavity 125 | 257 | 78 [ 172 | 4 39 |40 | -40 | 14 | 58 | -29 | -20
Cask Lid 124 | 255 | 77 | 170 | 2 | 36 | -40 | -40 | 13 | 55 | -29 | -20 -40 to 538
-40 to 1,000
Cask Lid Plug 126 | 258 | 78 | 173 | 4 40 | 40 | 40 | 15 | 59 | -29 | -20
Bottom Plate 124 | 255 | 76 | 169 | 2 36 | 40 | -40 | 13 | 55 | -29 | -20
Shielding 124 | 256 | 77 | 171 3 37 | 40 | -40 | 13 | 56 | -29 | -20
Elastomeric:
-40 to 232
. -40 to 450
Cask Lid 124 | 255 | 77 [170| 2 | 36 | -40 | -40 | 13 | 56 | 29 | 20
Seal Area .
Metallic:
-40 to 300
-40 to 572°
Cask VentPort | 124 | 255 | 77 | 170 | 2 36 | 40 | -40 | 13 | 55 | -29 | -20
« | Cask Drain Port | 124 | 255 | 76 | 170 | 2 36 | 40 | -40 | 13 | 55 | -29 | -20 -4010232
! -40 to 450
S| Test Port 124 | 255 | 76 [ 170 | 2 36 | 40 | 40 | 13 | 55 | -29 | -20
()]
Q S;Zk,;/lﬁgt Port | 404 | 255 | 77 | 170 | 2 | 36 | -40 | -0 | 13 | 55 | 29 | -20
- -40 to 360
CaskDrainPort | 4, | »55 | 76 | 170 | 2 | 36 | 40 | -40 | 13 | 55 | 20 | 20 -40 to 680
Pipe Plug
.d
Cask Vent Port Thl’ead Sealant.
Conical Seal 124 | 255 | 77 [ 170 | 2 36 | 40 | -40 | 13 | 56 | -29 | -20 -40 to 260
Cask Drain P -40 to 500
askDrainPort | 404 | 255 | 77 | 170| 3 | 37 | 40 | 40 | 13 | 56 | -29 | -20
Conical Seal
Cavity Bottom 125 | 257 | 78 [ 172 | 4 39 |40 | -40 | 14 | 58 | -29 | -20
. . -40 to 538
Cavity Side 125 | 257 | 77 | 171 3 38 | -40 | 40 | 14 57 | -29 | -20 -40 t0 1,000
Cavity Top 126 | 258 | 78 | 173 | 4 40 | 40 | 40 | 15 | 59 | -29 | -20
Impact Limiter, e e ) i i ) i -40to 127
Foam 94% | 202 73 | 163 2 29 40 | -40 9 48 29 | -20 -40 to 260
Accessible 50°C (12.2 F)
Outside _ _ 48 | 119 | - _ _ _ _ _ _ _ | Non-Exclusive Use
; 85°C (185°F)
Surface )
Exclusive Use
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Table 3-3. Maximum Temperature Summary,
Normal Conditions of Transport — All Models (Continued)

Regulatory/
Component
- Criteria
3 (Temperature
2 Thermal Temperatures, by Condition® Range)
2 4 5 6 oc
Component? | °C | °F | °C | °F | °C | °F | °C | °F | °C | °F | °C | °F °F
gﬁ:ﬁ Outer 142 | 287 | 102 | 216 | 30 | 86 | -40 | -40 | 40 | 105 | -29 | -20
Cask Cavity 147 | 296 | 107 | 225 | 35 | 96 | -40 | -40 | 46 | 114 | -29 | 20
Cask Lid 141 | 286 | 102 | 216 | 30 | 85 | -40 | -40 | 40 | 104 | -29 | -20 ;1460:015330
- o1,
Cask LidPlug | 148 | 298 | 109 [ 229 | 38 | 100 | -40 | -40 | 48 | 119 | -29 | -20
Bottom Plate 141 | 286 | 102 | 215 | 29 | 85 | -40 | -40 | 40 | 104 | -29 | -20
Shielding 142 | 288 | 103 | 218 | 31 | 88 | -40 | -40 | 41 | 107 | -29 | 20
Elastomeric:
-40 to 232
. -40 to 450
Cask Lid 141 | 286 | 102 | 215 | 30 | 85 | -40 | -40 | 40 | 104 | -29 | -20
Seal Area .
Metallic:
-40 to 300
-40 to 572¢
Cask Vent Port | 140 | 284 | 101 | 214 | 29 | 84 | -40 | -40 | 39 | 103 | -29 | -20
\ -40 to 232
< Cask Drain Port | 141 | 286 | 101 | 214 | 29 | 84 | -40 | -40 | 39 | 103 | -29 | 20 40 10 450
B | Test Port 141 | 286 | 102 | 215 | 29 | 85 | -40 | -40 | 40 | 104 | -29 | -20
n
Q g;zkl_},ﬁgt Port | 440 | 285 | 101 | 214 | 20 | 84 | -40 | -40 | 39 [103 | 29 | -20
: -40 to 360
CaskDrain Port | /41 o5 | 101 [ 214 | 29 | 84 | -40 | -40 | 39 | 103 | -29 | -20 -40 to 680
Pipe Plug
.d
Cask Vent Port Thread Sealant:
Gonical Seal 141 | 286 | 102 | 216 | 30 | 85 | -40 | -40 | 40 | 104 | -29 | -20 40 to 260
Cock Dram P -40 to 500
askDrainPort | 4, | 5gg [ 103 | 217 | 30 | 87 | -40 | -40 | 41 | 106 | -29 | -20
Conical Seal
Cavity Bottom | 147 | 296 | 107 | 225 | 35 | 96 | -40 | -40 | 46 | 114 | -29 | 20
— -40 to 538
Cavity Side 144 | 292 | 105 | 221 | 33 | 91 | -40 | -40 | 43 | 110 | -29 | 20 40 16 1,000
Cavity Top 148 | 298 | 109 | 229 | 38 | 100 | -40 | -40 | 48 | 119 | -29 | -20
Impact Limiter, e e ) ) ) ) -40to 127
Foam 1178|2428 | 94 | 201 | 21 | 71 | 40 | 40 | 32 | 90 | -29 | -20 40 10 260
Accessible 50°C (12.2 F)
Outside _ _ 45 | 113 _ _ _ _ _ _ B _ Non-Exclusive Use
f 85°C (185°F)
Surface .
Exclusive Use
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Table 3-3. Maximum Temperature Summary,
Normal Conditions of Transport — All Models (Continued)

Regulatory/
Component
- Criteria
3 (Temperature
2 Thermal Temperatures, by Condition® Range)
2 4 5 6 °e
Component® | °C | °F | °C | °F [ °C | °F | °C | °F | °C | °F | °C | °F °F
gﬁ:ﬁ Outer 146 | 295 | 101 | 214 | 30 | 86 | -40 | -40 | 41 | 105 | -29 | -20
Cask Cavity 155 | 312 | 111|232 | 41 [ 105 | -40 | -40 | 51 | 124 | -29 | -20
Cask Lid 145 | 294 | 101 | 214 | 30 | 86 | -40 | -40 | 41 | 105 | -29 | -20 ;1460:015330
- o1,
Cask Lid Plug | 158 | 317 | 115|239 | 45 | 113 | -40 | -40 | 55 | 132 | 29 | -20
Bottom Plate | 146 | 294 | 101 | 213 | 29 | 85 | -40 | -40 | 40 | 104 | -29 | -20
Shielding 148 | 298 | 103 | 218 | 33 | 91 | -40 | -40 | 43 | 110| -29 | -20
Elastomeric:
-40 to 232
. -40 to 450
Cask Lid 145 | 293 | 101 | 214 | 30 | 86 | -40 | -40 | 40 | 104 | -29 | -20
Seal Area .
Metallic:
-40 to 300
" -40 to 572°
< [Cask VentPort | 143 | 290 | 99 (210 | 28 | 82 | -40 | -40 | 38 | 101 | -29 | -20
o -
~ | Cask Drain Port | 144 | 291 | 99 [210| 28 | 82 | -40 | -40 | 38 | 101 | -29 | -20 4010232
b -40 to 450
2 [ Test Port 145 | 293 | 101 | 213 | 30 | 85 | -40 | -40 | 40 | 104 | -29 | -20
g |Cask VentPort | /0| 590 | 99 | 211 | 28 | 83 | -40 | -40 | 39 | 101 | -29 | 20
© | Pipe Plug
& . -40 to 360
o | CaskDrainPort | .\ 1 595 | 99 | 210 | 28 | 82 | -40 | -40 | 38 | 101 | -29 | 20 -40 to 680
< | Pipe Plug
.d
Cask Vent Port Thread Sealant:
Conical Seal 145 | 293 | 101 | 214 | 30 | 86 | -40 | -40 | 41 | 105 | -29 | -20 40 to 260
oo D P -40 to 500
askDrainPort | 4,2 | 596 | 102 | 216 | 31 | 88 | -40 | -40 | 41 | 107 | -29 | -20
Conical Seal
Cavity Bottom | 155 | 312 | 111 | 232 | 41 | 105 | -40 | -40 | 51 | 124 | -29 | -20
—— -40 to 538
Cavity Side 151 | 305 | 107 | 225 | 36 | 98 | -40 | -40 | 47 | 116 | -29 | -20 4010 1,000
Cavity Top 158 | 317 | 115|239 | 45 [ 113 | -40 | -40 | 55 | 132 | -29 | -20
Impact Limiter, e e ) ) ) ) -40to 127
. 111¢|231¢| 93 | 199 | 21 | 70 | -40 | -40 | 32 | 89 | -29 | -20 40 10 260
Accessible 50°C (12.2 F)
Outside _ _ a1 106 _ _ _ _ _ _ B _ Non-Exclusive Use
f 85°C (185°F)
Surface .
Exclusive Use
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Table 3-3. Maximum Temperature Summary,
Normal Conditions of Transport — All Models (Continued)

Regulatory/
Component
- Criteria
3 (Temperature
2 Thermal Temperatures, by Condition® Range)
1 2 4 5 6 7 .
Component® | °C | °F | °C | °F [ °C | °F | °C | °F | °C | °F | °C | °F °F
gﬁ:ﬁ Outer 146 | 295 | 101 | 214 | 30 | 86 | -40 | -40 | 41 | 105 | -29 | -20
Cask Cavity 156 | 312 | 111|232 | 41 [ 106 | -40 | -40 | 51 | 124 | -29 | -20
Cask Lid 145 | 294 | 101 | 214 | 30 | 86 | -40 | -40 | 41 | 105 | -29 | -20 ;1460:015330
- o1,
Cask Lid Plug | 158 | 317 | 115|239 | 45 | 114 | -40 | -40 | 56 | 132 | 29 | -20
Bottom Plate | 146 | 294 | 101 | 213 | 29 | 85 | -40 | -40 | 40 | 104 | -29 | -20
Shielding 148 | 298 | 103 | 218 | 33 | 91 | -40 | -40 | 43 | 110| -29 | -20
Elastomeric:
-40 to 232
. -40 to 450
Cask Lid 145 | 293 | 101 | 214 | 30 | 86 | -40 | -40 | 40 | 105 | -29 | -20
Seal Area .
Metallic:
-40 to 300
-40 to 572°
Cask Vent Port | 143 | 290 | 99 [210| 28 | 82 | -40 | -40 | 38 | 101 | -29 | -20
w | Cask Drain Port | 144 | 291 | 99 | 210 | 28 | 82 | -40 | -40 | 38 | 101 | -29 | -20 :28 :g igg
o
S| Test Port 145 | 293 | 101 | 213 | 30 | 85 | -40 | -40 | 40 | 104 | -29 | -20
n
Q| Cask VentPort |43 1 290 | 99 |211| 28 | 83 | -40 | -40 | 39 | 101 | -29 | -20
Pipe Plug
: -40 to 360
CaskDrain Port | 4/ | 595 | 99 210 | 28 | 82 | -40 | -40 | 38 | 101 | -20 | -20 -40 to 680
Pipe Plug
.d
Cask Vent Port Thread Sealant:
Conical Seal 145 | 293 | 101 | 214 | 30 | 86 | -40 | -40 | 41 | 105 | -29 | -20 40 10 260
oo D P -40 to 500
askDrainPort | 4,5 | 597 | 102 | 216 | 31 | 88 | -40 | -40 | 41 | 107 | -29 | -20
Conical Seal
Cavity Bottom | 156 | 312 | 111 | 232 | 41 | 106 | -40 | -40 | 51 | 124 | 29 | -20
—— -40 to 538
Cavity Side 151 | 305 | 107 | 225 | 37 | 98 | -40 | -40 | 47 | 117 | -29 | -20 4010 1,000
Cavity Top 158 | 317 | 115|239 | 45 [ 114 | -40 | -40 | 56 | 132 | -29 | -20
Impact Limiter, e e ) ) ) ) -40to 127
Foom 111¢|231¢| 93 | 199 | 21 | 70 | -40 | -40 | 32 | 89 | -29 | -20 40 10 260
Accessible 50°C (12.2 F)
Outside _ _ a1 106 _ _ _ _ _ _ B _ Non-Exclusive Use
f 85°C (185°F)
Surface .
Exclusive Use

a. Refer to Appendix 3.5.9 for locations of nodes representing copper seal locations within the analytical model.
b. Refer to Table 3-1 for Condition descriptions.
c. Refer to Appendix 3.5.10.
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d. Temperature limits listed correspond to Loctite Thread Seal Tape No. 39904. Loctite 5770 is also a permitted
thread sealant and has a temperature range of -54°C to 277°C (-65°F to 530°F).

e. Referto Appendix 3.5.4.7.

f.  Maximum temperature on the impact limiter surfaces, “Insolation Heat Load Analysis for FR-3700 Series Foam
Under Condition 1 for Table 3-3”.

Table 3-4. Maximum Temperature Summary,

Hypothetical Accident Conditions of Transport (Condition 3) — All Models

Thermal Temperatures and Time

Regulatory/Component
Criteria

§ During Fire Post Fire (Temperature Range)
0
= Temperature | Time | Temperature | TimeP °c
Component? °C °F hr °C °F hr °F
Cask Quter Shell 145 294 0.5 145 294 0.5
Cask Cavity 134 273 0.5 136 277 1.0
Cask Lid 128 263 0.5 134 274 3.0 -40 to 538
Cask Lid Plug 130 267 0.5 136 277 2.8 -40 to 1,000
Bottom Plate 132 269 0.5 137 279 0.8
Shielding 133 272 0.5 135 276 1.0
Elastomeric:
-40 to 232
-40 to 450
Cask Lid Seal Area 128 263 0.5 134 274 3.0
Metallic:
-40 to 300
ﬁt) -40 to 572°
$ Cask Vent Port 129 264 0.5 134 274 2.8
() - -40 to 232
2 Cask Drain Port 133 272 0.5 135 276 0.6 -40 to 450
Test Port 128 262 0.5 134 274 2.8
gf‘sek;/ﬁm Port 129 | 264 | 05 | 134 | 274 | 28
pe 49 -40 to 360
Cask Drain Port 133 | 272 | o5 | 135 | 276 | 06 -40 to 680
Pipe Plug
Cask Vent Port Thread Sealant:®
Conical Seal 129 265 0.5 134 274 2.8 -40 to 260
- -40 to 500
Cask Drain Port 132 | 270 | 05 | 135 | 276 | 1.0
Conical Seal
Cavity Bottom 133 272 0.5 136 277 1.0
. . -40 to 538
Cavity Side 134 273 0.5 135 275 1.0 -40 t0 1,000
Cavity Top 130 267 0.0 136 277 2.9
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Table 3-4. Maximum Temperature Summary,
Hypothetical Accident Conditions of Transport (Condition 3) — All Models (Continued)

Thermal Temperatures and Time Regulatory/Component
— Criteria
§ During Fire Post Fire (Temperature Range)
= Temperature | Time | Temperature | Time® °c
Component? °C °F hr °C °F hr °F
Cask Outer Shell 414 777 0.5 414 777 0.5
Cask Cavity 241 465 0.5 259 499 0.7
Cask Lid 170 338 0.5 223 433 23 -40 to 538
Cask Lid Plug 196 385 0.5 230 446 2.0 -40 to 1,000
Bottom Plate 175 347 0.5 224 435 2.4
Shielding 250 483 0.5 262 504 0.6
Elastomeric:
-40 to 232
-40 to 450
Cask Lid Seal Area 170 337 0.5 223 434 1.9
Metallic:
-40 to 300
g -40 to 572°
3 Cask Vent Port 197 386 0.5 225 437 1.2
n - -40 to 232
2 Cask Drain Port 195 384 0.5 227 440 1.2 -40 1o 450
Test Port 166 330 0.5 223 433 2.2
gi""sek:ljm Port 196 | 386 | 05 | 225 | 437 | 1.2
p 9' -40 to 360
Cask Drain Port 195 | 384 | 05 | 227 | 441 1.2 -40 to 680
Pipe Plug
Cask Vent Port Thread Sealant:®
Conical Seal 194 382 0.5 224 435 1.8 -40 to 260
- -40 to 500
Cask Drain Port 195 | 384 | 05 | 224 | 436 | 22
Conical Seal
Cavity Bottom 201 395 0.5 231 447 0.8
— -40 to 538
Cavity Side 240 465 0.5 259 499 0.7 40 10 1,000
Cavity Top 196 385 0.0 230 446 2.0
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Table 3-4. Maximum Temperature Summary,

Hypothetical Accident Conditions of Transport (Condition 3) — All Models (Continued)

Thermal Temperatures and Time Regulatory/Component
— Criteria
g During Fire Post Fire (Temperature Range)
0
= Temperature | Time | Temperature | Time® °c
Component? °C °F hr °C °F hr °F
Cask Outer Shell 463 866 0.5 463 866 0.5
Cask Cavity 179 354 0.5 246 476 1.4
Cask Lid 147 297 0.5 206 403 6.8 40 to 538
Cask Lid Plug 159 318 0.5 219 426 54 -40 to 1,000
Bottom Plate 149 300 0.5 207 405 71
Shielding 191 375 0.5 246 475 1.2
Elastomeric:
-40 to 232
-40 to 450
» Cask Lid Seal Area 147 297 0.5 207 404 5.4
< Metallic:
s -40 to 300
:,-_) -40 to 572°
2 Cask Vent Port 195 383 0.5 208 407 2.6
- - -40 to 232
< . .
S Cask Drain Port 193 379 0.5 210 410 2.6 -40 to 450
v |Test Port 146 295 0.5 206 402 6.4
1)
g gi""sek:ljm Port 192 | 378 | 05 | 209 | 407 | 26
perug -40 to 360
Cask Drain Port 190 | 374 | 05 | 211 | 411 | 26 -40 to 680
Pipe Plug
Cask Vent Port Thread Sealant:®
Conical Seal 160 321 0.5 207 405 4.8 -40 to 260
- -40 to 500
Cask Drain Port 162 | 323 | 05 | 208 | 407 | 6.1
Conical Seal
Cavity Bottom 160 321 0.5 218 424 4.0
. . -40 to 538
Cavity Side 178 352 0.5 246 476 1.4 -40 t0 1,000
Cavity Top 159 318 0.0 219 426 5.4

Radioactive Material Transport Packaging System Safety Analysis Report
for Model AOS-025, AOS-050, and AOS-100 Transport Packages, Rev. J, January 31, 2021 (Docket No. 71-9316)

3-9



Table 3-4. Maximum Temperature Summary,

Hypothetical Accident Conditions of Transport (Condition 3) — All Models (Continued)

Thermal Temperatures and Time

Regulatory/Component
Criteria

E During Fire Post Fire (Temperature Range)
o
= Temperature | Time | Temperature | Time® °c
Component? °C °F hr °C °F hr °F
Cask Outer Shell 463 866 0.5 463 866 0.5
Cask Cavity 173 343 0.5 241 467 1.5
Cask Lid 147 297 0.5 203 398 7.2 -40 to 538
Cask Lid Plug 158 317 0.5 216 421 5.8 -40 to 1,000
Bottom Plate 148 298 0.5 205 401 7.4
Shielding 189 372 0.5 242 467 1.2
Elastomeric:
-40 to 232
-40 to 450
Cask Lid Seal Area 147 296 0.5 204 399 5.7
Metallic:
-40 to 300
g -40 to 572°
S; Cask Vent Port 195 383 0.5 206 403 0.8
(7)) - -40 to 232
2 Cask Drain Port 193 379 0.5 207 405 2.8 -40 1o 450
Test Port 146 295 0.5 203 397 6.8
gi""sek:ljm Port 192 | 378 | 05 | 206 | 402 | 28
perug -40 to 360
Cask Drain Port 190 | 374 | 05 | 208 | 406 | 2.6 -40 10 680
Pipe Plug
Cask Vent Port Thread Sealant:®
Conical Seal 159 317 0.5 205 400 5.0 -40 to 260
- -40 to 500
Cask Drain Port 160 | 320 | 05 | 206 | 402 | 65
Conical Seal
Cavity Bottom 157 315 0.5 215 420 4.6
- - -40 to 538
Cavity Side 172 342 0.5 241 467 1.5 -40 t0 1,000
Cavity Top 158 317 0.0 216 421 5.8

a. Refer to Appendix 3.5.9 for locations of nodes representing copper seal locations within the analytical model.

b. Temperatures are computed every 0.001 hours. Time is the time at which the maximum temperature occurs,

to the nearest 0.1 hour.
c. Referto Appendix 3.5.10.

d. Temperature limits listed correspond to Loctite Thread Seal Tape No. 39904. Loctite 5770 is also a permitted
thread sealant and has a temperature range of -54°C to 277°C (-65°F to 530°F).

3-10

Radioactive Material Transport Packaging System Safety Analysis Report
for Model AOS-025, AOS-050, and AOS-100 Transport Packages, Rev. J, January 31, 2021 (Docket No. 71-9316)




3.1.4 Summary Tables of Maximum Pressures

The maximum cask cavity pressures due to Normal and Hypothetical Accident conditions of transport are
provided in Table 4-6, “Maximum Cask Cavity Pressure Due to Normal Conditions of Transport — All
Models,” and Table 4-7, “Maximum Cask Cavity Pressure Due to Fire Condition — All Models,”
respectively, by model.
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3.2 MATERIAL PROPERTIES AND COMPONENT SPECIFICATIONS

The thermal properties of each material are provided in the following subsections. 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.

Selected material properties are also provided in Appendix 2.12.5, “Selected Material Properties
References.”

3.2.1 Material Properties
The transport packages consist of four (4) materials:

¢ Stainless Steel, 300 Series (SS300)

e Tungsten Alloy or SA-105 Carbon Steel
e Air

¢ LAST-A-FOAM FR-3700 Series Foams

Each is described in the paragraphs that follow.
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3.211 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. Refer to Appendix 3.5.4.1.1 for English units and values of the properties that are
used in the analyses, and plots of the equations that represent them. Appendix 3.5.5 shows how these
properties are entered into the LIBRA input files.

Table 3-5. Type 304 Stainless Steel (SS304) Thermophysical Properties (Reference [3.16])?

Diffusivity Specific Heat Conductivity
Temperature o Cp K
(°C) (m?/hr.) (KJ/kg-°C) (W/m-°C)
21.1 0.0140 0.477 14.88
37.8 0.0141 0.479 15.06
93.3 0.0145 0.498 16.10
148.9 0.0149 0.510 16.96
204.4 0.0153 0.528 18.00
260.0 0.0158 0.535 18.86
315.6 0.0162 0.542 19.56
371.1 0.0166 0.552 20.42
426.7 0.0171 0.554 21.11
482.2 0.0176 0.560 21.98
537.8 0.0180 0.569 22.85
593.3 0.0184 0.574 23.54
648.9 0.0189 0.575 24.23
704.4 0.0193 0.583 25.10
760.0 0.0197 0.587 25.79
815.6 0.0201 0.591 26.48

a. “Table TCD,” Material Group J, page 663 (Reference [3.16]).

Specific Heat, C, (Btu/lb-°F)
Cp(T) = K(T) /o (T) (p)

1.120 x 10" + 3.504 x 10°°T - 1.080 x 107872

Conductivity, K (Btu/hr-in-°F)
KT) = 6.851 x 107" + 4.544 x 10T - 4.126 x 10872
Density, p(Ib/in3)

p = 0.29
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3.2.1.2 Tungsten Alloy

Table 3-6 lists the thermophysical properties of the tungsten alloy used for shielding, as they apply to
the transport packages that include suffix A in their model numbers. Refer to Appendix 3.5.4.1.2 for
English units and values of the properties that are used in the analyses, and plots of the equations
that represent them. Refer also to Appendix 2.12.5, “Selected Material Properties References,” for
further details.

Table 3-6. Tungsten Alloy Thermophysical Properties (Reference [3.3])? -
Models AOS-025A, AOS-050A, AOS-100A, and AOS-100A-S

Density Diffusivity Specific Heat Conductivity
Temperature ) o Co K

(°C) (g/cc) (cm?/sec.) (J/kg-°K) (W/m-°K)
25 0.2742 154.7 76.8

97 0.2700 159.2 77.8

206 18.11 0.2624 163.4 77.6
316 0.2553 170.3 78.8
427 0.2451 173.9 77.2

a. All table values were obtained by testing.

Density, p (Ib/in®)

P = 0.654
Specific Heat, C, (Btu/lb-°F)

Cp(T) = 3.631 x 102 + 8.017 x 10T - 1.807 x 10°T?
Conductivity, K (Btu/hr-in-°F)

K(T) = 3.673 + 4.028 x 107*T - 4.167 x 1072
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3.2.1.3 SA-105 Carbon Steel

Table 3-7 lists the thermophysical properties of SA-105 carbon steel (used for shielding), as they apply to
the Model AOS-100B transport package. Refer to Appendix 3.5.4.1.3 for English units and values of the
properties that are used in the analyses, and plots of the equations that represent them.

Table 3-7. Carbon Steel Properties — Model AOS-100B (Reference [3.16])?

Temperature Conductivity Thermal Diffusivity Specific Heat
(°C) (W/m-°C) (m?/hr) (KJ/kg-°C)
Material: SA-105, Carbon Steel Forging
21.1 60.75 0.06457 0.4324
37.8 60.06 0.06262 0.4408
65.6 59.02 0.05992 0.4527
93.3 58.15 0.05695 0.4693
121.1 56.94 0.05435 0.4815
148.9 55.90 0.05212 0.4930
204.4 53.48 0.04757 0.5167
260.0 51.06 0.04385 0.5351
315.6 48.46 0.04023 0.5537
343.3 47.25 0.03846 0.5646
3711 46.04 0.03660 0.5780
398.9 44.83 0.03475 0.5929
426.7 43.61 0.03298 0.6078
454 .4 42.40 0.03112 0.6262
482.2 41.19 0.02945 0.6483

a. “Table TCD,” Material Group A, page 662 (Reference [3.16]).
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Density = 7,832.8 kg/m3 (0.283 Ib/in®)

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

K = 3.002 - 1.027 x 103T - 1.249 x 107/T?
where:

K = Conductivity, Btu/hr-in-°F

T = Temperature, °F

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

Cp = 0.1009 + 4.847 x 10°°T + 9.493 x 107272
where:
Cp = Specific heat, Btu/lb-°F
T = Temperature, °F
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3.2.1.4 Air

Table 3-8 lists the thermophysical properties of air, as they apply to the transport packages. Refer to
Appendix 3.5.4.1.4 for English units and values of the properties that are used in the analyses, and plots of

the equations that represent them.

Table 3-8. Air Thermophysical Properties (Reference [3.4])2

Prandtl
UEITPIE Density Dynamic Viscosity | Specific Heat Conductivity Number
°C °F p (kg/m3) | px107 (N-sec/m?) | Cp (KJ/kg-’K) | K x 10" (W/m-°K) (Pr)
27 80.6 1.1614 184.6 1.007 26.3 0.707
77 170.6 0.9950 208.2 1.009 30.0 0.700
127 260.6 0.8711 230.1 1.014 33.8 0.690
177 350.6 0.7740 250.7 1.021 37.3 0.686
227 440.6 0.6964 270.1 1.030 40.7 0.684
277 530.6 0.6329 288.4 1.040 43.9 0.683
327 620.6 0.5804 305.8 1.051 46.9 0.685
377 710.6 0.5356 322.5 1.063 49.7 0.690
427 800.6 0.4975 338.8 1.075 52.4 0.695
477 890.6 0.4643 354.6 1.087 54.9 0.702
527 980.6 0.4354 369.8 1.099 57.3 0.709
577 1,070.6 0.4097 384.3 1.110 59.6 0.716
627 1,160.6 0.3868 398.1 1.121 62.0 0.720
677 1,250.6 0.3666 411.3 1.131 64.3 0.723
727 1,340.6 0.3482 424.4 1.141 66.7 0.726
a. Table A.4, page 839.
Note: The temperature unit used in the following equations is °F.
Density, p(Ib/in3)
p(T) = 4.684 x10°-7.150 x 108T + 5.869 x 1071172 - 1.834 x 1071413
Specific Heat, C, (Btu/lb-°F)
Cp(T) = 0.2402 - 1.401 x 10°5T + 3.995 x 10812 - 1,570 x 1071173
Conductivity, K (Btu/hr-in-°F)
K(T) = 1.110 x 103 + 2.083 x 10T - 3.956 x 1071072
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3.2.1.5

LAST-A-FOAM FR-3700 Series Foams

Table 3-9 lists the thermophysical properties of the General Plastics LAST-A-FOAM FR-3700 series foam
used by each transport package model. Refer also to Appendix 2.12.5, “Selected Material Properties

References,” for further details.

Table 3-9. LAST-A-FOAM FR-3700 Series Foam Thermophysical Properties — All Models

(Reference [3.19])> P

Load Conditions Density Conductivity Specific Heat
Model of Transport (Iblft3) Btu/hr-in-°F W/m-°C Btu/lb-°F KJ/kg-°C
Normal 20 0.00242 0.0503
Fire Condition,
Upper Impact 25 0.00288 0.0597
AOS-025 Limiter 0.353 1.477
Fire Condition,
Lower Impact 20 0.00242 0.0503
Limiter
Normal 10 0.00148 0.0307
Fire Condition,
Upper Impact 12.5 0.00172 0.0357
AOS-050 Limiter 0.353 1.477
Fire Condition,
Lower Impact 10 0.00148 0.0307
Limiter
Normal 12 0.00167 0.0347
Fire Condition,
Upper Impact 14.6 0.00192 0.0399
AOS-100 Limiter 0.353 1.477
Fire Condition,
Lower Impact 12 0.00167 0.0347
Limiter

a. Reference [3.19] applies only to Normal conditions of transport. For Hypothetical Accident conditions of
transport, the property values provided in Table 3-9 were arrived at using the same procedures as shown
in Appendix 3.5.4.2.5.

b. The foam properties presented are those used for the analyses within this chapter, for both Normal and
Hypothetical Accident conditions of transport. Newer foam values are now in use (18, 8, and 11 pcf, for the
Model AOS-025, AOS-050, and AOS-100, respectively). There is no significant variation of the property values
listed above, and the new foam values.
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3.2.2 Component Specifications

The component material within the transport package that is considered to be temperature-sensitive is the
elastomeric material used in the cask lid elastomeric seal and port plug O-Rings. The elastomeric material
is a silicone-based compound (Parker O-Ring Division, S1224-70 compound), with a recommended
temperature limit of 232°C (450°F) (Reference [3.20]). The following containment boundary components
are not explicitly modeled within the analysis; only the temperature at their locations is monitored:

* Cask lid metallic seal (Jacket: Silver, ASTM B742; Spring: Nickel-chromium alloy
90 UNS N07090; Lining: SS304L UNS S30403)

¢ Conical copper alloy seal (C10100, C10200, or C11000 copper, foil or strip, chemical
composition per ASTM B152 or ASTM F68 and mechanical properties per AMS 4500)
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3.3 THERMAL EVALUATION UNDER NORMAL CONDITIONS OF TRANSPORT

The thermal evaluation of the AOS Transport Packaging System is conducted by analysis, using finite
element methods. The computer program applied in the analysis, LIBRA, is a multi-purpose finite element
program applicable to static and dynamic analyses of linear and non-linear structural systems, as well as
thermal analysis. A thermal test is also conducted to verify that the cask’s temperature distribution is
similar to the one predicted by the analytical model. The analytical model developed represents
the standard configuration of the cask component (only the “A” version of the cask). Therefore, the
Model AOS-100A-S was not analyzed. This approach is justified, based on the cask component symmetry,
in geometry and material selection. The cask lid/cask lid plug combination is similar to the bottom area of
the “A” version of the cask. Furthermore, when the cask vent port pipe plug (top of cask) and cask drain
port pipe plug (bottom of cask) area temperature results on the A versions of the casks are compared, it
can be concluded that these areas have similar temperature results in Normal and Hypothetical Accident
conditions of transport environments.

3.3.1 Heat and Cold

In the thermal evaluation, the following conditions and assumptions were applied to all transport
package models:

e For Normal conditions of transport, existing gaps were increased over nominal values by
drawing tolerance, 0.01 in. In addition, for surface interfaces with null gap, heat transfer was
assumed by contact resistance, and contact resistance values increased by a factor of 10 over

nominal values. The contact resistance was set to 0.30 hr-ft2-°F/Btu, where nominal contact
resistance is 0.03 hr-ft>-°F/Btu [3.10].

¢ For Hypothetical Accident conditions of transport, all gaps were assumed closed. Interface heat
transfer was by contact resistance, and nominal contact resistance values were decreased

by a factor of 10, to 0.003 hr-ft>-°F/Btu. For the Fire event's Cool-Down cycle, the analysis
proceeded with gaps open to expanded values, and the contact resistance was increased

to 0.30 hr-ft2-°F/Btu. This procedure was found to be the most conservative.

* All cask component conduction and convection properties were modeled with temperature-
dependent properties, except for the impact limiter foam. During the Fire event’s Cool-Down
cycle, foam properties were replaced with air properties.

* For Fire events, impact limiter geometries were modified to reflect deformations due to 30-ft.
Head-On Drop events.

* Ribs inside the impact limiter are not included in the analysis models. A study has been
performed that shows for Normal conditions of transport, temperatures are slightly higher
without the ribs modeled. Under Normal conditions of transport, neglecting the ribs is
conservative. Under Hypothetical Accident conditions of transport, temperatures at some
areas are slightly higher with the ribs included, and do not significantly impact the final
temperatures. Details are provided in Appendix 3.5.4.8.

e Foam thermal property values used in the analyses were the nominal values provided in the
manufacturer’'s (General Plastics) literature. The property values variation listed in Table 8-5,
“LAST-A-FOAM FR-3700 Series Foams — Testing Program,” provides the acceptance
criteria for the foam. Using the ranges from the table, sensitivity analyses were performed.
The analyses used a +15% variation in density, and a +20% variation in specific heat. The
analyses results demonstrated a temperature change of less than 1°F. Further details
are provided in Appendix 3.5.4.9.
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3.3.2 Maximum Normal Operating Pressure

The maximum operating pressure, based upon steady state temperatures for Normal conditions of
transport are 20 psia, 21 psia, and 21 psia for Models AOS-025, AOS-050, and AOS-100, respectively.
The calculation is applied by using the Ideal Gas Law, a relationship of temperature and pressure. The
volume parameter does not enter into the calculation, because it is constant. Refer to Table 4-6,
“Maximum Cask Cavity Pressure Due to Normal Conditions of Transport — All Models,” for pressure
calculation details.

The AOS Transport Packaging System can be loaded dry or wet; however, if loaded wet, the cask cavity
must be vacuum-dried to remove all water or other moisture. Subsequently, only the relative humidity in
the loading environment is trapped within the cavity. None of the contents undergo alpha decay in any
appreciable amount, neither neutron emitters nor boron systems, that could generate helium gas.

3.3.3 Thermal Finite Element Model

The thermal evaluation of the AOS Transport Packaging System is conducted using the thermal analysis
modulus of the LIBRA computer program, MAIN12. This heat conduction solution determines both
steady-state and transient temperature fields. For transient thermal problems, the user can control the
integration scheme by specifying the integration parameter. A zero (0) value for this parameter provides an
explicit integration scheme; while between zero (0) and one (1) provide implicit schemes. A value of one
(1) is used in the evaluation, corresponding to a backward difference integration technique. Temperature-
dependent properties are either incorporated into an algorithm or implemented by a user-written
subroutine. In this evaluation, the temperature-dependent properties are provided by an algorithm, and are
shown in Subsection 3.2.1, “Material Properties.”

The thick stainless steel cask outer shell, which comprises the bulk of the cask, defines the outside
dimensions of the cask. The cask cavity is defined by the cask cavity shell, which is secured to the cask
outer shell. The cask lid plug shell is secured by the cask lid and cask cavity shell. Four-node quadrilateral
conduction elements are used to model the cask outer shell, cask cavity shell, and cask lid plug shell. Also,
the bottom plate and cask lid are modeled with four-node quadrilateral conduction elements. Figure 3-1
shows the analytical model used in the evaluation of Normal conditions of transport. Refer to
Appendix 3.5.4.2 and Appendix 3.5.4.3 for descriptions of the analytical model used in this evaluation.

The side tungsten alloy or carbon steel shielding is encapsulated by the cask outer shell and cask cavity
shell. The vertical wall between the shielding and cask outer shell is packed with stainless steel wool on
one side, and between the shielding and cask cavity shell, an air gap exists on the other. At the top and
bottom horizontal surfaces, existing gaps within the cask cavity shell are filled with stainless steel shim
plates. Two-node conduction elements are used in the model for the surface contact resistance and
conduction through the stainless steel wool. Other surface interfaces, between cask components, are
assembled with zero (0) gap, and are modeled with two-node conduction elements that have pressure
surface-contact resistance properties.

The analytical FEA methodology and model are validated by a thermal test, the details of which are
provided in Appendix 3.5.7.
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Figure 3-1. Analytical FEA Model — Normal Conditions of Transport
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The bottom tungsten alloy or carbon steel shielding is encapsulated by the cask cavity shell and bottom
plate. The top and bottom horizontal surfaces have zero (0) gaps, and heat transfer across these
interfaces by a low-pressure, surface-contact resistance. The gap between the shielding vertical side wall
and cask cavity shell is packed with stainless steel wool.

The top shielding is completely encapsulated by the cask lid plug shell. In a manner similar to the bottom
shielding, the shielding top and bottom horizontal surfaces have zero (0) gaps, and heat transfers through
these interfaces by a low-pressure, surface-contact resistance. A gap between the vertical side wall and
cask lid plug shell is packed with stainless steel wool. Two-node conduction elements are used in the
model for the surface contact resistance and conduction through the stainless steel wool.

A zero-gap surface thermal contact resistance, 1/h., a value of 0.03 hr-ft2-°F/Btu (refer to Appendix 2.12.5,
“Selected Material Properties References,” and Reference [3.10]) represents a low-contact pressure of
less than 50 psi. In thermal situations, where lower resistance would provide higher temperatures, a
resistance value of 0.003 hr-ft?-°F/Btu is used at all pressure contact interfaces. This situation occurs
during Thermal Condition 3, the 30-minute Fire event. The other six (6) thermal events use a higher

resistance of 0.30 hr-ft>-°F/Btu, at all contact interfaces, which provides for higher temperatures within
the cask.

Packed steel wool conductive and density thermal properties are assumed to 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 =  0.24 Btu/lb-°F
Density = 0.029 Ib/in®

Several interface surfaces have air gaps. Air gaps are modeled with two-node conduction elements, with
conduction and radiation properties. The six (6) air gaps are located between the:

1. Cask outer shell and upper section of the cask cavity shell and cask lid.
Cask cavity shell and cask lid plug shell lower section.
Cask cavity shell and cask lid plug shell upper section.

2
3
4. Cask lid plug shell top horizontal surface and cask lid.
5. Cask outer shell corner and side, impact limiter.

6

Cask cavity shell and shielding (tungsten alloy or carbon steel).

In thermal situations, where a smaller gap would provide higher temperatures, all gaps are closed, and at

the interface, a low-contact resistance value of 0.003 hr-ft>-°F/Btu is used. This situation occurs during
Thermal Condition 3, the 30-minute Fire event. The other six (6) thermal conditions use gaps that are
increased by 0.01 inches over their nominal values, which allows dimensional tolerance to be considered.
Table 3-11 lists the analyses values for the six (6) gaps used in all models.
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The impact limiter structure is a spherical head, axisymmetric (2D) structure. The impact limiter’s stainless
steel outer shell is modeled by two-node conduction/convection elements. The interior is filled with General
Plastics LAST-A-FOAM FR-3700 series foam, and modeled by four-node quadrilateral elements.

The decay heat of the cask contents is introduced in the model by two-node convective boundary
elements, along the cask cavity surface. In the model, it is assumed that the load is uniformly distributed
across the entire surface.

Boundary elements define the convective and radiative properties at the interface located between the
impact limiter outside surface and regulatory-required environments. A second convective surface is
located on the exposed cask outer shell, between the impact limiters. In addition to convective and
radiative properties, these boundary two-node elements have the capability to include required solar heat
flux loads.

Figure 3-4 illustrates all thermal model components and interfaces. The dimensions of all AOS Transport
Packaging System models are provided in Appendix 3.5.4.
3.3.3.1 Heat Flux Property Set

Convective boundary elements, located within the model’s cask cavity, define the prescribed heat flux due
to decay heat. The Model AOS-100 transport package’s maximum heat load is 400W. This load is applied
as a uniform surface heat flux to the entire cavity surface area. Its value is calculated, as follows:

(400)
(27)|(0.08255)* +(0.08255)(0.508)

I

1,305.9 W/m?

The justification for this approach is presented in Appendix 3.5.6.

Uniform decay heat flux values for all models are provided in Table 3-10.

Table 3-10. Heat Flux Values — All Models

Decay Heat Cavity Area Heat Flux
Model (W) (in?) (Btu/hr-in?)
AOS-025 10 29.65 1.15
AOS-050 100 118.63 2.88
AOS-100 400 474.77 2.88
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3.3.3.2

Enclosed Air Space Property Sets

Six element property sets represent the previously described enclosed air spaces.

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

Nu

Nu

where:

Nu

Gr

4
0.18 VG (H/5)(-19) For2 x 104 < Gr <2 x 10°

3
0.065 VO7' (H/5)1/9) For 2 x 10% < Gr < 11 x 10°

Nusselt Number
Grashof Number, based upon S
Distance across enclosed space

Height of enclosed space

For Gr less than 2,000, the process is simple conduction, Nu = 1.0. The Grashof Number is defined,

as follows:
Gr
where:
Yo
g

P gfS’AT _ gS’AT
,UZ T2

Density, kg/m3

Acceleration of gravity (9.8 m/sz)

Coefficient of the thermal expansion (°C) = — for ideal gases

1
T

AT = Temperature difference across enclosure (°C)
U = Dynamic viscosity (kg/m-s)
v = Kinematic viscosity (m?/s) = p/p
T = Absolute temperature (°K)
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The convective heat transfer in an enclosed horizontal air space depends upon the temperatures of the
upper and lower plates. From Gebhart [3.7], when the upper plate’s temperature is higher than the lower
plate’s temperature, the process is simple conduction:

Nu = 1.0

From Gebhart [3.7], when the lower plate’s temperature is higher than the upper plate’s temperature, then:

Nu 0.195 I Gr 10% < Gr< 4 x 10°

Nu 0.068 3/ Gr 4x105 < Gr

For values of Gr below 1,700, pure conduction is observed and Nu = 1.0. Therefore, the heat transfer
process is simple conduction.

The Grashof Number, Gr, is evaluated at each gap, for the Model AOS-025, AOS-050, and AOS-100
transport packages. Enclosed gaps are small and in all cases, Gr is less than 1,700. It is concluded that
convection is not a mode of heat transfer across all gaps. Details for this evaluation are provided in
Appendix 3.5.4.4.3.

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)
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For radiative heat transfer:

o= oF([[+T)T+T)
where:
T,,T, = Temperatures on either side of air space (°K)
o = 5.669 x 107 (W/m2-°K#)
F = Gray body shape factor
The gray body shape factor, F, is defined as follows:
1
1 A1
P (@(Q
81 A2 82 EZ
where:
4 = Area of smaller surface
4, = Area of larger surface

™
™
[ %)

|

Emissivities

F, = Shape factor

The gray body shape factor, F, is a geometric function of the system. When body A is completely enclosed

by body A4, and 4, , it cannot see itself, as is the case here, F, =1.0 (Reference [3.8]).

From Reference [3.9], for oxidized SS304, &, = &, = 0.52 and assuming 4, = 4, , then:
F = 0.351

for all material sets that have SS304 matching interface surface materials.
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For Model AOS-100A, at Gap 6, the interface materials are SS304 to tungsten alloy. The emissivity for
tungsten is 0.27 (Reference [3.17]), resulting in a gray body shape factor of:

F = 0.216

For the Model AOS-100B transport package, at Gap 6, the interface materials are SS304 to carbon steel.
The emissivity for carbon steel is 0.58 (Reference [3.18]), resulting in a gray body shape factor of:

F = 0.378

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

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

In general, the effective conductivity across the air gap, k, is due to conduction plus radiation, because it
was previously proven that convection does not influence the heat transfer across the gaps (Gr < 1,700).
Therefore, k, can be as follows:

ke = k+h *S

Table 3-11 lists the thermal properties used in the analysis as a function of temperature, for the six (6) air
gaps located within each AOS Transport Packaging System model. Appendix 3.5.4.4 provides information
regarding curve-fitting data for all air gaps.
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Table 3-11. Thermal Properties Used in Analysis as Function of Temperature,
with Respect to the Air Gaps — All Models

Effective Conductivity (Btu/hr-in-°F), Including Radiation
Sa
Model Air Gap (in.) ka (T)°
1 0.0118 1.122E-3 + 2.085E-6T + 2.527E-10T2
2 0.0124 1.122E-3 + 2.085E-6T + 2.527E-10T2
3 0.0176 1.132E-3 + 2.070E-6T + 5.343E-10T2
AOS-025
4 0.0147 1.122E-3 + 2.085E-6T + 2.527E-10T2
5 0.0403 1.178E-3 + 2.005E-6T + 1.763E-9T2
6 0.0108 1.111E-3 + 2.101E-6T - 5.217E-11T2
1 0.0140 1.127E-3 + 2.077E-6T + 3.935E-10T2
2 0.0150 1.127E-3 + 2.077E-6T + 3.935E-10T2
3 0.0250 1.147E-3 + 2.049E-6T + 9.350E-10T2
AOS-050
4 0.0190 1.127E-3 + 2.077E-6T + 3.935E-10T2
5 0.0710 1.239E-3 + 1.916E-6T + 3.426E-9T2
6 0.0120 1.112E-3 + 2.099E-6T - 1.885E-11T?2
1 0.0170 1.131E-3 + 2.072E-6T + 5.018E-10T2
2 0.0200 1.137E-3 + 2.063E-6T + 6.642E-10T2
3 0.0400 1.177E-3 + 2.005E-6T + 1.747E-9T2
AOS-100A
4 0.0290 1.155E-3 + 2.037E-6T + 1.152E-9T2
5 0.1310 1.359E-3 + 1.743E-6T + 6.675E-9T2
6 0.0130 1.113E-3 + 2.097E-6T + 1.447E-11T2
1 0.0170 1.131E-3 + 2.072E-6T + 5.018E-10T2
2 0.0200 1.137E-3 + 2.063E-6T + 6.642E-10T2
3 0.0400 1.177E-3 + 2.005E-6T + 1.747E-9T2
AOS-100B
4 0.0290 1.155E-3 + 2.037E-6T + 1.152E-9T2
5 0.1310 1.359E-3 + 1.743E-6T + 6.675E-9T2
6 0.0130 1.125E-3 + 2.080E-6T + 3.393E-10T2

a. S = Distance across the air space.
b. Temperature unit is °F.
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3.3.33 Boundary Property Sets

The transport packages are transported in a vertical position. Eleven (11) material property sets define the
outside cask surface and link the transport package with the external environment. These sets also define
the film coefficient, ambient temperature, and solar heat flux values. All models are evaluated with
Surfaces 1, 2, and 3 having no convection nor solar loads. However, during the Fire event, all surfaces are
exposed to the fire environment.

In addition, each property set specifies the free convective coefficient, ambient temperature, and solar heat
flux value for a portion of the cask boundary. Free convective coefficients are determined in accordance
with empirical equations provided in Reference [3.4]. In general, convection coefficients are determined by
finding the Nusselt Number, and then using the following equation to solve for h:

Nu = h*L/k
where:
h = Convective film coefficient
L = Characteristic length
k = Air conductive coefficient

The empirical formulations used to determine the Nusselt Numbers used in the vertical and horizontal
surface cask analyses are presented in Paragraph 3.3.3.4 and Paragraph 3.3.3.5, respectively.

Convective film coefficient values are dependent upon the plate shape, size, and orientation. The film
temperature is assumed to be the average between the transport package surface and required regulatory
ambient temperatures. The film coefficient is then evaluated with air properties defined at the
film temperature. Detailed information regarding the surface convective coefficient is provided in
Appendix 3.5.4.5.

For all models, Table 3-12 (Normal conditions of transport) and Table 3-13 (Fire condition) list the
orientation, shape, and size of the cask assembly’s external surfaces. (Refer also to Table 3-14 and
Table 3-15.) Appendix 3.5.4.5 provides additional information regarding the dimensional values used in all
models. Figure 3-2 and Figure 3-3 illustrate the external surface locations for Normal and Hypothetical
Accident conditions of transport, respectively.

All transport packages have several curved vertical surfaces that are considered flat vertical plates, in their
evaluations for surface convection. In the analyses, a vertical cylinder is treated as a flat vertical plate

when it meets the criterion, D/L > 35/ Gr'/4. It is shown in Appendix 3.5.4.6 that this criterion is met for all
curved vertical surfaces.
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Table 3-12. 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 0.030 0.030
AOS-025 3 Bottom Horizontal 0.290 0.290
(Transported 4 Vertical 0.343 0.343
Vertically) 9 Top Horizontal 0.290 0.290
10 Vertical 0.030 0.030
11 Top Horizontal 0.091 0.091
1 Bottom Horizontal 0.183 0.183
2 Vertical 0.061 0.061
3 Bottom Horizontal 0.579 0.579
4 Vertical 0.282 0.282
AOS-050 5 Top Horizontal 0.579 0.579
(Transported 6 Vertical 0.099 0.099
Vertically) 7 Bottom Horizontal 0.579 0.579
8 Vertical 0.282 0.282
9 Top Horizontal 0.579 0.579
10 Vertical 0.061 0.061
11 Top Horizontal 0.183 0.183
1 Bottom Horizontal 0.364 0.364
2 Vertical 0.190 0.190
3 Bottom Horizontal 1.159 1.159
4 Vertical 0.464 0.464
AOS-100 5 Top Horizontal 1.159 1.159
(Transported 6 Vertical 0.400 0.400
Vertically) 7 Bottom Horizontal 1.159 1.159
8 Vertical 0.464 0.464
9 Top Horizontal 1.159 1.159
10 Vertical 0.190 0.190
11 Top Horizontal 0.364 0.364
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Figure 3-2. Cask Assembly External Surface Identification, Normal Conditions of Transport —
All Models (Typical; Surfaces 5, 6, 7, and 8 are not used on Model AOS-025)

Note: The figure depicts the package orientation during transport.
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Table 3-13. Cask Assembly External Surface Orientation and Size,
Fire Condition — All Models

Length Width

Model Surface Orientation (m) (m)

1 Bottom Horizontal 0.091 0.091
AOS-025 2 Vertical 0.030 0.030
;;;222‘:;' 4 3 Bottom Horizontal 0.290 0.290
Vertically) 4 Vertical 0.343 0.343
11 Top Horizontal 0.257 0.257
1 Bottom Horizontal 0.183 0.183

2 Vertical 0.061 0.061
3 Bottom Horizontal 0.579 0.579
AOS-050 4 Vertical 0.282 0.282
(TFr';S'\g%‘:t‘Z' g 5 Top Horizontal 0.503 0.503
Vertically) 6 Vertical 0.099 0.099
7 Bottom Horizontal 0.579 0.579

8 Vertical 0.264 0.264

11 Top Horizontal 0.513 0.513

1 Bottom Horizontal 0.364 0.364

2 Vertical 0.190 0.190

3 Bottom Horizontal 1.159 1.159

AOS-100 4 Vertical 0.464 0.464
(_:_::;x%(:gd 5 Top Horizontal 1.159 1.159
Vertically) 6 Vertical 0.400 0.400
7 Bottom Horizontal 1.159 1.159

8 Vertical 0.452 0.452

11 Top Horizontal 1.027 1.027
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11

Figure 3-3. Cask Assembly External Surface ldentification, Fire Condition —
All Models (Typical; Surfaces 5, 6, 7, and 8 are not used on Model AOS-025)

Note: The figure depicts the package orientation during transport.
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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 3.3.3.2. 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 4, is negligible, when compared with 4, , and

F, =1.0. The impact limiter outside surface is oxidized SS304, and the surface emissivity is 0.52. The
cask outside surface is polished, and an emissivity of 0.20. Both of these values can be found in
Reference [3.9].

The effective film coefficient, h (Btu/hr—in2—°F), is as follows:
h = hs + h,

The three (3) regulatory required ambient temperatures are 38°C, -29°C, and -40°C (100°F, -20°F, and
-40°F, respectively). Convective properties, including radiation, used in the analysis as a function of
temperature have a form:

h(T) = ag+a(T +a,T2 + agT®
where:

h(T) = Btu/hr-in%-°F

T = Surface temperature, °F

Table 3-14 (Normal conditions of transport) defines the polynomial coefficients used in the equivalent
convective property of each ambient temperature and external surface, for each AOS Transport Packaging
System model.

Two sets of convective properties are used due to the change in geometry for the Hypothetical Accident
conditions of transport:

* One set of properties (defined in Table 3-15) is used for the steady-state analysis that leads
into the fire transient. This set of properties is also used for the cool-down transient analysis.
A sample calculation is included in Appendix 3.5.4.5.3, which provides the computation for
the effective film coefficient of a vertical plate within the Model AOS-100. Appendix 3.5.4
also includes curve-fitting data for all models and environments.

¢ The second set of properties is used only for the Fire event, which is defined
in Paragraph 3.3.3.8.
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Table 3-14. 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 1) ay a as
4 2.149E-03 | 4.387E-05 | -2.977E-08 | 2.231E-11
3778 100 9 1.405E-03 | 6.306E-05 | -5.279E-08 | 3.117E-11
10 7.659E-04 | 8.122E-05 | -7.456E-08 | 3.957E-11
11 7.659E-04 | 8.122E-05 | -7.456E-08 | 3.957E-11
4 4.988E-03 | 3.463E-05 | -2.796E-08 | 2.399E-11
AOS-025 98.89 20 9 6.394E-03 | 4.944E-05 | -4.937E-08 | 3.367E-11
10 7.787E-03 | 6.350E-05 | -6.974E-08 | 4.291E-11
11 7.787E-03 6.350E-05 -6.974E-08 4.291E-11
4 5.452E-03 | 3.314E-05 | -2.772E-08 | 2.439E-11
9 7.193E-03 | 4.723E-05 | -4.890E-08 | 3.425E-11
0 0 10 8.902E-03 | 6.062E-05 | -6.907E-08 | 4.369E-11
11 8.902E-03 | 6.062E-05 | -6.907E-08 | 4.369E-11
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Table 3-14. 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 1) ay a as
4 2.101E-03 | 4.562E-05 | -3.187E-08 | 2.312E-11
5 2.101E-03 4.562E-05 -3.187E-08 2.312E-11
6 -1.782E-04 | 5.110E-05 | -5.237E-08 | 2.439E-11
3778 100 7 2.506E-03 | 3.176E-05 | -1.526E-08 | 1.669E-11
8 2.101E-03 4.562E-05 -3.187E-08 2.312E-11
9 2.101E-03 | 4.562E-05 | -3.187E-08 | 2.312E-11
10 1.774E-03 | 6.288E-05 | -5.234E-08 | 3.101E-11
11 1.774E-03 6.288E-05 -5.234E-08 3.101E-11
4 5.034E-03 | 3.803E-05 | -3.569E-08 | 2.885E-11
5 6.114E-03 | 5.269E-05 | -6.023E-08 | 4.052E-11
6 4.585E-03 | 4.254E-05 | -5.666E-08 | 3.182E-11
AOS-050 98.89 20 7 3.993E-03 | 2.521E-05 | -1.425E-08 | 1.774E-11
8 5.034E-03 | 3.803E-05 | -3.569E-08 | 2.885E-11
9 6.114E-03 | 5.269E-05 | -6.023E-08 | 4.052E-11
10 6.688E-03 | 4.944E-05 | -4.915E-08 | 3.360E-11
11 6.688E-03 | 4.944E-05 | -4.915E-08 | 3.360E-11
4 5.628E-03 3.444E-05 -2.967E-08 2.529E-11
5 7.165E-03 4.791E-05 -5.230E-08 3.581E-11
6 5.487E-03 | 3.808E-05 | -4.872E-08 | 2.720E-11
7 4.246E-03 2.415E-05 -1.412E-08 1.799E-11
0 0 8 5.628E-03 | 3.444E-05 | -2.967E-08 | 2.529E-11
9 7.165E-03 | 4.791E-05 | -5.230E-08 | 3.581E-11
10 7.477E-03 4.725E-05 -4.871E-08 3.420E-11
11 7.477E-03 4.725E-05 -4.871E-08 3.420E-11
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Table 3-14. 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 1) ay a as
4 2.222E-03 | 4.132E-05 | -2.673E-08 | 2.113E-11
5 1.265E-03 | 5.985E-05 | -4.941E-08 | 2.965E-11
6 1.521E-04 | 3.699E-05 | -3.557E-08 | 1.790E-11
3778 100 7 2.634E-03 | 2.814E-05 | -1.092E-08 | 1.502E-11
8 2.222E-03 4.132E-05 -2.673E-08 | 2.113E-11
9 1.265E-03 | 5.985E-05 | -4.941E-08 | 2.965E-11
10 1.265E-03 | 5.985E-05 | -4.941E-08 | 2.965E-11
11 1.265E-03 5.985E-05 -4.941E-08 | 2.965E-11
4 5.405E-03 | 3.722E-05 | -3.825E-08 | 3.034E-11
5 6.261E-03 | 4.969E-05 | -5.170E-08 | 3.465E-11
6 3.493E-03 | 2.892E-05 | -3.340E-08 | 1.951E-11
AOS-100 98.89 20 7 3.715E-03 | 2.240E-05 | -1.019E-08 | 1.590E-11
8 5.405E-03 | 3.722E-05 | -3.825E-08 | 3.034E-11
9 6.261E-03 | 4.969E-05 | -5.170E-08 | 3.465E-11
10 5.458E-03 | 3.897E-05 | -3.420E-08 | 2.682E-11
11 6.261E-03 | 4.969E-05 | -5.170E-08 | 3.465E-11
4 6.442E-03 3.974E-05 -4.914E-08 3.711E-11
5 6.912E-03 | 4.503E-05 | -4.558E-08 | 3.270E-11
6 4.024E-03 | 2.761E-05 | -3.310E-08 | 1.988E-11
40 40 7 3.848E-03 2.316E-05 -1.524E-08 1.980E-11
8 6.442E-03 3.974E-05 -4.914E-08 3.711E-11
9 6.912E-03 | 4.503E-05 | -4.558E-08 | 3.270E-11
10 6.019E-03 3.727E-05 -3.390E-08 | 2.727E-11
11 6.912E-03 4.503E-05 -4.558E-08 | 3.270E-11
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Table 3-15. Polynomial Coefficients Used in Equivalent Convective Property

of Ambient Temperature and External Surface, Steady-State Leading to the
Fire and Cool-Down Conditions — All Models

Ambient Temperature Polynomial Coefficient
Model °C °F Surface Qg a4 az asz

4 2.149E-03 4.387E-05 | -2.977E-08 | 2.231E-11

AOS-025 37.78 100
11 1.346E-03 6.472E-05 | -5.477E-08 | 3.193E-11
4 2.150E-03 4.597E-05 | -3.272E-08 | 2.364E-11
5 1.657E-03 5.588E-05 | -4.418E-08 | 2.785E-11
6 -1.782E-04 | 5.110E-05 | -5.237E-08 | 2.438E-11

AOS-050 37.78 100
7 2.506E-03 3.176E-05 | -1.526E-08 1.669E-11
8 2.150E-03 4597E-05 | -3.272E-08 | 2.364E-11
11 1.657E-03 5.588E-05 | -4.418E-08 | 2.785E-11
4 2.216E-03 4153E-05 | -2.698E-08 | 2.123E-11
5 1.265E-03 5.985E-05 | -4.941E-08 | 2.965E-11
6 1.521E-04 3.699E-05 | -3.557E-08 1.790E-11

AOS-100 37.78 100
7 2.606E-03 2.837E-05 | -1.138E-08 1.527E-11
8 2.216E-03 4153E-05 | -2.698E-08 | 2.123E-11
11 1.265E-03 5.985E-05 | -4.941E-08 | 2.965E-11
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3.3.34 Vertical Surface

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

Nu = 0.68 +A/B

A = 0.670 * Ra'/4

B = [1 + (0.492 / Pr)¥164/9
where:

Pr = Prandtl Number

The Nusselt Number for turbulent flow, Ra = 10°, is determined from Reference [3.4], Equation 9.26:

Nu = {0.825 + A/B}?
A = 0.387 * Ra'/®
B = [1 +(0.492 / Pr)¥/16[8/27
where:
Ra = Pr * Gr, Rayleigh Number
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3.3.3.5 Horizontal Surface

The Nusselt Number used for convection from a horizontal, upper surface under laminar flow,
10* < Ra < 107, is determined from Reference [3.4], Equation 9.30:

Nu = 0.54 * Ral/4

The Nusselt Number for turbulent flow, 10’ <Ra<10'!", is determined from Reference [3.4],
Equation 9.31:

Nu = 0.15* Ra'®

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

Nu = 0.27 * Ra'/4

3.3.3.6 Horizontal Cylinder

The Nusselt Number used for convection from a horizontal cylinder with Ra < 10'? is determined from
Reference [3.4], Equation 9.34:

Nu = {0.60 + A/ B}y
A = 0.387 * Ra'/®
B = [1 +(0.559 / Pr)¥/ 168’27
where:
Pr = Prandtl Number
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3.3.3.7

The total heat load per unit area is defined by the surface type and orientation, over a 12-hour period. For
steady-state and fire-transient solutions, the heat load is divided by 12 hours, to determine the heat flow
rate. (Refer also to Appendix 3.5.4.7 for FR-3700 Series foam materials, under Thermal Condition 1 of

Table 3-3.)

Table 3-16 defines the solar heat applied to the cask’s outside surfaces for Thermal Conditions 1 and 3.

Solar Heat Load

Table 3-16. Solar Heat Application to Cask Outside Surfaces — All Models

Total Insolation Heat Rate
Model Surface Cal/cm2 Btu/in2 Btu/hr-in?
1,2,3 0 0 0
4 400 10.24 0.8533
AOS-025 2678 _ — —
9 800 20.48 1.7070
10 400 10.24 0.8533
11 800 20.48 1.7070
1,2,3 0 0 0
4,8 400 10.24 0.8533
5 800 20.48 1.7070
AOS-050 6 400 10.24 0.8533
7 200 5.12 0.4267
9 800 20.48 1.7070
10 400 10.24 0.8533
11 800 20.48 1.7070
1,2,3 0 0 0
4 400 10.24 0.8533
5 800 20.48 1.7070
6 400 10.24 0.8533
AOS-100 7 200 5.12 0.4267
8 400 10.24 0.8533
9 800 20.48 1.7070
10 400 10.24 0.8533
11 800 20.48 1.7070
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3.3.3.8 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 3.3.3.2 for convection due to radiation, h,, the surface convective coefficient is:

h = S*F*(T{%+1,935%) * (T + 1,935)
where:
s = Stefan-Boltzmann constant = 1.1944E-11 Btu/hr-in>-°R*
F = Gray body shape factor
= 0.8
T4 = Surface temperature, °R
Then:

h, 9.5552E-12 * (T3 + 1,935 * T2 + 1,935% * T, + 1,935°)
A convective heat transfer, h is also present during the Fire condition:

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

Combining the effects of both radiation and convection, total surface convection during the Fire condition,
defined as a function of temperature, is:

he = he + hy

h; 1.051E-1 + 4.370E-5 * T + 5.461E-8 * T2

where:

T Surface temperature, °F

Additional information is provided in Appendix 3.5.4.5.2.4.
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Figure 3-4. Expanded View of Thermal Model Defining Component Interfaces
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3.3.4 Normal Conditions of Transport Thermal Results

The tables and figures provided in Appendix 3.5.2, “Thermal Evaluation Results — Models AOS-025,
AOS-050, and AOS-100,” contain the nodal temperatures determined for all Normal conditions of transport
thermal conditions specified in Regulatory Guide 7.8 (Reference [3.21]). The maximum component
temperatures summarized in Table 3-3 show that all component temperatures meet their regulatory/
component criteria.
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3.4 THERMAL EVALUATION UNDER HYPOTHETICAL ACCIDENT CONDITIONS

The AOS Transport Packaging System models are analyzed for the Hypothetical Accident conditions of
transport Fire event — a 1/2-hour fire engulfing the entire cask, after a 30-ft. free drop, followed by a natural
cool-down. The transport package’s impact limiters are assumed to be deformed as a result of the free
drop. Thermal analysis of the Fire event is conducted using the LIBRA Finite Element program, using an
axisymmetric model. In the LIBRA analyses, model element thermal properties are updated every tenth
time step, to account for the changes in material properties during the Fire event.

AOS considered the Head-On Drop condition the more damaging condition under the Fire event. This is
supported by the analysis provided in Appendix 3.5.4.2.5. In this analysis, the model includes the
combined deformation of all three (3) drop orientations — Head-On, Side and Slap Down. The results show
little change in the maximum cask component temperature when compared with the uncrushed
configuration results. Furthermore, the maximum cask component temperatures usually occur during the
cool-down period of the Hypothetical Accident conditions of transport. During this period, the impact limiter
foam is assumed to be gone (destroyed) and replaced with air. Therefore, the geometry due to a puncture
deformation is not a significant factor in the resulting temperatures.

Figure 3-5 illustrates the LIBRA Finite Element thermal model used in this analysis. The analytical model
shown in Figure 3-5 is that of the Model AOS-100A transport package. Similar models are developed to
represent the Model AOS-025 and AOS-050 transport packages. In this LIBRA model, the impact limiter is
conservatively modeled to reflect deformations due to a hypothetical 30-ft. Head-On Drop. The impact
limiter model height is reduced by 5.9 in. for the Head-On Drop, reflecting 100% of the computed
deformation. In the analytical model, this deformation is applied to the axisymmetric model. Further details
on this approach are provided in Appendix 3.5.4.2.

The impact limiter foam thermal properties are adjusted to account for the change in volume resulting from
the free drop. The value adjustment is proportional to the volume reduction.
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3.4.1 Initial Conditions

The package is subjected to two (2) 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 orientation of the package during the drops is
selected to provide the greatest damage potential by aiming for the weakest point along the containment
boundary. However, because the impact limiter encloses all of these areas, the critical factor becomes how
much energy the impact limiter can absorb. 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 load. 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 begins at the 38°C (100°F) ambient
temperature, with maximum decay heat and solar load solution. At time zero, an ambient temperature of
800°C (1,475°F) is applied to the model. Also, all gaps are closed, and conduction across all interfacing
surfaces are assumed to be by contact resistance. Contact resistance is reduced for the fire’s duration.
This ambient temperature is maintained for 0.5 hours. At this time, the ambient condition is reversed to the
initial condition and all gaps are reopened and contact resistance is increased by a factor of 100. The post
fire phase of this analysis assumes the foam is gone and in its place air properties are used. The analysis
continues until eight (8) hours elapse.

3.4.3 Maximum Temperatures and Pressures

The maximum temperatures are reported in Table 3-4. Temperature tables and contour plots of the Fire
condition follows. The maximum pressures are reported in Table 4-7, “Maximum Cask Cavity Pressure
Due to Fire Condition — All Models.”

3.4.4 Maximum Thermal Stresses

Thermal stresses resulting from temperature gradients and differential thermal expansion for all transport
package models are provided in Appendix 2.12.2, “Structural Evaluation Results — Models AOS-025,
AOS-050, and AOS-100.”

3.4.5 Accident Conditions for Fissile Material Packages for Air Transport

Not applicable. Fissile material is not an authorized content for the AOS Transport Packaging System.
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3.4.6 Hypothetical Accident Conditions of Transport Thermal Results

The tables and figures provided in Appendix 3.5.2 contain the nodal temperatures determined for the Fire
event, as specified in References [3.1] and [3.2]. The maximum component temperatures summarized in
Table 3-4 show that all component temperatures meet their regulatory/component criteria.

During the 30-minute Fire condition, conductivity is increased across all gaps and contact surfaces. During
the initial start of this event, temperatures briefly decrease within the interior region of the cask. This
phenomenon is caused by increased conductivity due to gap closures for this fire condition. The closed
gap is a conservative assumption during the fire period, to increase heat flow. There is a brief period
following gap closure when conductivity is increased and the fire heat has not yet reached the plug.
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3.5 APPENDIX

This appendix presents the following information:

e Data CDs
e Thermal Evaluation Results — Models AOS-025, AOS-050, and AOS-100
e Thermal Evaluation Results — Model AOS-025A
e Thermal Evaluation Results — Model AOS-050A
e Thermal Evaluation Results — Models AOS-100A and AOS-100A-S
e Thermal Evaluation Results — Model AOS-100B
* LIBRA Finite Element Program Heat Transfer Module
¢ Analysis Modeling Data
e Material Properties
* Model Dimensions
* Analysis FEA Models
¢ Enclosed Gaps, Equivalent Conductivity
e Surface Convective Coefficients
¢ Curved Vertical Plates Used as Flat Vertical Plates, Criteria Check
* Insolation Heat Load Analysis for FR-3700 Series Foam under Condition 1 of Table 3-3
* Impact Limiter Rib Study
¢ LIBRA File Input Showing Material Property Assignation
» Justification for Use of Uniformly Distributed Decay Heat throughout Cask Cavity
e Thermal Tests
¢ Heat Test Report — AOS-165A Prototype
e Copper Seal Locations with Analytical Model (with Cask Lid Metallic Seal)
¢ Garlock Helicoflex Report, Helicoflex Seal Temperature Limit — Cask Lid Metallic Seal
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3.5.1 Data CDs

All thermal input/output files, as well as all Autodesk Inventor files, are attached on the Compact Discs
(CDs), as listed below:

e CDs 1, 2, and 3 — All analytical files, including the LIBRA FEA program
¢ CD 4 - Autodesk Inventor files
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3.5.2 Thermal Evaluation Results — Models A0S-025, AOS-050, and AOS-100

This appendix presents Load Case thermal evaluations for each AOS Transport Packaging System model:

¢ Thermal Evaluation Results — Model AOS-025A
¢ Thermal Evaluation Results — Model AOS-050A
¢ Thermal Evaluation Results — Models AOS-100A and AOS-100A-S
¢ Thermal Evaluation Results — Model AOS-100B
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3.5.2.1 Thermal Evaluation Results — Model AOS-025A

This appendix presents the following information, specific to the Model AOS-025A transport package:

* Normal Conditions of Transport Thermal Evaluation Results —
Model AOS-025A

¢ Fire Condition Thermal Evaluation Results — Model AOS-025A

Table 3-17 lists the temperature monitoring points (nodes) for the Model AOS-025A transport package,
under Normal conditions of transport and the Fire condition.

Table 3-17. Temperature Monitoring Points by Condition — Model AOS-025A

LIBRA Model Nodal Number, by Condition
Nodal Location Normal Conditions of Transport Fire Condition
1 5001 5001
2 4532 4532
3 4227 4227
4 4752 4752
5 4838 4838
6 4993 4993
7 3309 3309
8 3351 3351
9 678 678
10 2537 2537
11 2533 2533
12 4828 4828
13 1888 1888
14 583 583
15 579 579
16 4313 4313
17 3148 3148
18 3001 3001
19 7533 7533
20 7377 7377
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Table 3-17. Temperature Monitoring Points by Condition — Model AOS-025A (Continued)

LIBRA Model Nodal Number, by Condition
Nodal Location Normal Conditions of Transport Fire Condition
21 7371 7371
22 6942 6942
23 6267 6267
24 6121 6121
25 6001 6001
26 9501 12481
27 9950 12941
28 10014 13260
29 10781 17060
30 9091 17008
31 8463 9785
32 8462 9571
33 8197 8197
34 9711 12451
35 9821 13160
36 10158 14272
37 10605 14943
38 9102 14891
39 8578 9900
40 8225 8673
41 8001 8225
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3.5.2.1.1 Normal Conditions of Transport Thermal Evaluation Results —
Model AOS-025A

Table 3-18 lists the tables and figures in this appendix that present the Model AOS-025A 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. The tables for Load Cases 101, 102, 105, and 106
also include a list of maximum temperatures within each transport package component.

Figure 3-6 illustrates the location of each node on the transport package, under Normal conditions of
transport. (The node locations are listed in Table 3-17.)

Table 3-18. Normal Conditions of Transport Thermal Evaluation Results — Model AOS-025A

Load
Case Description Results Table Entire Model Cask Model
101 100°F Ambient, Maximum Decay Heat Table 3-19 Figure 3-7 Figure 3-8
102 | 100°F Ambient, Maximum Decay Heat, Table 3-20 Figure 3-9 Figure 3-10
Maximum Insolation
103 -20°F Amblgnt, Zero Decay Heat, Table 3-21 Figure 3-11 _
Zero Insolation
104 -40°F Amb|gnt, Zero Decay Heat, Table 3-22 Figure 3-12 _
Zero Insolation
105 -40°F Ambient, Maximum Decay Heat Table 3-23 Figure 3-13 Figure 3-14
106 -20°F Ambient, Maximum Decay Heat Table 3-24 Figure 3-15 Figure 3-16
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Figure 3-6. Selected Nodal Locations for Normal Conditions of Transport — Model AOS-025A
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Table 3-19. Load Case 101, 100°F Ambient, Maximum Decay Heat — Model AOS-025A

Location Node Temp (C) Temp (F)
1 5001 78.22 172.80
2 4532 77.39 171.30
3 4227 77.78 172.00
4 4752 77.28 171.10
5 4838 76.67 170.00
6 4993 76.61 169.90
7 3309 76.44 169.60
8 3351 76.44 169.60
9 678 76.83 170.30

10 2537 76.50 169.70
11 2533 76.50 169.70
12 4828 76.67 170.00
13 1888 76.50 169.70
14 583 76.39 169.50
15 579 76.44 169.60
16 4313 76.78 170.20
17 3148 76.33 169.40
18 3001 76.22 169.20
19 7533 76.78 170.20
20 7377 76.83 170.30
21 7371 76.89 170.40
22 6942 76.89 170.40
23 6267 76.83 170.30
24 6121 76.78 170.20
25 6001 76.78 170.20
26 9501 75.06 167.10
27 9950 75.06 167.10
28 10014 75.22 167.40
29 10781 75.61 168.10
30 9091 74.89 166.80
31 8463 75.11 167.20
32 8462 75.11 167.20
33 8197 75.11 167.20
34 9711 40.83 105.50
35 9821 39.50 103.10
36 10158 39.61 103.30
37 10605 43.00 109.40
38 9102 45.22 113.40
39 8578 43.00 109.40
40 8225 48.00 118.40
41 8001 50.83 123.50
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Figure 3-7. Load Case 101, 100°F Ambient, Maximum Decay Heat, Entire Model — Model AOS-025A
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Figure 3-8. Load Case 101, 100°F Ambient, Maximum Decay Heat, Cask Model — Model AOS-025A
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Table 3-20. Load Case 102, 100°F Ambient, Maximum Decay Heat, Maximum Insolation —
Model AOS-025A

Location Node Temp (C) Temp (F)
1 5001 125.56 258.00
2 4532 124.67 256.40
3 4227 125.06 257.10
4 4752 124.61 256.30
5 4838 124.06 255.30
6 4993 124.00 255.20
7 3309 123.94 255.10
8 3351 123.94 255.10
9 678 124.17 255.50

10 2537 123.94 255.10
11 2533 123.94 255.10
12 4828 124.06 255.30
13 1888 123.83 254.90
14 583 123.72 254 .70
15 579 123.78 254.80
16 4313 124.11 255.40
17 3148 123.67 254.60
18 3001 123.56 254 .40
19 7533 124.22 255.60
20 7377 124.22 255.60
21 7371 124.28 255.70
22 6942 124.28 255.70
23 6267 124.17 255.50
24 6121 124.11 255.40
25 6001 124.11 255.40
26 9501 122.89 253.20
27 9950 122.89 253.20
28 10014 123.00 253.40
29 10781 123.17 253.70
30 9091 122.39 252.30
31 8463 122.61 252.70
32 8462 122.56 252.60
33 8197 122.50 252.50
34 9711 98.72 209.70
35 9821 97.56 207.60
36 10158 98.89 210.00
37 10605 90.50 194.90
38 9102 91.83 197.30
39 8578 90.39 194.70
40 8225 95.22 203.40
41 8001 97.94 208.30
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Figure 3-9. Load Case 102, 100°F Ambient, Maximum Decay Heat, Maximum Insolation,

Entire Model — Model AOS-025A
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Figure 3-10. Load Case 102, 100°F Ambient, Maximum Decay Heat, Maximum Insolation,
Cask Model — Model AOS-025A
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Table 3-21. Load Case 103, -20°F Ambient, Zero Decay Heat, Zero Insolation — Model AOS-025A

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 4993 -28.89 -20.00
7 3309 -28.89 -20.00
8 3351 -28.89 -20.00
9 678 -28.89 -20.00

10 2537 -28.89 -20.00
11 2533 -28.89 -20.00
12 4828 -28.89 -20.00
13 1888 -28.89 -20.00
14 583 -28.89 -20.00
15 579 -28.89 -20.00
16 4313 -28.89 -20.00
17 3148 -28.89 -20.00
18 3001 -28.89 -20.00
19 7533 -28.89 -20.00
20 7377 -28.89 -20.00
21 7371 -28.89 -20.00
22 6942 -28.89 -20.00
23 6267 -28.89 -20.00
24 6121 -28.89 -20.00
25 6001 -28.89 -20.00
26 9501 -28.89 -20.00
27 9950 -28.89 -20.00
28 10014 -28.89 -20.00
29 10781 -28.89 -20.00
30 9091 -28.89 -20.00
31 8463 -28.89 -20.00
32 8462 -28.89 -20.00
33 8197 -28.89 -20.00
34 9711 -28.89 -20.00
35 9821 -28.89 -20.00
36 10158 -28.89 -20.00
37 10605 -28.89 -20.00
38 9102 -28.89 -20.00
39 8578 -28.89 -20.00
40 8225 -28.89 -20.00
41 8001 -28.89 -20.00
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Figure 3-11. Load Case 103, -20°F Ambient, Zero Decay Heat, Zero Insolation,
Entire Model — Model AOS-025A
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Table 3-22. Load Case 104, -40°F Ambient, Zero Decay Heat, Zero Insolation — Model AOS-025A

Location
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Node
5001
4532
4227
4752
4838
4993
3309
3351
678
2537
2533
4828
1888
583
579
4313
3148
3001
7533
7377
7371
6942
6267
6121
6001
9501
9950
10014
10781
9091
8463
8462
8197
9711
9821
10158
10605
9102
8578
8225
8001

Temp (C) Temp (F)
-40.00 -40.00
-40.00 -40.00
-40.00 -40.00
-40.00 -40.00
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Figure 3-12. Load Case 104, -40°F Ambient, Zero Decay Heat, Zero Insolation,
Entire Model — Model AOS-025A
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Table 3-23. Load Case 105, -40°F Ambient, Maximum Decay Heat — Model AOS-025A

Location Node Temp (C) Temp (F)
1 5001 4.24 39.63
2 4532 3.30 37.94
3 4227 3.72 38.69
4 4752 3.14 37.66
5 4838 2.48 36.47
6 4993 2.42 36.35
7 3309 2.21 35.98
8 3351 2.24 36.03
9 678 2.67 36.80

10 2537 2.30 36.14
11 2533 2.33 36.20
12 4828 2.48 36.47
13 1888 2.34 36.21
14 583 2.22 35.99
15 579 2.24 36.04
16 4313 2.61 36.69
17 3148 2.11 35.80
18 3001 1.99 35.59
19 7533 2.67 36.80
20 7377 2.68 36.83
21 7371 2.73 36.92
22 6942 2.76 36.97
23 6267 2.70 36.86
24 6121 2.62 36.71
25 6001 2.61 36.69
26 9501 0.72 33.29
27 9950 0.61 33.09
28 10014 0.73 33.31
29 10781 1.14 34.06
30 9091 0.32 32.58
31 8463 0.62 33.12
32 8462 0.70 33.26
33 8197 0.83 33.49
34 9711 -35.94 -32.69
35 9821 -37.49 -35.49
36 10158 -37.03 -34.65
37 10605 -32.46 -26.42
38 9102 -29.89 -21.80
39 8578 -32.42 -26.36
40 8225 -26.98 -16.56
41 8001 -23.90 -11.02
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Figure 3-13. Load Case 105, -40°F Ambient, Maximum Decay Heat, Entire Model — Model AOS-025A
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Figure 3-14. Load Case 105, -40°F Ambient, Maximum Decay Heat, Cask Model — Model AOS-025A
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Table 3-24. Load Case 106, -20°F Ambient, Maximum Decay Heat — Model AOS-025A

Location Node Temp (C) Temp (F)
1 5001 14.85 58.73
2 4532 13.92 57.06
3 4227 14.34 57.81
4 4752 13.77 56.79
5 4838 13.12 55.62
6 4993 13.06 55.50
7 3309 12.86 55.14
8 3351 12.88 55.19
9 678 13.30 55.94

10 2537 12.94 55.30
11 2533 12.97 55.35
12 4828 13.12 55.62
13 1888 12.98 55.36
14 583 12.86 55.14
15 579 12.88 55.19
16 4313 13.24 55.83
17 3148 12.76 54.96
18 3001 12.64 54.75
19 7533 13.29 55.93
20 7377 13.31 55.96
21 7371 13.37 56.07
22 6942 13.39 56.11
23 6267 13.34 56.01
24 6121 13.25 55.85
25 6001 13.24 55.83
26 9501 11.38 52.48
27 9950 11.29 52.33
28 10014 11.42 52.55
29 10781 11.83 53.30
30 9091 11.02 51.84
31 8463 11.31 52.36
32 8462 11.37 52.47
33 8197 11.48 52.67
34 9711 -24.94 -12.89
35 9821 -26.47 -15.65
36 10158 -26.06 -14.90
37 10605 -21.63 -6.94
38 9102 -19.10 -2.38
39 8578 -21.61 -6.89
40 8225 -16.24 2.77
41 8001 -13.19 8.25
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Figure 3-15. Load Case 106, -20°F Ambient, Maximum Decay Heat, Entire Model — Model AOS-025A
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Figure 3-16. Load Case 106, -20°F Ambient, Maximum Decay Heat, Cask Model — Model AOS-025A
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3.5.2.1.2 Fire Condition Thermal Evaluation Results — Model AOS-025A

Table 3-25 lists the tables and figures in this appendix that present the Model AOS-025A transport
package results under the Fire condition, for Load Cases 111 and 112. Each table provides a list of
temperatures at each monitoring node. Also listed are the maximum temperatures within each transport
package component.

Figure 3-17 illustrates the location of each node on the transport package, under the Fire condition. (The
node locations are listed in Table 3-17.)

Table 3-25. Fire Condition Thermal Evaluation Results — Model AOS-025A

Load Temperature
Case Description versus Time Results Table | Entire Model Cask Model
Fire at 30 Minutes,
111 1,475°F Ambient, Table 3-26 Figure 3-21 Figure 3-22

Maximum Decay Heat

Post Fire at 60 Minutes,
100°F, Maximum Decay Heat, Table 3-27 Figure 3-23 Figure 3-24
Maximum Insolation

Post Fire at 90 Minutes, ]
100°F, Maximum Decay Heat, | Figure 3-18 Table 3-28 Figure 3-25 Figure 3-26
Maximum Insolation

Post Fire at 120 Minutes,
112 100°F, Maximum Decay Heat, Figure 3-20 Table 3-29 Figure 3-27 Figure 3-28
Maximum Insolation

Figure 3-19

Post Fire at 150 Minutes,
100°F, Maximum Decay Heat, Table 3-30 Figure 3-29 Figure 3-30
Maximum Insolation

Post Fire at 180 Minutes,
100°F, Maximum Decay Heat, Table 3-31 Figure 3-31 Figure 3-32
Maximum Insolation
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Table 3-26. Load Case 111, Fire at 30 Minutes, 1,475°F Ambient, Maximum Decay Heat —
Model AOS-025A

Location
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Node
5001
4532
4227
4752
4838
4993
3309
3351
678
2537
2533
4828
1888
583
579
4313
3148
3001
7533
7377
7371
6942
6267
6121
6001
12481
12941
13260
17060
17008
9785
9571
8197
12451
13160
14272
14943
14891
9900
8673
8225
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Maximum Component Temperatures

Component Node_1 Node_2 Node Max_Temp (C) Max_Temp (F)
Cask Outer Shell 101 2894 1712 1.4539E+02 2.9370E+02
Bottom Plate 3001 3232 3120 1.3156E+02 2.6880E+02
Cask Lid 3233 3424 3233 1.2828E+02 2.6290E+02
Shell Cavity 4001 4998 4417 1.3411E+02 2.7340E+02
Cask Lid Plug 5001 5404 5011 1.3044E+02 2.6680E+02
Tungsten Alloy 6001 7656 6696 1.3344E+02 2.7220E+02
Bottom Cavity 4227 4236 4227 1.3333E+02 2.7200E+02
Side Cavity 4372 4702 4417 1.3411E+02 2.7340E+02
Top Cavity 5001 5012 5011 1.3044E+02 2.6680E+02
Lid Seal 4993 4993 4993 1.2822E+02 2.6280E+02
Cask Vent Port 2537 2537 2537 1.2861E+02 2.6350E+02
Cask Vent Port Seal 2533 2533 2533 1.2861E+02 2.6350E+02
Vt.Conic.Seal 4828 4828 4828 1.2917E+02 2.6450E+02
Cask Drain Port 583 583 583 1.3311E+02 2.7160E+02
Cask Drain Port Seal 579 579 579 1.3311E+02 2.7160E+02
Drn.Conic.Seal 4313 4313 4313 1.3244E+02 2.7040E+02
Test Port 3351 3351 3351 1.2794E+02 2.6230E+02
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Figure 3-21. Load Case 111, Fire at 30 Minutes, 1,475°F Ambient, Maximum Decay Heat,
Entire Model — Model AOS-025A
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Figure 3-22. Load Case 111, Fire at 30 Minutes, 1,475°F Ambient, Maximum Decay Heat,
Cask Model — Model AOS-025A
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Table 3-27. Load Case 112, Post Fire at 60 Minutes, 100°F, Maximum Decay Heat,

Maximum Insolation — Model AOS-025A

Location
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Node
5001
4532
4227
4752
4838
4993
3309
3351
678
2537
2533
4828
1888
583
579
4313
3148
3001
7533
7377
7371
6942
6267
6121
6001
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17008
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8197
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Maximum Component Temperatures

Component Node_1 Node_2 Node Max_Temp (C) Max_Temp (F)
Cask Outer Shell 101 2894 1712 1.3839E+02 2.8110E+02
Bottom Plate 3001 3232 3001 1.3711E+02 2.7880E+02
Cask Lid 3233 3424 3233 1.3439E+02 2.7390E+02
Shell Cavity 4001 4998 4227 1.3583E+02 2.7650E+02
Cask Lid Plug 5001 5404 5001 1.3594E+02 2.7670E+02
Tungsten Alloy 6001 7656 6001 1.3533E+02 2.7560E+02
Bottom Cavity 4227 4236 4227 1.3583E+02 2.7650E+02
Side Cavity 4372 4702 4372 1.3522E+02 2.7540E+02
Top Cavity 5001 5012 5001 1.3594E+02 2.7670E+02
Lid Seal 4993 4993 4993 1.3444E+02 2.7400E+02
Cask Vent Port 2537 2537 2537 1.3433E+02 2.7380E+02
Cask Vent Port Seal 2533 2533 2533 1.3433E+02 2.7380E+02
Vt.Conic.Seal 4828 4828 4828 1.3450E+02 2.7410E+02
Cask Drain Port 583 583 583 1.3544E+02 2.7580E+02
Cask Drain Port Seal 579 579 579 1.3539E+02 2.7570E+02
Drn.Conic.Seal 4313 4313 4313 1.3533E+02 2.7560E+02
Test Port 3351 3351 3351 1.3439E+02 2.7390E+02
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Figure 3-23. Load Case 112, Post Fire at 60 Minutes, 100°F, Maximum Decay Heat,
Maximum Insolation, Entire Model — Model AOS-025A
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Figure 3-24. Load Case 112, Post Fire at 60 Minutes, 100°F, Maximum Decay Heat,
Maximum Insolation, Cask Model — Model AOS-025A
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Table 3-28. Load Case 112, Post Fire at 90 Minutes, 100°F, Maximum Decay Heat,

Maximum Insolation — Model AOS-025A

Location
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Node
5001
4532
4227
4752
4838
4993
3309
3351
678
2537
2533
4828
1888
583
579
4313
3148
3001
7533
7377
7371
6942
6267
6121
6001
12481
12941
13260
17060
17008
9785
9571
8197
12451
13160
14272
14943
14891
9900
8673
8225
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Maximum Component Temperatures

Component Node_1 Node_2 Node Max_Temp (C) Max_Temp (F)
Cask Outer Shell 101 2894 1712 1.3839E+02 2.8110E+02
Bottom Plate 3001 3232 3001 1.3711E+02 2.7880E+02
Cask Lid 3233 3424 3233 1.3439E+02 2.7390E+02
Shell Cavity 4001 4998 4227 1.3583E+02 2.7650E+02
Cask Lid Plug 5001 5404 5001 1.3594E+02 2.7670E+02
Tungsten Alloy 6001 7656 6001 1.3533E+02 2.7560E+02
Bottom Cavity 4227 4236 4227 1.3583E+02 2.7650E+02
Side Cavity 4372 4702 4372 1.3522E+02 2.7540E+02
Top Cavity 5001 5012 5001 1.3594E+02 2.7670E+02
Lid Seal 4993 4993 4993 1.3444E+02 2.7400E+02
Cask Vent Port 2537 2537 2537 1.3433E+02 2.7380E+02
Cask Vent Port Seal 2533 2533 2533 1.3433E+02 2.7380E+02
Vt.Conic.Seal 4828 4828 4828 1.3450E+02 2.7410E+02
Cask Drain Port 583 583 583 1.3544E+02 2.7580E+02
Cask Drain Port Seal 579 579 579 1.3539E+02 2.7570E+02
Drn.Conic.Seal 4313 4313 4313 1.3533E+02 2.7560E+02
Test Port 3351 3351 3351 1.3439E+02 2.7390E+02
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Figure 3-25. Load Case 112, Post Fire at 90 Minutes, 100°F, Maximum Decay Heat,
Maximum Insolation, Entire Model — Model AOS-025A
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Figure 3-26. Load Case 112, Post Fire at 90 Minutes, 100°F, Maximum Decay Heat,

Maximum Insolation, Cask Model — Model AOS-025A
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Table 3-29. Load Case 112, Post Fire at 120 Minutes, 100°F, Maximum Decay Heat,

Maximum Insolation — Model AOS-025A

Location
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Node
5001
4532
4227
4752
4838
4993
3309
3351
678
2537
2533
4828
1888
583
579
4313
3148
3001
7533
7377
7371
6942
6267
6121
6001
12481
12941
13260
17060
17008
9785
9571
8197
12451
13160
14272
14943
14891
9900
8673
8225
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Maximum Component Temperatures

Component Node_1 Node_2 Node Max_Temp (C) Max_Temp (F)
Cask Outer Shell 101 2894 1712 1.3839E+02 2.8110E+02
Bottom Plate 3001 3232 3001 1.3711E+02 2.7880E+02
Cask Lid 3233 3424 3233 1.3439E+02 2.7390E+02
Shell Cavity 4001 4998 4227 1.3583E+02 2.7650E+02
Cask Lid Plug 5001 5404 5001 1.3594E+02 2.7670E+02
Tungsten Alloy 6001 7656 6001 1.3533E+02 2.7560E+02
Bottom Cavity 4227 4236 4227 1.3583E+02 2.7650E+02
Side Cavity 4372 4702 4372 1.3522E+02 2.7540E+02
Top Cavity 5001 5012 5001 1.3594E+02 2.7670E+02
Lid Seal 4993 4993 4993 1.3444E+02 2.7400E+02
Cask Vent Port 2537 2537 2537 1.3433E+02 2.7380E+02
Cask Vent Port Seal 2533 2533 2533 1.3433E+02 2.7380E+02
Vt.Conic.Seal 4828 4828 4828 1.3450E+02 2.7410E+02
Cask Drain Port 583 583 583 1.3544E+02 2.7580E+02
Cask Drain Port Seal 579 579 579 1.3539E+02 2.7570E+02
Drn.Conic.Seal 4313 4313 4313 1.3533E+02 2.7560E+02
Test Port 3351 3351 3351 1.3439E+02 2.7390E+02
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Figure 3-27. Load Case 112, Post Fire at 120 Minutes, 100°F, Maximum Decay Heat,
Maximum Insolation, Entire Model — Model AOS-025A
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Figure 3-28. Load Case 112, Post Fire at 120 Minutes, 100°F, Maximum Decay Heat,

Maximum Insolation, Cask Model — Model AOS-025A
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Table 3-30. Load Case 112, Post Fire at 150 Minutes, 100°F, Maximum Decay Heat,

Maximum Insolation — Model AOS-025A

Location
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Node
5001
4532
4227
4752
4838
4993
3309
3351
678
2537
2533
4828
1888
583
579
4313
3148
3001
7533
7377
7371
6942
6267
6121
6001
12481
12941
13260
17060
17008
9785
9571
8197
12451
13160
14272
14943
14891
9900
8673
8225
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Maximum Component Temperatures

Component Node_1 Node_2 Node Max_Temp (C) Max_Temp (F)
Cask Outer Shell 101 2894 1712 1.3839E+02 2.8110E+02
Bottom Plate 3001 3232 3001 1.3711E+02 2.7880E+02
Cask Lid 3233 3424 3233 1.3439E+02 2.7390E+02
Shell Cavity 4001 4998 4227 1.3583E+02 2.7650E+02
Cask Lid Plug 5001 5404 5001 1.3594E+02 2.7670E+02
Tungsten Alloy 6001 7656 6001 1.3533E+02 2.7560E+02
Bottom Cavity 4227 4236 4227 1.3583E+02 2.7650E+02
Side Cavity 4372 4702 4372 1.3522E+02 2.7540E+02
Top Cavity 5001 5012 5001 1.3594E+02 2.7670E+02
Lid Seal 4993 4993 4993 1.3444E+02 2.7400E+02
Cask Vent Port 2537 2537 2537 1.3433E+02 2.7380E+02
Cask Vent Port Seal 2533 2533 2533 1.3433E+02 2.7380E+02
Vt.Conic.Seal 4828 4828 4828 1.3450E+02 2.7410E+02
Cask Drain Port 583 583 583 1.3544E+02 2.7580E+02
Cask Drain Port Seal 579 579 579 1.3539E+02 2.7570E+02
Drn.Conic.Seal 4313 4313 4313 1.3533E+02 2.7560E+02
Test Port 3351 3351 3351 1.3439E+02 2.7390E+02
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Figure 3-29. Load Case 112, Post Fire at 150 Minutes, 100°F, Maximum Decay Heat,
Maximum Insolation, Entire Model — Model AOS-025A
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Figure 3-30. Load Case 112, Post Fire at 150 Minutes, 100°F, Maximum Decay Heat,

Maximum Insolation, Cask Model — Model AOS-025A
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Table 3-31. Load Case 112, Post Fire at 180 Minutes, 100°F, Maximum Decay Heat,

Maximum Insolation — Model AOS-025A

Location
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Node
5001
4532
4227
4752
4838
4993
3309
3351
678
2537
2533
4828
1888
583
579
4313
3148
3001
7533
7377
7371
6942
6267
6121
6001
12481
12941
13260
17060
17008
9785
9571
8197
12451
13160
14272
14943
14891
9900
8673
8225
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Maximum Component Temperatures

Component Node_1 Node_2 Node Max_Temp (C) Max_Temp (F)
Cask Outer Shell 101 2894 1712 1.3839E+02 2.8110E+02
Bottom Plate 3001 3232 3001 1.3711E+02 2.7880E+02
Cask Lid 3233 3424 3233 1.3439E+02 2.7390E+02
Shell Cavity 4001 4998 4227 1.3583E+02 2.7650E+02
Cask Lid Plug 5001 5404 5001 1.3594E+02 2.7670E+02
Tungsten Alloy 6001 7656 6001 1.3533E+02 2.7560E+02
Bottom Cavity 4227 4236 4227 1.3583E+02 2.7650E+02
Side Cavity 4372 4702 4372 1.3522E+02 2.7540E+02
Top Cavity 5001 5012 5001 1.3594E+02 2.7670E+02
Lid Seal 4993 4993 4993 1.3444E+02 2.7400E+02
Cask Vent Port 2537 2537 2537 1.3433E+02 2.7380E+02
Cask Vent Port Seal 2533 2533 2533 1.3433E+02 2.7380E+02
Vt.Conic.Seal 4828 4828 4828 1.3450E+02 2.7410E+02
Cask Drain Port 583 583 583 1.3544E+02 2.7580E+02
Cask Drain Port Seal 579 579 579 1.3539E+02 2.7570E+02
Drn.Conic.Seal 4313 4313 4313 1.3533E+02 2.7560E+02
Test Port 3351 3351 3351 1.3439E+02 2.7390E+02
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Figure 3-31. Load Case 112, Post Fire at 180 Minutes, 100°F, Maximum Decay Heat,
Maximum Insolation, Entire Model — Model AOS-025A
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Figure 3-32. Load Case 112, Post Fire at 180 Minutes, 100°F, Maximum Decay Heat,

Maximum Insolation, Cask Model — Model AOS-025A
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3.5.2.2 Thermal Evaluation Results — Model AOS-050A

This appendix presents the following information, specific to the Model AOS-050A transport package:

* Normal Conditions of Transport Thermal Evaluation Results —

Model AOS-050A

¢ Fire Condition Thermal Evaluation Results — Model AOS-050A

Table 3-32 lists the temperature monitoring points (nodes) for the Model AOS-050A transport package,
under Normal conditions of transport and the Fire condition.

Table 3-32. Temperature Monitoring Points, by Condition — Model AOS-050A

LIBRA Model Nodal Number, by Condition
Nodal Location Normal Conditions of Transport Fire Condition

1 5001 5001
2 4532 4532
3 4227 4227
4 4752 4752
5 4838 4838
6 4993 4993
7 3309 3309
8 3351 3351
9 678 678
10 2537 2537
11 2533 2533
12 4828 4828
13 1888 1888
14 583 583
15 579 579
16 4313 4313
17 3148 3148
18 3001 3001
19 7533 7533
20 7377 7377
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Table 3-32. Temperature Monitoring Points, by Condition — Model AOS-050A (Continued)

Nodal Location

LIBRA Model Nodal Number, by Condition

Normal Conditions of Transport

Fire Condition

21 7371 7371
22 6942 6942
23 6267 6267
24 6121 6121
25 6001 6001
26 9501 15481
27 9950 15941
28 10014 16260
29 11016 17311
30 9428 11965
31 8463 9785
32 8462 9571
33 8197 8197
34 9711 15451
35 9821 16160
36 10158 17790
37 10792 18750
38 9204 11485
39 8578 9900
40 8225 8673
41 8001 8225
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3.5.2.2.1

Normal Conditions of Transport Thermal Evaluation Results -

Model AOS-050A

Table 3-33 lists the tables and figures in this appendix that present the Model AOS-050A 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. The tables for Load Cases 101, 102, 105, and 106

also include a list of maximum temperatures within each transport package component.

Figure 3-33 illustrates the location of each node on the transport package, under Normal conditions of
transport. (The node locations are listed in Table 3-32.)

Table 3-33. Normal Conditions of Transport Thermal Evaluation Results — Model AOS-050A

Load
Case Description Results Table Entire Model Cask Model
101 100°F Ambient, Maximum Decay Heat Table 3-34 Figure 3-34 Figure 3-35
102 100 .F Ambient, Mammum Decay Heat, Table 3-35 Figure 3-36 Figure 3-37
Maximum Insolation
103 -20°F Amblgnt, Zero Decay Heat, Table 3-36 Figure 3-38 _
Zero Insolation
104 -40°F Amb|gnt, Zero Decay Heat, Table 3-37 Figure 3-39 _
Zero Insolation
105 -40°F Ambient, Maximum Decay Heat Table 3-38 Figure 3-40 Figure 3-41
106 -20°F Ambient, Maximum Decay Heat Table 3-39 Figure 3-42 Figure 3-43
Radioactive Material Transport Packaging System Safety Analysis Report 3-109
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Figure 3-33. Selected Nodal Locations for Normal Conditions of Transport — Model AOS-050A
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Table 3-34. Load Case 101, 100°F Ambient, Maximum Decay Heat — Model AOS-050A

Location
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Node
5001
4532
4227
4752
4838
4993
3309
3351
678
2537
2533
4828
1888
583
579
4313
3148
3001
7533
7377
7371
6942
6267
6121
6001
9501
9950
10014
11016
9428
8463
8462
8197
9711
9821
10158
10792
9204
8578
8225
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Maximum Component Temperatures

Component Node_1 Node_2 Node Max_Temp (C) Max_Temp (F)
Cask Outer Shell 101 2894 614 1.0211E+402 2.1580E+02
Bottom Plate 3001 3232 3120 1.0161E+02 2.1490E+02
Cask Lid 3233 3424 3233 1.0194E+02 2.1550E+02
Shell Cavity 4001 4998 4227 1.0722E+02 2.2500E+02
Cask Lid Plug 5001 5404 5001 1.0922E+02 2.2860E+02
Tungsten Alloy 6001 7656 7552 1.0306E+02 2.1750E+02
Bottom Cavity 4227 4236 4227 1.0722E+02 2.2500E+02
Side Cavity 4372 4702 4372 1.0506E+02 2.2110E+02
Top Cavity 5001 5012 5001 1.0922E+02 2.2860E+02
Lid Seal 4993 4993 4993 1.0183E+02 2.1530E+02
Cask Vent Port 2537 2537 2537 1.0111E+02 2.1400E+02
Cask Vent Port Seal 2533 2533 2533 1.0117E+402 2.1410E+02
Vt.Conic.Seal 4828 4828 4828 1.0194E+02 2.1550E+02
Cask Drain Port 583 583 583 1.0117E+02 2.1410E+02
Cask Drain Port Seal 579 579 579 1.0122E+02 2.1420E+02
Drn.Conic.Seal 4313 4313 4313 1.0272E+02 2.1690E+02
Test Port 3351 3351 3351 1.0172E+02 2.1510E+02
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Figure 3-35. Load Case 101, 100°F Ambient, Maximum Decay Heat, Cask Model — Model AOS-050A
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Table 3-35. Load Case 102, 100°F Ambient, Maximum Decay Heat, Maximum Insolation —

Model AOS-050A

Location
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Node
5001
4532
4227
4752
4838
4993
3309
3351
678
2537
2533
4828
1888
583
579
4313
3148
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7533
7377
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6267
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Maximum Component Temperatures

Component Node_1 Node_2 Node Max_Temp (C) Max_Temp (F)
Cask Outer Shell 101 2894 606 1.4161E+02 2.8690E+02
Bottom Plate 3001 3232 3120 1.4128E+02 2.8630E+02
Cask Lid 3233 3424 3233 1.4111E+02 2.8600E+02
Shell Cavity 4001 4998 4227 1.4650E+02 2.9570E+02
Cask Lid Plug 5001 5404 5001 1.4800E+02 2.9840E+02
Tungsten Alloy 6001 7656 6247 1.4244E+02 2.8840E+02
Bottom Cavity 4227 4236 4227 1.4650E+02 2.9570E+02
Side Cavity 4372 4702 4372 1.4439E+02 2.9190E+02
Top Cavity 5001 5012 5001 1.4800E+02 2.9840E+02
Lid Seal 4993 4993 4993 1.4100E+02 2.8580E+02
Cask Vent Port 2537 2537 2537 1.4022E+02 2.8440E+02
Cask Vent Port Seal 2533 2533 2533 1.4028E+02 2.8450E+02
Vt.Conic.Seal 4828 4828 4828 1.4111E+02 2.8600E+02
Cask Drain Port 583 583 583 1.4089E+02 2.8560E+02
Cask Drain Port Seal 579 579 579 1.4094E+02 2.8570E+02
Drn.Conic.Seal 4313 4313 4313 1.4228E+02 2.8810E+02
Test Port 3351 3351 3351 1.4094E+02 2.8570E+02
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Figure 3-36. Load Case 102, 100°F Ambient, Maximum Decay Heat, Maximum Insolation,
Entire Model — Model AOS-050A
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Figure 3-37. Load Case 102, 100°F Ambient, Maximum Decay Heat, Maximum Insolation,
Cask Model — Model AOS-050A
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Table 3-36. Load Case 103, -20°F Ambient, Zero Decay Heat, Zero Insolation — Model AOS-050A

Location
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Figure 3-38. Load Case 103, -20°F Ambient, Zero Decay Heat, Zero Insolation,
Entire Model — Model AOS-050A
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Table 3-37. Load Case 104, -40°F Ambient, Zero Decay Heat, Zero Insolation — Model AOS-050A

Location
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Figure 3-39. Load Case 104, -40°F Ambient, Zero Decay Heat, Zero Insolation,
Entire Model — Model AOS-050A
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Table 3-38. Load Case 105, -40°F Ambient, Maximum Decay Heat — Model AOS-050A

Location
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4532
4227
4752
4838
4993
3309
3351
678
2537
2533
4828
1888
583
579
4313
3148
3001
7533
7377
7371
6942
6267
6121
6001
9501
9950
10014
11016
9428
8463
8462
8197
9711
9821
10158
10792
9204
8578
8225
8001

3-123



Maximum Component Temperatures

Component Node_1 Node_2 Node Max_Temp (C) Max_Temp (F)
Cask Outer Shell 101 2894 622 2.9794E+01 8.5630E+01
Bottom Plate 3001 3232 3120 2.9228E+01 8.4610E+01
Cask Lid 3233 3424 3233 2.9694E+01 8.5450E+01
Shell Cavity 4001 4998 4227 3.5356E+01 9.5640E+01
Cask Lid Plug 5001 5404 5001 3.7744E+01 9.9940E+01
Tungsten Alloy 6001 7656 7552 3.1039E+01 8.7870E+01
Bottom Cavity 4227 4236 4227 3.5356E+01 9.5640E+01
Side Cavity 4372 4702 4372 3.3044E+01 9.1480E+01
Top Cavity 5001 5012 5001 3.7744E+01 9.9940E+01
Lid Seal 4993 4993 4993 2.9578E+01 8.5240E+01
Cask Vent Port 2537 2537 2537 2.8761E+01 8.3770E+01
Cask Vent Port Seal 2533 2533 2533 2.8844E+01 8.3920E+01
Vt.Conic.Seal 4828 4828 4828 2.9711E+01 8.5480E+01
Cask Drain Port 583 583 583 2.8772E+01 8.3790E+01
Cask Drain Port Seal 579 579 579 2.8844E+01 8.3920E+01
Drn.Conic.Seal 4313 4313 4313 3.0444E+01 8.6800E+01
Test Port 3351 3351 3351 2.9444E+01 8.5000E+01
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Figure 3-40. Load Case 105, -40°F Ambient, Maximum Decay Heat, Entire Model — Model AOS-050A
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Figure 3-41. Load Case 105, -40°F Ambient, Maximum Decay Heat, Cask Model — Model AOS-050A
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Table 3-39. Load Case 106, -20°F Ambient, Maximum Decay Heat — Model AOS-050A

Location
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Node
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4838
4993
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Maximum Component Temperatures

Component Node_1 Node_2 Node Max_Temp (C) Max_Temp (F)
Cask Outer Shell 101 2894 614 4.0278E+01 1.0450E+02
Bottom Plate 3001 3232 3120 3.9722E+01 1.0350E+02
Cask Lid 3233 3424 3233 4.0167E+01 1.0430E+02
Shell Cavity 4001 4998 4227 4.5778E+01 1.1440E+02
Cask Lid Plug 5001 5404 5001 4.8111E+01 1.1860E+02
Tungsten Alloy 6001 7656 7551 4.1444E+01 1.0660E+02
Bottom Cavity 4227 4236 4227 4.5778E+01 1.1440E+02
Side Cavity 4372 4702 4372 4.3444E+01 1.1020E+02
Top Cavity 5001 5012 5001 4.8111E+01 1.1860E+02
Lid Seal 4993 4993 4993 4.0056E+01 1.0410E+02
Cask Vent Port 2537 2537 2537 3.9222E+01 1.0260E+02
Cask Vent Port Seal 2533 2533 2533 3.9333E+01 1.0280E+02
Vt.Conic.Seal 4828 4828 4828 4.0167E+01 1.0430E+02
Cask Drain Port 583 583 583 3.9278E+01 1.0270E+02
Cask Drain Port Seal 579 579 579 3.9333E+01 1.0280E+02
Drn.Conic.Seal 4313 4313 4313 4.0889E+01 1.0560E+02
Test Port 3351 3351 3351 3.9889E+01 1.0380E+02
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Figure 3-42. Load Case 106, -20°F Ambient, Maximum Decay Heat, Entire Model — Model AOS-050A
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Figure 3-43. Load Case 106, -20°F Ambient, Maximum Decay Heat, Cask Model — Model AOS-050A
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3.5.2.2.2 Fire Condition Thermal Evaluation Results — Model AOS-050A

Table 3-40 lists the tables and figures in this appendix that present the Model AOS-050A transport
package results under the Fire condition, for Load Cases 111 and 112. Each table provides a list of
temperatures at each monitoring node. Also listed are the maximum temperatures within each transport
package component.

Figure 3-44 illustrates the location of each node on the transport package, under the Fire condition. (The
node locations are listed in Table 3-32.)

Table 3-40. Fire Condition Thermal Evaluation Results — Model AOS-050A

Load Temperature
Case Description versus Time Results Table | Entire Model Cask Model
Fire at 30 Minutes,
111 1,475°F Ambient, Table 3-41 Figure 3-48 Figure 3-49

Maximum Decay Heat

Post Fire at 60 Minutes,
100°F, Maximum Decay Heat, Table 3-42 Figure 3-50 Figure 3-51
Maximum Insolation

Post Fire at 90 Minutes, ]
100°F, Maximum Decay Heat, | Figure 3-45 Table 3-43 Figure 3-52 Figure 3-53
Maximum Insolation

Post Fire at 120 Minutes,
112 100°F, Maximum Decay Heat, Figure 3-47 Table 3-44 Figure 3-54 Figure 3-55
Maximum Insolation

Figure 3-46

Post Fire at 150 Minutes,
100°F, Maximum Decay Heat, Table 3-45 Figure 3-56 Figure 3-57
Maximum Insolation

Post Fire at 180 Minutes,
100°F, Maximum Decay Heat, Table 3-46 Figure 3-58 Figure 3-59
Maximum Insolation
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Figure 3-44. Selected Nodal Locations for Fire Condition — Model AOS-050A
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Figure 3-45. Fire for 30 Minutes and Post Fire Cool Down for 7.5 Hours,
Temperature versus Time, for Cask Cavity Shell, Cask Lid, Cask Lid Plug, Bottom Plate,
and Tungsten Alloy — Model AOS-050A
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Figure 3-46. Fire for 30 Minutes and Post Fire Cool Down for 7.5 Hours,
Temperature versus Time, for Cask Lid Seal Area, Cask Vent Port, Cask Drain Port,
and Test Port — Model AOS-050A
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Figure 3-47. Fire for 30 Minutes and Post Fire Cool Down for 7.5 Hours,
Temperature versus Time, for Cask Outer Shell and Impact Limiter — Model AOS-050A
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Table 3-41. Load Case 111, Fire at 30 Minutes, 1,475°F Ambient, Maximum Decay Heat —

Model AOS-050A

Location
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39
40
41

Node
5001
4532
4227
4752
4838
4993
3309
3351
678
2537
2533
4828
1888
583
579
4313
3001
3148
7533
7377
7371
6942
6267
6121
6001
15481
15941
16260
17311
11965
9785
9571
8197
15451
16160
17790
18750
11485
9900
8673
8225

Temp (C) Temp (F)
184.17 363.50
240.33 464.60
187.06 368.70
191.94 377.50
199.78 391.60
169.67 337.40
166.72 332.10
165.56 330.00
267.83 514.10
196.50 385.70
196.44 385.60
194 .44 382.00
413.94 777.10
195.39 383.70
195.33 383.60
195.39 383.70
169.67 337.40
166.17 331.10
174.33 345.80
178.83 353.90
210.61 411.10
244 .00 471.20
209.61 409.30
181.06 357.90
175.94 348.70
166.67 332.00
166.06 330.90
170.00 338.00
446 .22 835.20
446 .56 835.80
170.50 338.90
166.67 332.00
169.56 337.20
797.78 1468.00
797.78 1468.00
800.00 1472.00
800.00 1472.00
800.56 1473.00
800.00 1472 .00
800.56 1473.00
798.33 1469.00
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Component

Cask Outer Shell
Bottom Plate
Cask Lid

Shell Cavity
Cask Lid Plug
Tungsten Alloy
Bottom Cavity
Side Cavity
Top Cavity

Lid Seal

Cask Vent Port

Cask Vent Port Seal

Vt.Conic.Seal
Cask Drain Port

Cask Drain Port Seal 579

Drn.Conic.Seal
Test Port

Maximum Component Temperatures
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.4056E+02
.9583E+02
.5039E+02
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.9650E+02
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.9539E+02
.9533E+02
.9539E+02
.6556E+02
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Figure 3-48. Load Case 111, Fire at 30 Minutes, 1,475°F Ambient, Maximum Decay Heat,
Entire Model — Model AOS-050A
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Figure 3-49. Load Case 111, Fire at 30 Minutes, 1,475°F Ambient, Maximum Decay Heat,
Cask Model — Model AOS-050A
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Table 3-42. Load Case 112, Post Fire at 60 Minutes, 100°F, Maximum Decay Heat,
Maximum Insolation — Model AOS-050A

Location
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39
40
41

Node
5001
4532
4227
4752
4838
4993
3309
3351
678
2537
2533
4828
1888
583
579
4313
3001
3148
7533
7377
7371
6942
6267
6121
6001
15481
15941
16260
17311
11965
9785
9571
8197
15451
16160
17790
18750
11485
9900
8673
8225

Temp (C) Temp (F)
221.94 431.50
243 .89 471.00
227.78 442.00
227.22 441.00
219.39 426.90
211.78 413.20
194.22 381.60
199.83 391.70
241.78 467.20
224 .28 435.70
224 .44 436.00
217.00 422.60
237.89 460.20
226.22 439.20
226.33 439.40
206.50 403.70
190.61 375.10
205.44 401.80
200.89 393.60
201.28 394.30
237.06 458.70
241.61 466.90
237.50 459.50
204 .94 400.90
204.44 400.00
191.28 376.30
208.06 406.50
213.22 415.80
180.56 357.00
186.56 367.80
217.89 424.20
215.44 419.80
200.72 393.30
115.50 239.90
114.22 237.60
102.72 216.90

93.83 200.90
106.61 223.90
236.33 457.40
660.00 1220.00
698.33 1289.00
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Component
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Figure 3-50. Load Case 112, Post Fire at 60 Minutes, 100°F, Maximum Decay Heat,
Maximum Insolation, Entire Model — Model AOS-050A
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Figure 3-51. Load Case 112, Post Fire at 60 Minutes, 100°F, Maximum Decay Heat,
Maximum Insolation, Cask Model — Model AOS-050A
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Table 3-43. Load Case 112, Post Fire at 90 Minutes, 100°F, Maximum Decay Heat,
Maximum Insolation — Model AOS-050A

Location
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39
40
41

Node
5001
4532
4227
4752
4838
4993
3309
3351
678
2537
2533
4828
1888
583
579
4313
3001
3148
7533
7377
7371
6942
6267
6121
6001
15481
15941
16260
17311
11965
9785
9571
8197
15451
16160
17790
18750
11485
9900
8673
8225

Temp (C) Temp (F)
228.50 443 .30
231.50 448.70
228.94 444 .10
227 .17 440.90
223.94 435.10
222 .06 431.70
216.17 421.10
218.17 424.70
228.61 443 .50
224 .50 436.10
224 .61 436.30
223.39 434.10
223 .44 434.20
226.06 438.90
226.11 439.00
220.11 428.20
214 .06 417.30
220.06 428.10
218.61 425.50
218.78 425.80
228.39 443.10
229.39 444 .90
228.89 444.00
219.56 427.20
219.39 426.90
213.83 416.90
219.56 427.20
220.89 429.60
172.11 341.80
179.39 354.90
223.94 435.10
224 .61 436.30
220.50 428.90
115.17 239.30
113.22 235.80
100.56 213.00

89.56 193.20
104.44 220.00
178.61 353.50
496 .44 925.60
556.67 1034.00
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Component

Cask Outer Shell
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Cask Lid

Shell Cavity
Cask Lid Plug
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Cask Drain Port

Cask Drain Port Seal 579
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Figure 3-52. Load Case 112, Post Fire at 90 Minutes, 100°F, Maximum Decay Heat,

Maximum Insolation, Entire Model — Model AOS-050A
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Figure 3-53. Load Case 112, Post Fire at 90 Minutes, 100°F, Maximum Decay Heat,
Maximum Insolation, Cask Model — Model AOS-050A
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Table 3-44. Load Case 112, Post Fire at 120 Minutes, 100°F, Maximum Decay Heat,
Maximum Insolation — Model AOS-050A

Location
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39
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41

Node
5001
4532
4227
4752
4838
4993
3309
3351
678
2537
2533
4828
1888
583
579
4313
3001
3148
7533
7377
7371
6942
6267
6121
6001
15481
15941
16260
17311
11965
9785
9571
8197
15451
16160
17790
18750
11485
9900
8673
8225

Temp (C) Temp (F)
229.72 445.50
226.39 439.50
228.56 443 .40
226.00 438.80
223.61 434.50
223.39 434.10
222.22 432.00
222 .56 432.60
223.33 434.00
222.67 432.80
222.83 433.10
223.61 434.50
217.94 424 .30
223.72 434.70
223.78 434 .80
224 .00 435.20
222 .44 432.40
223.50 434 .30
223.44 434.20
223.56 434.40
224 .39 435.90
224 .33 435.80
224.78 436.60
223.94 435.10
223.89 435.00
219.94 427.90
221.00 429.80
221.06 429.90
168.94 336.10
176.33 349.40
223.00 433.40
224 .50 436.10
225.78 438.40
115.33 239.60
113.22 235.80
100.56 213.00

89.17 192.50
104.11 219.40
149.94 301.90
382.56 720.60
435.83 816.50
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Figure 3-54. Load Case 112, Post Fire at 120 Minutes, 100°F, Maximum Decay Heat,

Maximum Insolation, Entire Model — Model AOS-050A
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Table 3-45. Load Case 112, Post Fire at 150 Minutes, 100°F, Maximum Decay Heat,
Maximum Insolation — Model AOS-050A

Location
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39
40
41

Node
5001
4532
4227
4752
4838
4993
3309
3351
678
2537
2533
4828
1888
583
579
4313
3001
3148
7533
7377
7371
6942
6267
6121
6001
15481
15941
16260
17311
11965
9785
9571
8197
15451
16160
17790
18750
11485
9900
8673
8225

Temp (C) Temp (F)
228.61 443 .50
223.39 434.10
227 .17 440.90
224 .11 435.40
222.00 431.60
222.28 432.10
222 .56 432.60
222.33 432.20
220.22 428.40
220.61 429.10
220.72 429.30
222 .17 431.90
214.83 418.70
221.39 430.50
221.50 430.70
223.94 435.10
223.78 434.80
223.17 433.70
223.44 434.20
223.50 434.30
221.67 431.00
221.33 430.40
222 .06 431.70
224 .11 435.40
224 .11 435.40
220.33 428.60
219.89 427.80
219.56 427.20
167.00 332.60
174 .44 346.00
220.94 429.70
222 .50 432.50
225.28 437.50
115.33 239.60
113.22 235.80
100.56 213.00

88.94 192.10
103.94 219.10
132.06 269.70
303.61 578.50
347.11 656.80
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Figure 3-56. Load Case 112, Post Fire at 150 Minutes, 100°F, Maximum Decay Heat,

Maximum Insolation, Entire Model — Model AOS-050A
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Figure 3-57. Load Case 112, Post Fire at 150 Minutes, 100°F, Maximum Decay Heat,
Maximum Insolation, Cask Model — Model AOS-050A
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Table 3-46. Load Case 112, Post Fire at 180 Minutes, 100°F, Maximum Decay Heat,
Maximum Insolation — Model AOS-050A

Location
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Node
5001
4532
4227
4752
4838
4993
3309
3351
678
2537
2533
4828
1888
583
579
4313
3001
3148
7533
7377
7371
6942
6267
6121
6001
15481
15941
16260
17311
11965
9785
9571
8197
15451
16160
17790
18750
11485
9900
8673
8225

Temp (C) Temp (F)
226.83 440.30
221.00 429.80
225.28 437.50
222.11 431.80
220.00 428.00
220.44 428.80
221.11 430.00
220.78 429.40
217.89 424.20
218.50 425.30
218.61 425.50
220.22 428.40
212.50 414.50
219.22 426.60
219.28 426.70
222 .56 432.60
222 .67 432.80
221.50 430.70
221.94 431.50
222.00 431.60
219.39 426.90
219.00 426.20
219.72 427 .50
222.78 433.00
222.72 432.90
218.94 426.10
218.06 424 .50
217.61 423.70
165.44 329.80
173.00 343.40
218.67 425.60
220.06 428.10
223.00 433.40
115.28 239.50
113.22 235.80
100.56 213.00

88.78 191.80
103.83 218.90
120.06 248.10
248.22 478.80
283.50 542 .30
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Figure 3-58. Load Case 112, Post Fire at 180 Minutes, 100°F, Maximum Decay Heat,

Maximum Insolation, Entire Model — Model AOS-050A
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Figure 3-59. Load Case 112, Post Fire at 180 Minutes, 100°F, Maximum Decay Heat,
Maximum Insolation, Cask Model — Model AOS-050A
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3.5.2.3 Thermal Evaluation Results — Models AOS-100A and AOS-100A-S

This appendix presents the following information, specific to the Model AOS-100A and AOS-100A-S
transport packages:

¢ Normal Conditions of Transport Thermal Evaluation Results —
Models AOS-100A and AOS-100A-S

¢ Fire Condition Thermal Evaluation Results — Model AOS-100A
and AOS-100A-S

Table 3-47 lists the temperature monitoring points (nodes) for the Model AOS-100 (A, B, and A-S)
transport packages, under Normal conditions of transport and the Fire condition.

Table 3-47. Temperature Monitoring Points, by Condition — Model AOS-100

LIBRA Model Nodal Number, by Condition
Nodal Location Normal Conditions of Transport Fire Condition
1 5001 5001
2 4532 4532
3 4227 4227
4 4752 4752
5 4838 4838
6 4993 4993
7 3309 3309
8 3351 3351
9 678 678
10 2537 2537
11 2533 2533
12 4828 4828
13 1888 1888
14 583 583
15 579 579
16 4313 4313
17 3148 3148
18 3001 3001
19 7533 7533
20 7377 7377
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Table 3-47. Temperature Monitoring Points, by Condition — Model AOS-100 (Continued)

LIBRA Model Nodal Number, by Condition
Nodal Location Normal Conditions of Transport Fire Condition
21 7371 7371
22 6942 6942
23 6267 6267
24 6121 6121
25 6001 6001
26 9501 15481
27 9950 15941
28 10014 16260
29 10781 17129
30 9091 11531
31 8463 9785
32 8462 9571
33 8197 8197
34 9711 15451
35 9821 16160
36 10158 17608
37 10605 18360
38 9102 11051
39 8578 9900
40 8225 8673
41 8001 8225
Radioactive Material Transport Packaging System Safety Analysis Report 3-161
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3.5.2.3.1 Normal Conditions of Transport Thermal Evaluation Results -
Models AOS-100A and AOS-100A-S

Table 3-48 lists the tables and figures in this appendix 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. The tables for Load Cases 101, 102, 105,
and 106 also include a list of maximum temperatures within each transport package component.

Figure 3-60 illustrates the location of each node on the Model AOS-100 (A, B, and A-S) transport
packages, under Normal conditions of transport. (The node locations are listed in Table 3-47.)

Table 3-48. Normal Conditions of Transport Thermal Evaluation Results —
Models AOS-100A and AOS-100A-S

Load
Case Description Results Table Entire Model Cask Model
101 100°F Ambient, Maximum Decay Heat Table 3-49 Figure 3-61 Figure 3-62
102 | 100°F Ambient, Maximum Decay Heat, Table 3-50 Figure 3-63 Figure 3-64
Maximum Insolation
103 -20°F Amblgnt, Zero Decay Heat, Table 3-51 Figure 3-65 _
Zero Insolation
104 -40°F Amb|gnt, Zero Decay Heat, Table 3-52 Figure 3-66 _
Zero Insolation
105 -40°F Ambient, Maximum Decay Heat Table 3-53 Figure 3-67 Figure 3-68
106 -20°F Ambient, Maximum Decay Heat Table 3-54 Figure 3-69 Figure 3-70
3-162 Radioactive Material Transport Packaging System Safety Analysis Report
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Figure 3-60. Selected Nodal Locations for Normal Conditions of Transport — Model AOS-100
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Table 3-49. Load Case 101, 100°F Ambient, Maximum Decay Heat —
Models AOS-100A and AOS-100A-S

Location Node Temp (C) Temp (F)
1 5001 114.78 238.60
2 4532 106.89 224 .40
3 4227 111.06 231.90
4 4752 106.11 223.00
5 4838 101.00 213.80
6 4993 100.83 213.50
7 3309 101.11 214 .00
8 3351 100.72 213.30
9 678 101.28 214 .30

10 2537 99.06 210.30
11 2533 99.28 210.70
12 4828 101.06 213.90
13 1888 97.56 207.60
14 583 98.94 210.10
15 579 99.11 210.40
16 4313 102.00 215.60
17 3148 100.00 212.00
18 3001 100.39 212.70
19 7533 103.06 217.50
20 7377 103.22 217.80
21 7371 102.22 216.00
22 6942 102.39 216.30
23 6267 102.28 216.10
24 6121 102.28 216.10
25 6001 102.17 215.90
26 9501 100.39 212.70
27 9950 98.89 210.00
28 10014 98.06 208.50
29 10781 74.89 166.80
30 9091 72.56 162.60
31 8463 97.56 207.60
32 8462 98.67 209.60
33 8197 99.89 211.80
34 9711 39.39 102.90
35 9821 38.28 100.90
36 10158 38.22 100.80
37 10605 41.17 106.10
38 9102 40.33 104.60
39 8578 40.22 104.40
40 8225 48.28 118.90
41 8001 53.00 127.40
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Figure 3-61. Load Case 101, 100°F Ambient, Maximum Decay Heat, Entire Model —

Models AOS-100A and AOS-100A-S
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Figure 3-62. Load Case 101, 100°F Ambient, Maximum Decay Heat, Cask Model —
Models AOS-100A and AOS-100A-S
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Table 3-50. 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 158.33 317.00
2 4532 151.11 304.00
3 4227 155.39 311.70
4 4752 150.17 302.30
5 4838 145.17 293.30
6 4993 145.00 293.00
7 3309 145.28 293.50
8 3351 144.94 292.90
9 678 145.78 294 .40

10 2537 143.17 289.70
11 2533 143.44 290.20
12 4828 145.22 293.40
13 1888 142 .22 288.00
14 583 144.11 291.40
15 579 144 .22 291.60
16 4313 146.89 296.40
17 3148 145.00 293.00
18 3001 145.39 293.70
19 7533 147.06 296.70
20 7377 147.22 297.00
21 7371 146.56 295.80
22 6942 146.89 296.40
23 6267 147.00 296.60
24 6121 147.17 296.90
25 6001 147.00 296.60
26 9501 144.78 292.60
27 9950 143.33 290.00
28 10014 142 .56 288.60
29 10781 113.94 237.10
30 9091 127.50 261.50
31 8463 143.28 289.90
32 8462 143.94 291.10
33 8197 144.89 292.80
34 9711 110.39 230.70
35 9821 100.06 212.10
36 10158 100.89 213.60
37 10605 83.33 182.00
38 9102 101.17 214.10
39 8578 90.17 194.30
40 8225 97.39 207.30
41 8001 101.56 214.80
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Figure 3-63. Load Case 102, 100°F Ambient, Maximum Decay Heat, Maximum Insolation,
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Figure 3-64. 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 3-51. Load Case 103, -20°F Ambient, Zero Decay Heat, Zero Insolation —
Models AOS-100A and AOS-100A-S

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 4993 -28.89 -20.00
7 3309 -28.89 -20.00
8 3351 -28.89 -20.00
9 678 -28.89 -20.00

10 2537 -28.89 -20.00
11 2533 -28.89 -20.00
12 4828 -28.89 -20.00
13 1888 -28.89 -20.00
14 583 -28.89 -20.00
15 579 -28.89 -20.00
16 4313 -28.89 -20.00
17 3148 -28.89 -20.00
18 3001 -28.89 -20.00
19 7533 -28.89 -20.00
20 7377 -28.89 -20.00
21 7371 -28.89 -20.00
22 6942 -28.89 -20.00
23 6267 -28.89 -20.00
24 6121 -28.89 -20.00
25 6001 -28.89 -20.00
26 9501 -28.89 -20.00
27 9950 -28.89 -20.00
28 10014 -28.89 -20.00
29 10781 -28.89 -20.00
30 9091 -28.89 -20.00
31 8463 -28.89 -20.00
32 8462 -28.89 -20.00
33 8197 -28.89 -20.00
34 9711 -28.89 -20.00
35 9821 -28.89 -20.00
36 10158 -28.89 -20.00
37 10605 -28.89 -20.00
38 9102 -28.89 -20.00
39 8578 -28.89 -20.00
40 8225 -28.89 -20.00
41 8001 -28.89 -20.00
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Figure 3-65. 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 3-52. Load Case 104, -40°F Ambient, Zero Decay Heat, Zero Insolation —
Models AOS-100A and AOS-100A-S

Location Node Temp (C) Temp (F)
1 5001 -40.00 -40.00
2 4532 -40.00 -40.00
3 4227 -40.00 -40.00
4 4752 -40.00 -40.00
5 4838 -40.00 -40.00
6 4993 -40.00 -40.00
7 3309 -40.00 -40.00
8 3351 -40.00 -40.00
9 678 -40.00 -40.00

10 2537 -40.00 -40.00
11 2533 -40.00 -40.00
12 4828 -40.00 -40.00
13 1888 -40.00 -40.00
14 583 -40.00 -40.00
15 579 -40.00 -40.00
16 4313 -40.00 -40.00
17 3148 -40.00 -40.00
18 3001 -40.00 -40.00
19 7533 -40.00 -40.00
20 7377 -40.00 -40.00
21 7371 -40.00 -40.00
22 6942 -40.00 -40.00
23 6267 -40.00 -40.00
24 6121 -40.00 -40.00
25 6001 -40.00 -40.00
26 9501 -40.00 -40.00
27 9950 -40.00 -40.00
28 10014 -40.00 -40.00
29 10781 -40.00 -40.00
30 9091 -40.00 -40.00
31 8463 -40.00 -40.00
32 8462 -40.00 -40.00
33 8197 -40.00 -40.00
34 9711 -40.00 -40.00
35 9821 -40.00 -40.00
36 10158 -40.00 -40.00
37 10605 -40.00 -40.00
38 9102 -40.00 -40.00
39 8578 -40.00 -40.00
40 8225 -40.00 -40.00
41 8001 -40.00 -40.00
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Figure 3-66. 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 3-53. Load Case 105, -40°F Ambient, Maximum Decay Heat —
Models AOS-100A and AOS-100A-S

Location Node Temp (C) Temp (F)
1 5001 45.17 113.30
2 4532 36.38 97.49
3 4227 40.72 105.30
4 4752 35.49 95.89
5 4838 29.95 85.91
6 4993 29.79 85.63
7 3309 30.12 86.22
8 3351 29.69 85.45
9 678 30.14 86.26

10 2537 27.89 82.21
11 2533 28.11 82.59
12 4828 30.06 86.10
13 1888 26.08 78.95
14 583 27.64 81.76
15 579 27.85 82.13
16 4313 30.93 87.68
17 3148 28.74 83.74
18 3001 29.23 84.62
19 7533 32.47 90.45
20 7377 32.68 90.82
21 7371 31.14 88.05
22 6942 31.28 88.30
23 6267 31.13 88.04
24 6121 31.25 88.25
25 6001 31.10 87.98
26 9501 29.36 84.84
27 9950 27.46 81.42
28 10014 26.30 79.34
29 10781 2.58 36.64
30 9091 -1.81 28.75
31 8463 25.50 77.90
32 8462 27.09 80.76
33 8197 28.64 83.55
34 9711 -37.70 -35.86
35 9821 -39.18 -38.53
36 10158 -39.34 -38.81
37 10605 -34.23 -29.61
38 9102 -36.38 -33.48
39 8578 -36.78 -34.21
40 8225 -27.38 -17.29
41 8001 -21.91 -7.44
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Figure 3-67. Load Case 105, -40°F Ambient, Maximum Decay Heat, Entire Model —
Models AOS-100A and AOS-100A-S
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Figure 3-68. Load Case 105, -40°F Ambient, Maximum Decay Heat, Cask Model —
Models AOS-100A and AOS-100A-S
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Table 3-54. Load Case 106, -20°F Ambient, Maximum Decay Heat —
Models AOS-100A and AOS-100A-S

Location Node Temp (C) Temp (F)
1 5001 55.39 131.70
2 4532 46.72 116.10
3 4227 51.06 123.90
4 4752 45.89 114.60
5 4838 40.39 104.70
6 4993 40.22 104.40
7 3309 40.56 105.00
8 3351 40.17 104.30
9 678 40.61 105.10

10 2537 38.33 101.00
11 2533 38.56 101.40
12 4828 40.50 104.90
13 1888 36.62 97.92
14 583 38.11 100.60
15 579 38.33 101.00
16 4313 41.39 106.50
17 3148 39.22 102.60
18 3001 39.67 103.40
19 7533 42 .83 109.10
20 7377 43.06 109.50
21 7371 41.61 106.90
22 6942 41.72 107.10
23 6267 41.61 106.90
24 6121 41.67 107.00
25 6001 41.56 106.80
26 9501 39.78 103.60
27 9950 37.94 100.30
28 10014 36.84 98.31
29 10781 12.88 55.18
30 9091 8.62 47.52
31 8463 36.06 96.90
32 8462 37.59 99.67
33 8197 39.11 102.40
34 9711 -26.72 -16.09
35 9821 -28.13 -18.63
36 10158 -28.24 -18.84
37 10605 -23.56 -10.40
38 9102 -25.51 -13.91
39 8578 -25.68 -14.23
40 8225 -16.47 2.36
41 8001 -11.10 12.02
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Figure 3-69. Load Case 106, -20°F Ambient, Maximum Decay Heat, Entire Model —
Models AOS-100A and AOS-100A-S
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Figure 3-70. Load Case 106, -20°F Ambient, Maximum Decay Heat, Cask Model -
Models AOS-100A and AOS-100A-S
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3.5.2.3.2 Fire Condition Thermal Evaluation Results — Model AOS-100A
and AOS-100A-S

Table 3-55 lists the tables and figures in this appendix that present the Model AOS-100A and AOS-100A-S
transport package results under the Fire condition, for Load Cases 111 and 112. Each table provides a list
of temperatures at each monitoring node. Also listed are the maximum temperatures within each transport
package component.

Figure 3-71 illustrates the location of each node on the Model AOS-100 (A, B, and A-S) transport
packages, under the Fire condition. (The node locations are listed in Table 3-47.)

Table 3-55. Fire Condition Thermal Evaluation Results — Models AOS-100A and AOS-100A-S

Load Temperature
Case Description versus Time Results Table | Entire Model Cask Model
Fire at 30 Minutes,
111 1,475°F Ambient, Table 3-56 Figure 3-75 Figure 3-76

Maximum Decay Heat

Post Fire at 60 Minutes,
100°F, Maximum Decay Heat, Table 3-57 Figure 3-77 Figure 3-78
Maximum Insolation

Post Fire at 90 Minutes, ]
100°F, Maximum Decay Heat, Figure 3-72 Table 3-58 Figure 3-79 Figure 3-80
Maximum Insolation

Post Fire at 120 Minutes,
112 100°F, Maximum Decay Heat, Figure 3-74 Table 3-59 Figure 3-81 Figure 3-82
Maximum Insolation

Post Fire at 150 Minutes,
100°F, Maximum Decay Heat, Table 3-60 Figure 3-83 Figure 3-84
Maximum Insolation

Post Fire at 180 Minutes,
100°F, Maximum Decay Heat, Table 3-61 Figure 3-85 Figure 3-86
Maximum Insolation

Figure 3-73
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Figure 3-71. Selected Nodal Locations for Fire Condition — Model AOS-100
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Figure 3-72. Fire for 30 Minutes and Post Fire Cool Down for 7.5 Hours,
Temperature versus Time, for Cask Cavity Shell, Cask Lid, Cask Lid Plug, Bottom Plate,
and Tungsten Alloy — Models AOS-100A and AOS-100A-S
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Figure 3-73. Fire for 30 Minutes and Post Fire Cool Down for 7.5 Hours,
Temperature versus Time, for Cask Lid Seal Area, Cask Vent Port, Cask Drain Port,
and Test Port — Models AOS-100A and AOS-100A-S
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Figure 3-74. Fire for 30 Minutes and Post Fire Cool Down for 7.5 Hours,
Temperature versus Time, for Cask Outer Shell and Impact Limiter —
Models AOS-100A and AOS-100A-S
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Table 3-56. Load Case 111, Fire at 30 Minutes, 1,475°F Ambient, Maximum Decay Heat —
Models AOS-100A and AOS-100A-S

Location
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Node
5001
4532
4227
4752
4838
4993
3309
3351
678
2537
2533
4828
1888
583
579
4313
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Maximum Component Temperatures

Component Node_1 Node_2 Node Max_Temp (C) Max_Temp (F)
Cask Outer Shell 101 2894 1888 4.6311E+02 8.6560E+02
Bottom Plate 3001 3232 3120 1.4872E+02 2.9970E+02
Cask Lid 3233 3424 3233 1.4739E+02 2.9730E+02
Shell Cavity 4001 4998 4531 1.7861E+02 3.5350E+02
Cask Lid Plug 5001 5404 5012 1.5878E+02 3.1780E+02
Tungsten Alloy 6001 7656 6938 1.9078E+02 3.7540E+02
Bottom Cavity 4227 4236 4236 1.6044E+02 3.2080E+02
Side Cavity 4372 4702 4527 1.7789E+02 3.5220E+02
Top Cavity 5001 5012 5012 1.5878E+02 3.1780E+02
Lid Seal 4993 4993 4993 1.4700E+02 2.9660E+02
Cask Vent Port 2537 2537 2537 1.9511E+02 3.8320E+02
Cask Vent Port Seal 2533 2533 2533 1.9211E+02 3.7780E+02
Vt.Conic.Seal 4828 4828 4828 1.6044E+02 3.2080E+02
Cask Drain Port 583 583 583 1.9261E+02 3.7870E+02
Cask Drain Port Seal 579 579 579 1.8983E+02 3.7370E+02
Drn.Conic.Seal 4313 4313 4313 1.6161E+02 3.2290E+02
Test Port 3351 3351 3351 1.4600E+02 2.9480E+02
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Figure 3-75. Load Case 111, Fire at 30 Minutes, 1,475°F Ambient, Maximum Decay Heat,
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Figure 3-76. 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 3-57. Load Case 112, Post Fire at 60 Minutes, 100°F, Maximum Decay Heat, Maximum Insolation —

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

Location
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Maximum Component Temperatures

Component Node_1 Node_2 Node Max_Temp (C) Max_Temp (F)
Cask Outer Shell 101 2894 1888 4.2717E+02 8.0090E+02
Bottom Plate 3001 3232 3001 2.0733E+02 4.0520E+02
Cask Lid 3233 3424 3233 2.0606E+02 4.0290E+02
Shell Cavity 4001 4998 4527 2.4644E+02 4.7560E+02
Cask Lid Plug 5001 5404 5001 2.1894E+02 4.2610E+02
Tungsten Alloy 6001 7656 6938 2.4594E+02 4.7470E+02
Bottom Cavity 4227 4236 4227 2.1800E+02 4.2440E+02
Side Cavity 4372 4702 4527 2.4644E+02 4.7560E+02
Top Cavity 5001 5012 5001 2.1894E+02 4.2610E+02
Lid Seal 4993 4993 4993 2.0656E+02 4.0380E+02
Cask Vent Port 2537 2537 2537 2.0806E+02 4.0650E+02
Cask Vent Port Seal 2533 2533 2533 2.0850E+02 4.0730E+02
Vt.Conic.Seal 4828 4828 4828 2.0739E+02 4.0530E+02
Cask Drain Port 583 583 583 2.1022E+02 4.1040E+02
Cask Drain Port Seal 579 579 579 2.1061E+02 4.1110E+02
Drn.Conic.Seal 4313 4313 4313 2.0828E+02 4.0690E+02
Test Port 3351 3351 3351 2.0572E+02 4.0230E+02
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Figure 3-77. Load Case 112, Post 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 3-78. Load Case 112, Post 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 3-58. Load Case 112, Post Fire at 90 Minutes, 100°F, Maximum Decay Heat,

Maximum Insolation — Models AOS-100A and AOS-100A-S

Location
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Maximum Component Temperatures

Component Node_1 Node_2 Node Max_Temp (C) Max_Temp (F)
Cask Outer Shell 101 2894 1888 4.2717E+02 8.0090E+02
Bottom Plate 3001 3232 3001 2.0733E+02 4.0520E+02
Cask Lid 3233 3424 3233 2.0606E+02 4.0290E+02
Shell Cavity 4001 4998 4527 2.4644E+02 4.7560E+02
Cask Lid Plug 5001 5404 5001 2.1894E+02 4.2610E+02
Tungsten Alloy 6001 7656 6938 2.4594E+02 4.7470E+02
Bottom Cavity 4227 4236 4227 2.1800E+02 4.2440E+02
Side Cavity 4372 4702 4527 2.4644E+02 4.7560E+02
Top Cavity 5001 5012 5001 2.1894E+02 4.2610E+02
Lid Seal 4993 4993 4993 2.0656E+02 4.0380E+02
Cask Vent Port 2537 2537 2537 2.0806E+02 4.0650E+02
Cask Vent Port Seal 2533 2533 2533 2.0850E+02 4.0730E+02
Vt.Conic.Seal 4828 4828 4828 2.0739E+02 4.0530E+02
Cask Drain Port 583 583 583 2.1022E+02 4.1040E+02
Cask Drain Port Seal 579 579 579 2.1061E+02 4.1110E+02
Drn.Conic.Seal 4313 4313 4313 2.0828E+02 4.0690E+02
Test Port 3351 3351 3351 2.0572E+02 4.0230E+02
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Figure 3-79. Load Case 112, Post 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 3-80. Load Case 112, Post 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 3-59. Load Case 112, Post Fire at 120 Minutes, 100°F, Maximum Decay Heat, Maximum Insolation
— Models AOS-100A and AOS-100A-S

Location
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Node
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Maximum Component Temperatures

Component Node_1 Node_2 Node Max_Temp (C) Max_Temp (F)
Cask Outer Shell 101 2894 1888 4.2717E+02 8.0090E+02
Bottom Plate 3001 3232 3001 2.0733E+02 4.0520E+02
Cask Lid 3233 3424 3233 2.0606E+02 4.0290E+02
Shell Cavity 4001 4998 4527 2.4644E+02 4.7560E+02
Cask Lid Plug 5001 5404 5001 2.1894E+02 4.2610E+02
Tungsten Alloy 6001 7656 6938 2.4594E+02 4.7470E+02
Bottom Cavity 4227 4236 4227 2.1800E+02 4.2440E+02
Side Cavity 4372 4702 4527 2.4644E+02 4.7560E+02
Top Cavity 5001 5012 5001 2.1894E+02 4.2610E+02
Lid Seal 4993 4993 4993 2.0656E+02 4.0380E+02
Cask Vent Port 2537 2537 2537 2.0806E+02 4.0650E+02
Cask Vent Port Seal 2533 2533 2533 2.0850E+02 4.0730E+02
Vt.Conic.Seal 4828 4828 4828 2.0739E+02 4.0530E+02
Cask Drain Port 583 583 583 2.1022E+02 4.1040E+02
Cask Drain Port Seal 579 579 579 2.1061E+02 4.1110E+02
Drn.Conic.Seal 4313 4313 4313 2.0828E+02 4.0690E+02
Test Port 3351 3351 3351 2.0572E+02 4.0230E+02
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Figure 3-81. Load Case 112, Post 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 3-82. Load Case 112, Post Fire at 120 Minutes, 100°F, Maximum Decay Heat,
Maximum Insolation, Cask Model — Models AOS-100A and AOS-100A-S
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Table 3-60. Load Case 112, Post Fire at 150 Minutes, 100°F, Maximum Decay Heat, Maximum Insolation
— Models AOS-100A and AOS-100A-S

Location
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Maximum Component Temperatures

Component Node_1 Node_2 Node Max_Temp (C) Max_Temp (F)
Cask Outer Shell 101 2894 1888 4.2717E+02 8.0090E+02
Bottom Plate 3001 3232 3001 2.0733E+02 4.0520E+02
Cask Lid 3233 3424 3233 2.0606E+02 4.0290E+02
Shell Cavity 4001 4998 4527 2.4644E+02 4.7560E+02
Cask Lid Plug 5001 5404 5001 2.1894E+02 4.2610E+02
Tungsten Alloy 6001 7656 6938 2.4594E+02 4.7470E+02
Bottom Cavity 4227 4236 4227 2.1800E+02 4.2440E+02
Side Cavity 4372 4702 4527 2.4644E+02 4.7560E+02
Top Cavity 5001 5012 5001 2.1894E+02 4.2610E+02
Lid Seal 4993 4993 4993 2.0656E+02 4.0380E+02
Cask Vent Port 2537 2537 2537 2.0806E+02 4.0650E+02
Cask Vent Port Seal 2533 2533 2533 2.0850E+02 4.0730E+02
Vt.Conic.Seal 4828 4828 4828 2.0739E+02 4.0530E+02
Cask Drain Port 583 583 583 2.1022E+02 4.1040E+02
Cask Drain Port Seal 579 579 579 2.1061E+02 4.1110E+02
Drn.Conic.Seal 4313 4313 4313 2.0828E+02 4.0690E+02
Test Port 3351 3351 3351 2.0572E+02 4.0230E+02
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Figure 3-83. Load Case 112, Post 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 3-84. Load Case 112, Post Fire at 150 Minutes, 100°F, Maximum Decay Heat,
Maximum Insolation, Cask Model — Models AOS-100A and AOS-100A-S
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Table 3-61. Load Case 112, Post Fire at 180 Minutes, 100°F, Maximum Decay Heat, Maximum Insolation
— Models AOS-100A and AOS-100A-S

Location
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Node
5001
4532
4227
4752
4838
4993
3309
3351
678
2537
2533
4828
1888
583
579
4313
3148
3001
7533
7377
7371
6942
6267
6121
6001
15481
15941
16260
17129
11531
9785
9571
8197
15451
16160
17608
18360
11051
9900
8673
8225
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Maximum Component Temperatures

Component Node_1 Node_2 Node Max_Temp (C) Max_Temp (F)
Cask Outer Shell 101 2894 1888 4.2717E+02 8.0090E+02
Bottom Plate 3001 3232 3001 2.0733E+02 4.0520E+02
Cask Lid 3233 3424 3233 2.0606E+02 4.0290E+02
Shell Cavity 4001 4998 4527 2.4644E+02 4.7560E+02
Cask Lid Plug 5001 5404 5001 2.1894E+02 4.2610E+02
Tungsten Alloy 6001 7656 6938 2.4594E+02 4.7470E+02
Bottom Cavity 4227 4236 4227 2.1800E+02 4.2440E+02
Side Cavity 4372 4702 4527 2.4644E+02 4.7560E+02
Top Cavity 5001 5012 5001 2.1894E+02 4.2610E+02
Lid Seal 4993 4993 4993 2.0656E+02 4.0380E+02
Cask Vent Port 2537 2537 2537 2.0806E+02 4.0650E+02
Cask Vent Port Seal 2533 2533 2533 2.0850E+02 4.0730E+02
Vt.Conic.Seal 4828 4828 4828 2.0739E+02 4.0530E+02
Cask Drain Port 583 583 583 2.1022E+02 4.1040E+02
Cask Drain Port Seal 579 579 579 2.1061E+02 4.1110E+02
Drn.Conic.Seal 4313 4313 4313 2.0828E+02 4.0690E+02
Test Port 3351 3351 3351 2.0572E+02 4.0230E+02
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Figure 3-85. Load Case 112, Post Fire at 180 Minutes, 100°F, Maximum Decay Heat,
Maximum Insolation, Entire Model — Models AOS-100A and AOS-100A-S

Radioactive Material Transport Packaging System Safety Analysis Report
for Model AOS-025, AOS-050, and AOS-100 Transport Packages, Rev. J, January 31, 2021 (Docket No. 71-9316)

3-211



3-212

VECTOR:

25

MIM: 2. BZ4EE+@z
Mes: 4 4 7PlE+@z

FF FFFFFFFFFEFFEFFEFEFE LU WD W DD DT LD DY LW D D)W

-ESHEE+RZ
.BEZEE+@2
.Bo@EE+a2
CTLEHE B2
CTHEHE B2
CTTUEE+QZ
.BRZsE+a2
.B@ZE+a2
.BEEZE+a2
.BEE1E+a2
CS14RE+a2
CS4ZRE+a2
.9E3SE+a2
=i = S
CRZEEE+QZ
(@SSEE+a2
L@E1VE+RZ
Cl@gvE+a2
CASVEE+R2
-1EEEE+@22
L19sEE+a2
L2214E+a2
L2HSHE a2
L2TT3E+RZ
.SRESE+a2
.32EZE+2
.SE1ZE+@a2
.3B31E+a2
A TPAE 2

L

Figure 3-86. Load Case 112, Post Fire at 180 Minutes, 100°F, Maximum Decay Heat,
Maximum Insolation, Cask Model — Models AOS-100A and AOS-100A-S

Radioactive Material Transport Packaging System Safety Analysis Report

for Model AOS-025, AOS-050, and AOS-100 Transport Packages, Rev. J, January 31, 2021 (Docket No. 71-9316)



3.5.24

Thermal Evaluation Results — Model AOS-100B

This appendix presents the following information, specific to the Model AOS-100B transport package:

Normal Conditions of Transport Thermal Evaluation Results —
Model AOS-100B

Fire Condition Thermal Evaluation Results — Model AOS-100B

Table 3-47 lists the temperature monitoring points (nodes) for the Model AOS-100 (A, B, and A-S)
transport packages, under Normal conditions of transport and the Fire condition.

3.5.2.4.1

Normal Conditions of Transport Thermal Evaluation Results —

Model AOS-100B

Table 3-62 lists the tables and figures in this appendix 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. The tables for Load Cases 101, 102, 105, and 106

also include a list of maximum temperatures within each transport package component.

Figure 3-60 illustrates the location of each node on the Model AOS-100 (A, B, and A-S) transport
packages, under Normal conditions of transport. (The node locations are listed in Table 3-47.)

Table 3-62. Normal Conditions of Transport Thermal Evaluation Results — Model AOS-100B

Load
Case Description Results Table Entire Model Cask Model
101 100°F Ambient, Maximum Decay Heat Table 3-63 Figure 3-87 Figure 3-88
102 | 100°F Ambient, Maximum Decay Heat, Table 3-64 Figure 3-89 Figure 3-90
Maximum Insolation
103 -20°F Amblgnt, Zero Decay Heat, Table 3-65 Figure 3-91 _
Zero Insolation
104 -40°F Amblgnt, Zero Decay Heat, Table 3-66 Figure 3-92 _
Zero Insolation
105 -40°F Ambient, Maximum Decay Heat Table 3-67 Figure 3-93 Figure 3-94
106 -20°F Ambient, Maximum Decay Heat Table 3-68 Figure 3-95 Figure 3-96
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Table 3-63. Load Case 101, 100°F Ambient, Maximum Decay Heat — Model AOS-100B

Location Node Temp (C) Temp (F)
1 5001 114.94 238.90
2 4532 107.17 224 .90
3 4227 111.17 232.10
4 4752 106.28 223.30
5 4838 101.00 213.80
6 4993 100.83 213.50
7 3309 101.11 214 .00
8 3351 100.72 213.30
9 678 101.28 214 .30

10 2537 99.06 210.30
11 2533 99.28 210.70
12 4828 101.11 214 .00
13 1888 97.56 207.60
14 583 98.94 210.10
15 579 99.11 210.40
16 4313 102.06 215.70
17 3148 100.00 212.00
18 3001 100.44 212.80
19 7533 103.11 217.60
20 7377 103.33 218.00
21 7371 102.33 216.20
22 6942 102.56 216.60
23 6267 102.39 216.30
24 6121 102.39 216.30
25 6001 102.22 216.00
26 9501 100.39 212.70
27 9950 98.89 210.00
28 10014 98.06 208.50
29 10781 74.89 166.80
30 9091 72.56 162.60
31 8463 97.56 207.60
32 8462 98.67 209.60
33 8197 99.89 211.80
34 9711 39.39 102.90
35 9821 38.28 100.90
36 10158 38.22 100.80
37 10605 41.17 106.10
38 9102 40.33 104.60
39 8578 40.22 104.40
40 8225 48.28 118.90
41 8001 53.00 127.40
3-214 Radioactive Material Transport Packaging System Safety Analysis Report

for Model AOS-025, AOS-050, and AOS-100 Transport Packages, Rev. J, January 31, 2021 (Docket No. 71-9316)



Component

Cask Outer Shell
Bottom Plate
Cask Lid

Shell Cavity
Cask Lid Plug
Carbon Steel
Bottom Cavity
Side Cavity
Top Cavity
Lid Seal

Cask Vent Port

Cask Vent Port Seal

Vt.Conic.Seal
Cask Drain Port

Cask Drain Port Seal 579

Drn.Conic.Seal
Test Port

Maximum Component Temperatures

.0128E+02
.0056E+02
.0122E+02
.1117E+02
.1494E+02
.0344E+02
.1117E+02
.0717E+02
.1494E+02
.0083E+02
.9056E+01
.9278E+01
.0111E+02
.8944E+01
.9111E+01
.0206E+02
.0072E+02

PR VO VOURRRRERLRRRERRR

Radioactive Material Transport Packaging System Safety Analysis Report
for Model AOS-025, AOS-050, and AOS-100 Transport Packages, Rev. J, January 31, 2021 (Docket No. 71-9316)

.1430E+02
.1300E+02
.1420E+02
.3210E+02
.3890E+02
.1820E+02
.3210E+02
.2490E+02
.3890E+02
.1350E+02
.1030E+02
.1070E+02
.1400E+02
.1010E+02
.1040E+02
.1570E+02
.1330E+02

DN NDDDNDNDDDNDDNDDNDNDDNDDNDNDNDDNDDN

3-215



VECTOR:

1

MIM: 1.0e7HE+@Z
MAx: Z.23887E+@2

I N N T

L@RTHE+BZ
-BEEEE+a2
Cl@ElE+a2
CAEEHE B2
L 2RHTE+RZ
L2EHIE a2
. SEsHE+RZ
LEEZTVE+RZ
B
CHEIHE B2
(SR@TE+aZ
(EL@lE a2
CEOS4E a2
(EHETE+RZ
.BoZRE+a2
CTHTHE B2
. TEETVE+RZ
.BYHERE+RZ
.BEEHE B2
CSHYTERZ
.3a4eE+a2
CBUEUE Q2
L@EZTE+RZ
CAMZRE a2
L9 EEHEE
LEH@TE+aZ
. 20@eE+az
.325sE+a2
.3EEVE+RZ

L

Figure 3-87. Load Case 101, 100°F Ambient, Maximum Decay Heat, Entire Model — Model AOS-100B
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Figure 3-88. Load Case 101, 100°F Ambient, Maximum Decay Heat, Cask Model — Model AOS-100B
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Table 3-64. Load Case 102, 100°F Ambient, Maximum Decay Heat, Maximum Insolation —
Model AOS-100B

Location Node Temp (C) Temp (F)
1 5001 158.44 317.20
2 4532 151.39 304.50
3 4227 155.61 312.10
4 4752 150.33 302.60
5 4838 145.17 293.30
6 4993 145.00 293.00
7 3309 145.28 293.50
8 3351 144 .89 292.80
9 678 145.78 294 .40

10 2537 143.17 289.70
11 2533 143.39 290.10
12 4828 145.22 293.40
13 1888 142 .22 288.00
14 583 144.11 291.40
15 579 144 .28 291.70
16 4313 147.00 296.60
17 3148 145.06 293.10
18 3001 145.44 293.80
19 7533 147.06 296.70
20 7377 147.28 297.10
21 7371 l46.61 295.90
22 6942 147.06 296.70
23 6267 147.17 296.90
24 6121 147.28 297.10
25 6001 147.11 296.80
26 9501 144.72 292.50
27 9950 143.33 290.00
28 10014 142.50 288.50
29 10781 113.89 237.00
30 9091 127.50 261.50
31 8463 143.33 290.00
32 8462 144.00 291.20
33 8197 144.94 292.90
34 9711 110.39 230.70
35 9821 100.06 212.10
36 10158 100.89 213.60
37 10605 83.33 182.00
38 9102 101.17 214.10
39 8578 90.17 194.30
40 8225 97.39 207.30
41 8001 101.61 214.90
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Figure 3-89. Load Case 102, 100°F Ambient, Maximum Decay Heat, Maximum Insolation,

Entire Model — Model AOS-100B
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Figure 3-90. Load Case 102, 100°F Ambient, Maximum Decay Heat, Maximum Insolation,
Cask Model — Model AOS-100B
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Table 3-65. Load Case 103, -20°F Ambient, Zero Decay Heat, Zero Insolation — Model AOS-100B

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 4993 -28.89 -20.00
7 3309 -28.89 -20.00
8 3351 -28.89 -20.00
9 678 -28.89 -20.00

10 2537 -28.89 -20.00
11 2533 -28.89 -20.00
12 4828 -28.89 -20.00
13 1888 -28.89 -20.00
14 583 -28.89 -20.00
15 579 -28.89 -20.00
16 4313 -28.89 -20.00
17 3148 -28.89 -20.00
18 3001 -28.89 -20.00
19 7533 -28.89 -20.00
20 7377 -28.89 -20.00
21 7371 -28.89 -20.00
22 6942 -28.89 -20.00
23 6267 -28.89 -20.00
24 6121 -28.89 -20.00
25 6001 -28.89 -20.00
26 9501 -28.89 -20.00
27 9950 -28.89 -20.00
28 10014 -28.89 -20.00
29 10781 -28.89 -20.00
30 9091 -28.89 -20.00
31 8463 -28.89 -20.00
32 8462 -28.89 -20.00
33 8197 -28.89 -20.00
34 9711 -28.89 -20.00
35 9821 -28.89 -20.00
36 10158 -28.89 -20.00
37 10605 -28.89 -20.00
38 9102 -28.89 -20.00
39 8578 -28.89 -20.00
40 8225 -28.89 -20.00
41 8001 -28.89 -20.00
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Figure 3-91. Load Case 103, -20°F Ambient, Zero Decay Heat, Zero Insolation,
Entire Model — Model AOS-100B
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Table 3-66. Load Case 104, -40°F Ambient, Zero Decay Heat, Zero Insolation — Model AOS-100B

Location Node Temp (C) Temp (F)
1 5001 -40.00 -40.00
2 4532 -40.00 -40.00
3 4227 -40.00 -40.00
4 4752 -40.00 -40.00
5 4838 -40.00 -40.00
6 4993 -40.00 -40.00
7 3309 -40.00 -40.00
8 3351 -40.00 -40.00
9 678 -40.00 -40.00

10 2537 -40.00 -40.00
11 2533 -40.00 -40.00
12 4828 -40.00 -40.00
13 1888 -40.00 -40.00
14 583 -40.00 -40.00
15 579 -40.00 -40.00
16 4313 -40.00 -40.00
17 3148 -40.00 -40.00
18 3001 -40.00 -40.00
19 7533 -40.00 -40.00
20 7377 -40.00 -40.00
21 7371 -40.00 -40.00
22 6942 -40.00 -40.00
23 6267 -40.00 -40.00
24 6121 -40.00 -40.00
25 6001 -40.00 -40.00
26 9501 -40.00 -40.00
27 9950 -40.00 -40.00
28 10014 -40.00 -40.00
29 10781 -40.00 -40.00
30 9091 -40.00 -40.00
31 8463 -40.00 -40.00
32 8462 -40.00 -40.00
33 8197 -40.00 -40.00
34 9711 -40.00 -40.00
35 9821 -40.00 -40.00
36 10158 -40.00 -40.00
37 10605 -40.00 -40.00
38 9102 -40.00 -40.00
39 8578 -40.00 -40.00
40 8225 -40.00 -40.00
41 8001 -40.00 -40.00
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Figure 3-92. Load Case 104, -40°F Ambient, Zero Decay Heat, Zero Insolation,
Entire Model — Model AOS-100B
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Table 3-67. Load Case 105, -40°F Ambient, Maximum Decay Heat — Model AOS-100B

Location Node Temp (C) Temp (F)
1 5001 45.28 113.50
2 4532 36.61 97.89
3 4227 40.83 105.50
4 4752 35.62 96.11
5 4838 29.97 85.94
6 4993 29.81 85.66
7 3309 30.13 86.23
8 3351 29.70 85.46
9 678 30.14 86.26

10 2537 27.89 82.21
11 2533 28.11 82.59
12 4828 30.07 86.13
13 1888 26.08 78.95
14 583 27.64 81.75
15 579 27.84 82.12
16 4313 30.98 87.76
17 3148 28.75 83.75
18 3001 29.24 84.64
19 7533 32.51 90.51
20 7377 32.76 90.97
21 7371 31.22 88.19
22 6942 31.39 88.51
23 6267 31.21 88.18
24 6121 31.32 88.37
25 6001 31.13 88.03
26 9501 29.36 84.85
27 9950 27.46 81.43
28 10014 26.31 79.35
29 10781 2.58 36.64
30 9091 -1.81 28.75
31 8463 25.50 77.90
32 8462 27.09 80.77
33 8197 28.65 83.57
34 9711 -37.70 -35.86
35 9821 -39.18 -38.53
36 10158 -39.34 -38.81
37 10605 -34.23 -29.61
38 9102 -36.38 -33.48
39 8578 -36.78 -34.21
40 8225 -27.38 -17.29
41 8001 -21.91 -7.43
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Figure 3-93. Load Case 105, -40°F Ambient, Maximum Decay Heat, Entire Model — Model AOS-100B
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Figure 3-94. Load Case 105, -40°F Ambient, Maximum Decay Heat, Cask Model — Model AOS-100B
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Table 3-68. Load Case 106, -20°F Ambient, Maximum Decay Heat — Model AOS-100B

Location Node Temp (C) Temp (F)
1 5001 55.50 131.90
2 4532 47.00 116.60
3 4227 51.17 124.10
4 4752 46.00 114.80
5 4838 40.39 104.70
6 4993 40.28 104.50
7 3309 40.56 105.00
8 3351 40.17 104.30
9 678 40.61 105.10

10 2537 38.39 101.10
11 2533 38.56 101.40
12 4828 40.50 104.90
13 1888 36.62 97.92
14 583 38.11 100.60
15 579 38.33 101.00
16 4313 41.44 106.60
17 3148 39.22 102.60
18 3001 39.72 103.50
19 7533 42.89 109.20
20 7377 43.17 109.70
21 7371 41.67 107.00
22 6942 41.89 107.40
23 6267 41.67 107.00
24 6121 41.78 107.20
25 6001 41.56 106.80
26 9501 39.78 103.60
27 9950 37.94 100.30
28 10014 36.84 98.32
29 10781 12.88 55.18
30 9091 8.62 47.51
31 8463 36.06 96.91
32 8462 37.60 99.68
33 8197 39.11 102.40
34 9711 -26.72 -16.09
35 9821 -28.13 -18.63
36 10158 -28.24 -18.84
37 10605 -23.56 -10.40
38 9102 -25.51 -13.91
39 8578 -25.68 -14.23
40 8225 -16.47 2.36
41 8001 -11.10 12.02
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Figure 3-95. Load Case 106, -20°F Ambient, Maximum Decay Heat, Entire Model — Model AOS-100B
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3.5.2.4.2 Fire Condition Thermal Evaluation Results — Model AOS-100B

Table 3-69 lists the tables and figures in this appendix that present the Model AOS-100B transport
package results under the Fire condition, for Load Cases 111 and 112. Each table provides a list of
temperatures at each monitoring node. Also listed are the maximum temperatures within each transport
package component.

Figure 3-60 illustrates the location of each node on the Model AOS-100 (A, B, and A-S) transport
packages, under Normal conditions of transport. (The node locations are listed in Table 3-47.)

Table 3-69. Fire Condition Thermal Evaluation Results — Model AOS-100B

Load
Case

Description

Temperature
versus Time

Results Table

Entire Model

Cask Model

111

Fire at 30 Minutes,
1,475°F Ambient,
Maximum Decay Heat

112

Post Fire at 60 Minutes,
100°F, Maximum Decay Heat,
Maximum Insolation

Post Fire at 90 Minutes,
100°F, Maximum Decay Heat,
Maximum Insolation

Post Fire at 120 Minutes,
100°F, Maximum Decay Heat,
Maximum Insolation

Post Fire at 150 Minutes,
100°F, Maximum Decay Heat,
Maximum Insolation

Post Fire at 180 Minutes,
100°F, Maximum Decay Heat,
Maximum Insolation

Figure 3-97
Figure 3-98

Figure 3-99

Table 3-70

Figure 3-100

Figure 3-101

Table 3-71

Figure 3-102

Figure 3-103

Table 3-72

Figure 3-104

Figure 3-105

Table 3-73

Figure 3-106

Figure 3-107

Table 3-74

Figure 3-108

Figure 3-109

Table 3-75

Figure 3-110

Figure 3-111
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Figure 3-97. Fire for 30 Minutes and Post Fire Cool Down for 7.5 Hours,
Temperature versus Time, for Cask Cavity Shell, Cask Lid, Cask Lid Plug, Bottom Plate,
and Carbon Steel — Model AOS-100B
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Figure 3-98. Fire for 30 Minutes and Post Fire Cool Down for 7.5 Hours,
Temperature versus Time, for Cask Lid Seal Area, Cask Vent Port, Cask Drain Port,
and Test Port — Model AOS-100B
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Figure 3-99. Fire for 30 Minutes and Post Fire Cool Down for 7.5 Hours,
Temperature versus Time, for Cask Outer Shell and Impact Limiter — Model AOS-100B
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Table 3-70. Load Case 111, Fire at 30 Minutes, 1,475°F Ambient, Maximum Decay Heat —

Model AOS-100B

Location
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39
40
41

Node
5001
4532
4227
4752
4838
4993
3309
3351
678
2537
2533
4828
1888
583
579
4313
3148
3001
7533
7377
7371
6942
6267
6121
6001
15481
15941
16260
17129
11531
9785
9571
8197
15451
16160
17608
18360
11051
9900
8673
8225

Temp (C) Temp (F)
152.83 307.10
172.22 342.00
153.56 308.40
152.50 306.50
165.44 329.80
146.72 296.10
146.28 295.30
145.83 294.50
210.22 410.40
195.00 383.00
192.00 377.60
158.50 317.30
463.06 865.50
192.61 378.70
189.83 373.70
159.78 319.60
146.67 296.00
146.94 296.50
147.28 297.10
149.17 300.50
160.44 320.80
177.83 352.10
160.56 321.00
149.78 301.60
147.89 298.20
146.28 295.30
146.83 296.30
150.44 302.80
443.67 830.60
444 .50 832.10
151.33 304.40
147.72 297.90
146.89 296.40
797 .22 1467.00
796.67 1466.00
799.44 1471.00
799 .44 1471.00
799.44 1471.00
798.89 1470.00
800.00 1472.00
797.78 1468.00
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Figure 3-100. Load Case 111, Fire at 30 Minutes, 1,475°F Ambient, Maximum Decay Heat,
Entire Model - Model AOS-100B
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Figure 3-101. Load Case 111, Fire at 30 Minutes, 1,475°F Ambient, Maximum Decay Heat,
Cask Model — Model AOS-100B
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Table 3-71. Load Case 112, Post Fire at 60 Minutes, 100°F, Maximum Decay Heat, Maximum Insolation —

Model AOS-100B

Location
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39
40
41

Node
5001
4532
4227
4752
4838
4993
3309
3351
678
2537
2533
4828
1888
583
579
4313
3148
3001
7533
7377
7371
6942
6267
6121
6001
15481
15941
16260
17129
11531
9785
9571
8197
15451
16160
17608
18360
11051
9900
8673
8225

Temp (C) Temp (F)
171.00 339.80
229.72 445 .50
180.22 356.40
186.00 366.80
178.61 353.50
161.39 322.50
147.72 297.90
150.89 303.60
249.83 481.70
204.72 400.50
204 .33 399.80
172.39 342.30
280.00 536.00
204 .56 400.20
204.28 399.70
160.22 320.40
158.83 317.90
148.72 299.70
151.06 303.90
151.67 305.00
211.78 413.20
232.94 451.30
211.61 412.90
155.00 311.00
154.17 309.50
147.78 298.00
162.33 324.20
172.78 343.00
183.44 362.20
181.28 358.30
176.67 350.00
167.94 334.30
154.11 309.40
130.17 266.30
130.39 266.70
127.94 262.30
128.39 263.10
128.11 262.60
325.33 617.60
785.00 1445.00
770.56 1419.00
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Figure 3-102. Load Case 112, Post Fire at 60 Minutes, 100°F, Maximum Decay Heat, Maximum Insolation,
Entire Model — Model AOS-100B
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Figure 3-103. Load Case 112, Post Fire at 60 Minutes, 100°F, Maximum Decay Heat, Maximum Insolation,
Cask Model — Model AOS-100B
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Table 3-72. Load Case 112, Post Fire at 90 Minutes, 100°F, Maximum Decay Heat, Maximum Insolation —

Model AOS-100B

Location
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39
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Node
5001
4532
4227
4752
4838
4993
3309
3351
678
2537
2533
4828
1888
583
579
4313
3148
3001
7533
7377
7371
6942
6267
6121
6001
15481
15941
16260
17129
11531
9785
9571
8197
15451
16160
17608
18360
11051
9900
8673
8225

Temp (C) Temp (F)
189.56 373.20
241 .44 466.60
201.06 393.90
203.11 397.60
191.33 376.40
176.44 349.60
154.22 309.60
161.17 322.10
242 .39 468.30
204 .11 399.40
204.39 399.90
186.56 367.80
244 .33 471.80
205.61 402.10
205.89 402 .60
171.11 340.00
171.56 340.80
154.89 310.80
159.22 318.60
160.11 320.20
223.72 434.70
238.78 461.80
223.39 434.10
165.28 329.50
164.11 327.40
153.61 308.50
176.50 349.70
183.83 362.90
161.50 322.70
167.83 334.10
188.28 370.90
182.83 361.10
160.94 321.70
113.22 235.80
113.06 235.50
104.06 219.30

92.67 198.80
105.06 221.10
255.89 492.60
750.00 1382.00
749 .44 1381.00
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Figure 3-104. Load Case 112, Post Fire at 90 Minutes, 100°F, Maximum Decay Heat, Maximum Insolation,
Entire Model — Model AOS-100B
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Figure 3-105. Load Case 112, Post Fire at 90 Minutes, 100°F, Maximum Decay Heat, Maximum Insolation,
Cask Model — Model AOS-100B
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Table 3-73. Load Case 112, Post Fire at 120 Minutes, 100°F, Maximum Decay Heat, Maximum Insolation

— Model AOS-100B

Location
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39
40
41

Node
5001
4532
4227
4752
4838
4993
3309
3351
678
2537
2533
4828
1888
583
579
4313
3148
3001
7533
7377
7371
6942
6267
6121
6001
15481
15941
16260
17129
11531
9785
9571
8197
15451
16160
17608
18360
11051
9900
8673
8225

Temp (C) Temp (F)
200.33 392.60
237.61 459.70
209.17 408.50
208.72 407.70
197.89 388.20
186.39 367.50
164.17 327.50
171.67 341.00
233.61 452 .50
204.67 400.40
205.11 401.20
194 .44 382.00
228.50 443.30
206.83 404 .30
207 .17 404.90
180.72 357.30
180.94 357.70
164.06 327.30
169.22 336.60
170.22 338.40
223.22 433.80
233.61 452 .50
223.06 433.50
175.78 348.40
174.61 346.30
163.44 326.20
185.83 366.50
190.89 375.60
156.83 314.30
165.28 329.50
195.39 383.70
191.89 377.40
169.89 337.80
112.11 233.80
111.72 233.10
101.28 214.30

86.56 187.80
102.50 216.50
222 .06 431.70
700.56 1293.00
725.56 1338.00
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Figure 3-106. Load Case 112, Post Fire at 120 Minutes, 100°F, Maximum Decay Heat,
Maximum Insolation, Entire Model — Model AOS-100B
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Figure 3-107. Load Case 112, Post Fire at 120 Minutes, 100°F, Maximum Decay Heat,
Maximum Insolation, Cask Model — Model AOS-100B
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Table 3-74. Load Case 112, Post Fire at 150 Minutes, 100°F, Maximum Decay Heat, Maximum Insolation

— Model AOS-100B

Location
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39
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Node
5001
4532
4227
4752
4838
4993
3309
3351
678
2537
2533
4828
1888
583
579
4313
3148
3001
7533
7377
7371
6942
6267
6121
6001
15481
15941
16260
17129
11531
9785
9571
8197
15451
16160
17608
18360
11051
9900
8673
8225

Temp (C) Temp (F)
206.22 403.20
231.83 449.30
212.39 414.30
210.50 410.90
201.33 394.40
192.83 379.10
174.00 345.20
180.56 357.00
226.44 439.60
205.06 401.10
205.56 402.00
198.89 390.00
219.56 427 .20
207.28 405.10
207.67 405.80
188.22 370.80
188.06 370.50
173.44 344.20
178.44 353.20
179.28 354.70
220.22 428.40
227.50 441.50
220.28 428.50
184.39 363.90
183.39 362.10
173.28 343.90
191.94 377.50
195.39 383.70
155.11 311.20
164.11 327.40
199.56 391.20
197.44 387.40
178.72 353.70
112.17 233.90
111.61 232.90
100.89 213.60

85.39 185.70
102.11 215.80
200.61 393.10
650.00 1202.00
695.00 1283.00
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Figure 3-108. Load Case 112, Post Fire at 150 Minutes, 100°F, Maximum Decay Heat,

Maximum Insolation, Entire Model — Model AOS-100B
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Figure 3-109. Load Case 112, Post Fire at 150 Minutes, 100°F, Maximum Decay Heat,
Maximum Insolation, Entire Cask — Model AOS-100B
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Table 3-75. Load Case 112, Post Fire at 180 Minutes, 100°F, Maximum Decay Heat, Maximum Insolation

— Model AOS-100B

Location
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39
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Node
5001
4532
4227
4752
4838
4993
3309
3351
678
2537
2533
4828
1888
583
579
4313
3148
3001
7533
7377
7371
6942
6267
6121
6001
15481
15941
16260
17129
11531
9785
9571
8197
15451
16160
17608
18360
11051
9900
8673
8225

Temp (C) Temp (F)
209.89 409.80
226.72 440.10
213.94 417.10
211.00 411.80
203.22 397.80
197.00 386.60
182.33 360.20
187.50 369.50
220.89 429.60
205.06 401.10
205.50 401.90
201.50 394.70
213.56 416.40
207 .17 404.90
207.50 405.50
193.89 381.00
193.33 380.00
181.67 359.00
186.00 366.80
186.72 368.10
217.17 422.90
222.33 432.20
217 .44 423.40
191.00 375.80
190.22 374.40
181.56 358.80
195.94 384.70
198.22 388.80
154.06 309.30
163.17 325.70
201.89 395.40
200.89 393.60
186.33 367.40
112.22 234.00
111.67 233.00
100.89 213.60

85.17 185.30
102.06 215.70
185.22 365.40
602.22 1116.00
659.44 1219.00
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Figure 3-110. Load Case 112, Post Fire at 180 Minutes, 100°F, Maximum Decay Heat,
Maximum Insolation, Entire Model — Model AOS-100B
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Figure 3-111. Load Case 112, Post Fire at 180 Minutes, 100°F, Maximum Decay Heat,
Maximum Insolation, Entire Cask — Model AOS-100B
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3.5.3 LIBRA Finite Element Program Heat Transfer Module

3.5.3.1 Description of the LIBRA Heat Transfer Program

The LIBRA heat transfer program performs steady-state and transient analyses of two- and
three-dimensional structures. The LIBRA heat transfer code is compatible with the structural code in that
essentially the same model can be used for both structural and thermal analyses, and temperature fields
determined in thermal analyses can be saved and applied in subsequent structural analyses.

For transient thermal problems, the user can control the integration scheme by specifying the integration
parameter. A zero (0) value of this parameter gives an explicit integration scheme, while values between
zero (0) and one (1) give implicit schemes. Usually, a value of one (1) for the integration parameter was
used, and this value corresponds to a backward difference integration technique.

The LIBRA user can specify property changes at user-directed intervals in transient problems. At such
times, the LIBRA code passes control to a user-written subroutine, which allows the introduction
of temperature-dependent properties. This program feature was widely used in the analysis of the
transport package.

3.5.3.2 Qualification and Verification of LIBRA Program

To assess the accuracy of the LIBRA computer program, a qualification and verification program was
conducted. The program included verification against exact solution type of problems and benchmarking in
the thermal area. The GE Model 2000 heat tests were performed to verify thermal properties used in the
analytical mode. In particular, the Model 2000 heat tests were used to validate thermal conduction
properties for cask structural and shielding materials. The LIBRA program accuracy is demonstrated by
a number of verification problems, described below, and by tests applied to the AOS-165A prototype.

3.5.3.3 Heat Transfer Problems with Exact Solution

Six example problems were solved analytically and by application of the LIBRA heat transfer program. The
problems solved included plane and axisymmetric (2D) geometry and involved convective, radiative, and
fixed temperature boundary conditions. In all problems solved, both steady-state and transient problems,
agreement between the analytical solutions and the LIBRA program was within 1%. Table 3-76
summarizes these problems and the comparison of results.
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3.5.3.4 Heat Transfer Benchmarking Test

A thermal test was performed on a GE Model 2000 transport package. The content heat load
was simulated by electric heaters. Thermocouples were placed at the following strategic locations:

¢ Inside the cask cavity

* On the outside cask surface

¢ On the inside impact limiter surfaces
* Exterior to impact limiter structure

Temperatures were periodically recorded, because the heater power was varied from 0 to 3 kW.
temperatures were recorded for various heater powers from 1 to 3 kW.

A finite element model of the package was developed and was applied to a thermal analysis using
the LIBRA Heat Transfer Program. A comparison of heat test (HT) and LIBRA results are provided
in Table 3-77.

A more detailed description of the GE Model 2000 heat tests is provided in Appendix 3.5.3.5.
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Table 3-76. Summary of Heat Transfer Exact Solution Properties and their Results

Problem Type Problem Statement Theory LIBRA References
X
I(‘) 000 2_;(() ng TS(OE) Kreith, Frank, Principles
Concrete wall at initial ' ) of Heat Transfer,
. . 0.167  538.2 535 ;
Transient temperature (Ti), International
. 0.333 625.3 622
conduction suddenly exposed on one 0500 7663 763 Textbook Company,
side to hot gas at (Tg). 0667 9547 952 Pennsylvania, 2" Ed.,
0.833 1,180.7 1,180 1969, Example 4-4.
1.000 1,431.8 1,430

Steady-state
conduction

Concrete slab has
its two (2) surfaces
maintained at T4 and T».

Obtain heat transfer rate.

120 Btu/h-ft2

120 Btu/h-ft?

Gebhart, Benjamin, Heat
Transfer, The McGraw-Hill
Companies, New York,

2" Ed., 1971, Example 2-1.

X
L T(°F) T(°F)
A uniformly 0.000 141 142
heat-generating plate 0.125 330 331 Garret, J. K., THTD
Internal'heat of thickness t, subjected 0.250 471 471 Verification Manual,
generation/ to a temperature T 0.375 562 562 General Electric Compan
1 pany,
steady-state on inside and T, on 0.500 605 605 San Jose, CA, 1980
2 0.625 599 599 s '
the other side. 0.750 544 544
0.875 440 440
1.000 288 287
Conduction A plate has a heat flux
. o ) Surface Surface
with radiation on one side, and the .
. . - Temperature Temperature Ibid.
andconvection | other side radiates o o
! ) 659.7°F 659.7°F
boundaries to two (2) sinks.
/R T(°F) T(°F)
0.8 6.6 86.6
0.1 87.0 87.0
An infinitely long rod of 0.2 87.6 87.6
. . . . . 0.3 88.5 88.5
Axisymmetric radius R having a uniform
- R 0.4 89.7 89.7
(2D), transient | initial temperature T~
- . 0.5 91.2 91.2
conduction is plunged suddenly
into a bath at Teo 0.6 92.8 92.9
’ 0.7 94.6 94.7
0.8 96.5 96.5
0.9 98.3 98.3
1.0 100.0 100.0
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Table 3-76. Summary of Heat Transfer Exact Solution Properties and their Results (Continued)

Problem Type Problem Statement Theory LIBRA References
r/R T(°F) T(°F)
0 490.0 490
0.1 489.0 488
Axisymmetric . . 0.2 485.7 485
(2D), transient A.r_od having a umfo_rm 0.3 480.2 479
conoiuction !mtlal tempergture T.' 0.4 472.6 472 Ibid, Example 5-13.
with convectiv | 'S quenched in an oil bath | 0.5 462.9 462 ’
e boundary at Teo. 0.6 451.3 450
0.7 437.8 437
0.8 422.5 421
0.9 405.6 404
1.0 387.2 386

Table 3-77. Comparison of Heat Test GE Model 2000 and LIBRA Results

p=1.1kW p=2kwW p=3kw
Location HT(°F) | LIBRA(°F) | HT(°F) | LIBRA(°F) | HT(°F) | LIBRA (°F)
Cavity 264 248 395 372 527 474
Cask Surface 166 179 243 256 319 308
Inside Jacket 101 99 139 138 168 158
Outside Jacket 80 82 98 107 102 111
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3.5.3.5 GE Model 2000 Heat Test Description

The GE Model 2000 heat tests were conducted outside, using a test structure only partially enclosed by
plywood. In addition, tests were conducted over an extended time period, during which the ambient
temperature varied by over 20°F. Consequently, test convective values could not be accurately identified.
However, thermal conduction values can be evaluated without accurate convection properties, by
matching test and analytical temperature patterns. To this end, approximate ambient temperature and
convection values were applied in the analysis of the test event. While the approximate convection
properties produced the consistently low temperature correlation, the calculated temperature patterns
correlated well with test results validating the model.

The AOS-165A prototype test was performed under a more-controlled environment, and the correlation
between analytical and test temperatures were very good. Accuracy of the LIBRA code is further
demonstrated by the following eight (8) solutions, presented in the LIBRA program verification
documentation. These problems were chosen to exercise the LIBRA program elements and features used
in the AOS thermal analyses. The LIBRA input models for these problems are located on the LIBRA
program CD, in the Libra64 folder’s verification sub-folder.

ver_prob.1 (Main 12, Elements 34 & 32)

Axisymmetric, steady-state heat transfer of carbon resistor, graphite core, and michanite conductor,
model 1. Solution from Edwards, Denny, and Mills, Transfer Processes, 2nd Eq., p. 27 [3.15].

graphite temperature = 368.8
Libra node 15 temperature = 368.5

ver_prob.2 (Main 12, Elements 34 & 32)

Axisymmetric, steady-state heat transfer of carbon resistor, graphite core, and michanite conductor,
model 2. Solution from Edwards, Denny, and Mills, Transfer Processes, ond Ed., p. 27 [3.15].

graphite temperature = 368.8
Libra node 39 temperature = 368.5

ver_prob.3 (Main 12, Elements 34 & 32)

Axisymmetric, steady-state heat transfer of carbon resistor, graphite core, and michanite conductor,
model 3. Solution from Edwards, Denny, and Mills, Transfer Processes, ond Ed., p. 27 [3.15].

graphite temperature = 368.8
Libra node 39 temperature = 368.5

ver_prob.4 (Main 12, Elements 34 & 32)

Axisymmetric, steady-state heat transfer of carbon resistor, graphite core, and michanite conductor,
model 4. Solution from Edwards, Denny, and Mills, Transfer Processes, 2nd Eq., p. 27 [3.15].

core temperature = 434.8
Libra node 6 temperature = 434.8
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ver_prob.5 (Main 12, Elements 34 & 32)

Axisymmetric, transient heat transfer of copper wire initially at 300°F immersed in water. Solution from
Kreith, Principals of Heat Transfer, 2N Ed., p. 131 [3.14].

Ttem
time step 16
time step 32
time step 48
time step 64
time step 90

temp
temp
temp
temp
temp

ory Libra
7 175.2
1 128.3
0 110.6
7 104.0
4 101.5

ver_prob.6 (Main 12, Elements 34 & 32)

Axisymmetric, transient heat transfer of copper wire initially at 300°F, immersed in air. Solution from Kreith,
Principals of Heat Transfer, ond Ed., p. 131 [3.14].

Ttem
temperature
temperature
temperature
temperature
temperature

P ® ® ® ®

time
time
time
time
time

step
step
step
step
step

32 217.5 217.3
64 169.0 168.8
96 140.5 140.3
128 123.8 123.7
160 114.0 113.9

ver_prob.7 (Main 12, Elements 34 & 32)

Transient heat transfer of concrete wall initially at 100°F exposed to gas at 1,600°F. Solution from Kreith,
Principals of Heat Transfer, 2N Eq., p. 151 [3.14].

Ttem
temperature
temperature
temperature
temperature
temperature
temperature

P ®®® ® ® ®

x/L
x/L
x/L
x/L
x/L
x/L

P O O OO Oo

Theory Libra
500.8578 500.5
543.3878 543.1
668.5285 668.5
868.4861 868.7

1129.25 1130.0
1430.378 1431.1

ver_prob.8 (Main 12, Element 34)

Steady-state heat transfer of two-layer furnace wall. Solution from Kreith, Principals of Heat Transfer,
2nd Ed., p. 34 [3.14].

temperature @ inside surface = 2957.0, Libra node 1 = 2957.3
temperature @ outside surface = 336.0, Libra node 50 = 335.8
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3.5.4 Analysis Modeling Data
This appendix provides the following analysis modeling data:

e Material Properties
e SS304 Stainless Steel Thermal Properties
e Tungsten Alloy Thermal Properties
¢ SA-105 Carbon Steel Thermal Properties
¢ Air Properties
* Model Dimensions
¢ Model Dimensions — Normal Conditions of Transport
¢ Model Dimensions — 30-ft. Drop Deformation
* Model Dimensions — Hypothetical Accident Conditions of Transport
e Surface Identification
e Sensitivity Study — Impact Limiter Geometry
* Analysis FEA Models
¢ Enclosed Gaps, Equivalent Conductivity
¢ Enclosed Gaps — Models AOS-025A, AOS-050A, AOS-100A, and AOS-100A-S
¢ Enclosed Gaps — Model AOS-100B
¢ Air Gap Grashof Number Evaluation
e Surface Convective Coefficients
e Surface Convective Coefficients, Normal Conditions of Transport, by model

e Surface Convective Coefficients, Hypothetical Accident Conditions of Transport,
by model

e Surface Convective Coefficient Sample Calculations — Model AOS-100
e Curved Vertical Plates Used as Flat Vertical Plates, Criteria Check
* Insolation Heat Load Analysis for FR-3700 Series Foam under Condition 1 of Table 3-3
¢ Impact Limiter Rib Study
* Sensitivity Study — Foam Properties
* Density
¢ Specific Heat
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3.5.4.1 Material Properties

Selected material properties are also provided in Appendix 2.12.5, “Selected Material Properties

References.”

3.5.4.1.1 SS304 Stainless Steel Thermal Properties

Table 3-78. SS304 Stainless Steel Thermal Properties

Thermal Diffusivity, Specific Heat, Conductivity,
Temperature o Cp K
°F ft2/hr in%/hr Btu/lb-°F Btu/hr-in-°F
70 0.151 21.744 0.114 0.717
100 0.152 21.888 0.114 0.725
200 0.156 22.464 0.119 0.775
300 0.160 23.040 0.122 0.817
400 0.165 23.760 0.126 0.867
500 0.170 24.480 0.128 0.908
600 0.174 25.056 0.130 0.942
700 0.179 25.776 0.132 0.983
800 0.184 26.496 0.132 1.017
900 0.189 27.216 0.134 1.058
1,000 0.194 27.936 0.136 1.100
1,100 0.198 28.512 0.137 1.133
1,200 0.203 29.232 0.138 1.167
1,300 0.208 29.952 0.139 1.208
1,400 0.212 30.528 0.140 1.242
1,500 0.216 31.104 0.141 1.275
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Figure 3-112. SS304 Stainless Steel Thermal Conductivity
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Figure 3-113. SS304 Stainless Steel Specific Heat
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3.5.4.1.2 Tungsten Alloy Thermal Properties

Table 3-79. Tungsten Alloy Thermal Properties?®

Temperature Specific Heat, Cp Conductivity, K
°F Btu/lb-°F W/m-°K Btu/hr-in-°F
77 0.0369 76.8 3.70
207 0.0380 77.8 3.75
403 0.0390 77.6 3.74
601 0.0407 78.8 3.79
801 0.0410 77.2 3.72

a. Density — 0.654 Ib/in® = 1,130 Ib/ft°.

4
3.6
W y = -4.167E-07x? + 4.028E-04x +
°, 3.2 4 3.673E+00
£ ¢ Series1
e .
= Poly. (Series1)
=}
2.8 -
%
2.4 -
2
0 200 400 600 800 1000
Temperature, °F
Figure 3-114. Tungsten Alloy Conductivity
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Figure 3-115. Tungsten Alloy Specific Heat
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3.5.4.1.3 SA-105 Carbon Steel Thermal Properties

Table 3-80. SA-105 Carbon Steel Thermal Properties® b

Temperature Conductivity Specific Heat
°F Btu/hr-ft-°F Btu/hr-in-°F Btu/lb-°F
70 35.10 2.925 0.103

100 34.70 2.892 0.105
150 34.10 2.842 0.108
200 33.60 2.800 0.112
250 32.90 2.742 0.115
300 32.30 2.692 0.118
400 30.90 2,575 0.123
500 29.50 2.458 0.128
600 28.00 2.333 0.132
650 27.30 2.275 0.135
700 26.60 2.217 0.138
750 25.90 2.158 0.142
800 25.20 2.100 0.145
850 24.50 2.042 0.150
900 23.80 1.983 0.154

a. Density — 0.283 Ib/in® = 489.0 Ib/f°.
b. Reference — 2001 ASME BPV Code, Section I, Part D (Reference [3.16]).
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Figure 3-116. SA-105 Carbon Steel Conductivity
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Figure 3-117. SA-105 Carbon Steel Specific Heat
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3.54.14

Air Properties

Table 3-81. Air Properties

Temperature Rho Cp Mu Nu K Alpha
(°F) (Ib/in®) (Btu/lb-°F) | (Ib/hr-in) (in?/hr) (Btu/hr-in-°F) (in?/hr) Pr
-99.67 6.30731E-05 0.24051 2.671E-03 | 4.235E+01 8.715E-04 5.747E+01 | 0.737
-9.67 5.03884E-05 0.24027 3.218E-03 | 6.384E+01 1.074E-03 8.872E+01 | 0.720
80.33 4.19596E-05 0.24051 3.722E-03 | 8.867E+01 1.266E-03 1.256E+02 | 0.707
170.33 3.59478E-05 0.24099 4.197E-03 | 1.167E+02 1.445E-03 1.668E+02 | 0.700
260.33 3.14715E-05 0.24218 4.639E-03 | 1.474E+02 1.627E-03 2.137E+02 | 0.690
350.33 2.79634E-05 0.24386 5.054E-03 | 1.807E+02 1.796E-03 2.634E+02 | 0.686
440.33 2.51599E-05 0.24601 5.445E-03 | 2.164E+02 1.960E-03 3.164E+02 | 0.684
530.33 2.28657E-05 0.24839 5.814E-03 | 2.543E+02 2.114E-03 3.722E+02 | 0.683
620.33 2.09690E-05 0.25102 6.165E-03 | 2.940E+02 2.258E-03 4.291E+02 | 0.685
710.33 1.93504E-05 0.25389 6.502E-03 | 3.360E+02 2.393E-03 4.871E+02 | 0.690
800.33 1.79739E-05 0.25675 6.830E-03 | 3.800E+02 2.523E-03 5.468E+02 | 0.695
890.33 1.67744E-05 0.25962 7.149E-03 | 4.261E+02 2.643E-03 6.082E+02 | 0.702
980.33 1.57303E-05 0.26249 7.455E-03 | 4.739E+02 2.759E-03 6.696E+02 | 0.709
1,070.33 1.48018E-05 0.26511 7.747E-03 | 5.234E+02 2.870E-03 7.310E+02 | 0.716
1,160.33 1.39745E-05 0.26774 8.026E-03 | 5.742E+02 2.985E-03 7.979E+02 | 0.720
1,250.33 1.32447E-05 0.27013 8.292E-03 | 6.261E+02 3.096E-03 8.649E+02 | 0.723
1,340.33 1.25799E-05 0.27252 8.556E-03 | 6.802E+02 3.212E-03 9.374E+02 | 0.726
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Figure 3-118. Air Conductivity
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Figure 3-120. Air Density
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3.5.4.2 Model Dimensions

3.5.4.2.1 Model Dimensions — Normal Conditions of Transport

3.50 570
0.0 203  (3.53)
[.ﬂ“_ 12.62
1140 HIH‘“‘H 11.27
9.00 ——
7.00 "]
0.81
4+
200 — —
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240 ——L - -2.27
-3.62

Figure 3-121. Normal Conditions of Transport Model Dimensions — Model AOS-025

Note: Dimensions are in inches.
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Figure 3-122. Normal Conditions of Transport Model Dimensions — Model AOS-050

Note: Dimensions are in inches.

3-282 Radioactive Material Transport Packaging System Safety Analysis Report
for Model AOS-025, AOS-050, and AOS-100 Transport Packages, Rev. J, January 31, 2021 (Docket No. 71-9316)



0.0 809 1400 ., o)

(1412
’\_ 4957
44.60 \\\ T~ — 4415
36‘00 B —
2800 ——
2587
3.25
8.00 1013
0.0 (origin) L
-8.60 P -8.15
- -13.57

Figure 3-123. Normal Conditions of Transport Model Dimensions — Model AOS-100

Note: Dimensions are in inches.
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3.5.4.2.2 Model Dimensions — 30-ft. Drop Deformation

The model dimensions provided within this paragraph define the Impact Limiter Crushed geometry, and
are used in the Fire and Post Fire analyses.

The geometry in the thermal evaluation for Hypothetical Accident conditions of transport used a crushed
impact limiter, approximated by the 30-ft. Head-On Drop condition. Table 3-82 lists the assumed
deformation used in the analysis. For the Model AOS-100, the value used is not the same as that provided
in Chapter 2, “Structural Evaluation.” The use of a 5.9-in. versus 6.1-in. crush can be justified by the study
presented in Appendix 3.5.4.2. In this appendix, it is demonstrated that there are minimal differences in
component temperatures between geometries, using an uncrushed impact limiter versus a crushed impact
limiter having deformations caused by a 30-ft. Head-On Drop.

Table 3-82. Fire Condition Impact Limiter Crushed Geometry 30-Ft. Head-On Drop
Analysis Results — All Models

Head On
Model (in.)
AOS-025 1.35
AOS-050 3.40
AOS-100 5.9

Cask Geometry Outline
for Fire Condition

Head-On Crush, 1.35"

L

Figure 3-124. Applied 30-ft. Drop Deformations — Model AOS-025
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Figure 3-125. Applied 30-ft. Drop Deformations — Model AOS-050
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Figure 3-126. Applied 30-ft. Drop Deformations — Model AOS-100
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3.5.4.2.3 Model Dimensions — Hypothetical Accident Conditions of Transport
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Figure 3-127. Hypothetical Accident Conditions of Transport Model Dimensions — Model AOS-025

Note: Dimensions are in inches.
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Figure 3-128. Hypothetical Accident Conditions of Transport Model Dimensions — Model AOS-050

Note: Dimensions are in inches.
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Figure 3-129. Hypothetical Accident Conditions of Transport Model Dimensions — Model AOS-100

Note: Dimensions are in inches.
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3.5.4.2.4 Surface Identification

3.5.4.2.41 Surface ldentification — Normal Conditions of Transport
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Figure 3-130. Cask Assembly External Surface Identification,
Normal Conditions of Transport — Model AOS-025

Note: The figure depicts the package orientation during transport.
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Figure 3-131. Cask Assembly External Surface Identification,
Normal Conditions of Transport — Model AOS-050

Note: The figure depicts the package orientation during transport.
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Figure 3-132. Cask Assembly External Surface Identification,
Normal Conditions of Transport — Model AOS-100

Note: The figure depicts the package orientation during transport.
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3.5.4.2.4.2 Surface Identification — Hypothetical Accident Conditions
of Transport
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Figure 3-133. Cask Assembly External Surface Identification,
Hypothetical Accident Conditions of Transport — Model AOS-025

Note: The figure depicts the package orientation during transport.
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Figure 3-134. Cask Assembly External Surface Identification,
Hypothetical Accident Conditions of Transport — Model AOS-050

Note: The figure depicts the package orientation during transport.
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Figure 3-135. Cask Assembly External Surface Identification,
Hypothetical Accident Conditions of Transport — Model AOS-100

Note: The figure depicts the package orientation during transport.
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3.5.4.2.5 Sensitivity Study — Impact Limiter Geometry

This analysis evaluates the 30-minute fire with the post-fire cool-down transient, and compares the results
for three (3) different impact limiter crush configurations (refer to Table 3-83):

¢ Configuration 1 has an upper impact limiter crush equal to 100% of the predicted crush
as a result of a 30-ft. head-on drop. The lower impact limiter remains uncrushed. This is
the configuration used in the SAR for Hypothetical Accident conditions of transport, and
is discussed in Section 3.4.

¢ Configuration 2 has no crush deformations.

e Configuration 3 contains full value deformations from all three (3) 30-ft. directional drops,
applied simultaneously.

The Model AOS-100A transport package is used for this study. Figure 3-136, Figure 3-137, and
Figure 3-138 illustrate the Model AOS-100A FEA models for Configurations 1, 2, and 3, respectively. This
analysis assumes that the Model AOS-100A is in a horizontal position.

The foam density increases as the impact limiter is crushed. For this study, foam density is assumed to
vary linearly with changes in volume, and the total impact limiter weight remains the same. The uncrushed
foam density, as used in Configuration 2, is 12 pcf. (Refer to Table 3-84.)

Maximum component temperature results show that temperatures are the highest for Configuration 2,
the uncrushed geometry. The temperature differences between Configurations 1 and 2 are small — the
maximum difference between any component is 1°F. Table 3-85 lists the comparative results between
the Configuration 1 and 2 maximum component temperatures for the 30-minute fire transient. Table 3-86
lists the comparative results between the Configuration 1 and 2 maximum component temperatures for the
7.5-hour cool-down transient.

Maximum component temperatures are the lowest in Configuration 3. At the end of 30 minutes, there is a
difference of 12°F at the cask vent port between Configurations 1 and 3. Temperature differences at all
other components are approximately 6 to 8°F. Table 3-87 lists the comparative results between the
Configuration 1 and 3 maximum component temperatures for the 30-minute fire transient. Table 3-88 lists
the comparative results between the Configuration 1 and 3 maximum component temperatures for the
7.5-hour cool-down transient.
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Table 3-83. 30-Ft. Drop Deformations — Model AOS-100A

Head-On Side Cg/Corner
Configuration (in.) (in.) (in.)
1 5.9 0.0 0.0
2 0.0 0.0 0.0
3 5.9 5.45 10.7

Table 3-84. Impact Limiter Foam Properties — Model AOS-100A?

Upper Impact Limiter Lower Impact Limiter
Density Conductivity Density Conductivity
Configuration (pcf) (Btu/hr-in-°F) (pcf) (Btu/hr-in-°F)
1 14.6 0.00192 12 0.00167
2 12 0.00167 12 0.00167
3 50 0.00572 24 0.00251
a. Specific heat = 0.353 Btu/Ib-°F.
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Figure 3-136. Configuration 1, Impact Limiters with 30-Ft. Head-On Drop Deformation —
Model AOS-100A FEA Model
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Figure 3-137. Configuration 2, Impact Limiters with No Deformations —

Model AOS-100A FEA Model
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Figure 3-138. Configuration 3, Impact Limiters with Full Crush Deformations from Three (3) Directions
of Drop Applied Simultaneously — Model AOS-100A FEA Model
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Table 3-85. Compare Results Provided in Configuration 1 Versus Configuration 2,
after 30 Minutes of Fire at 1,475°F — Model AOS-100A

Configuration 1

Configuration 2

Maximum Temperature

Maximum Temperature

Component Node °C °F Node °C °F
Cask Outer Shell 1888 4.5794E+02 8.5630E+02 1888 4.5811E+02 8.5660E+02
Bottom Plate 3120 1.3972E+02 2.8350E+02 3120 1.4000E+02 2.8400E+02
Cask Lid 3233 1.3889E+02 2.8200E+02 3233 1.3928E+02 2.8270E+02
Cask Cavity Shell 4531 1.7017E+02 3.3830E+02 4536 1.7050E+02 3.3890E+02
Cask Lid Plug 5012 1.5039E+02 3.0270E+02 5012 1.5078E+02 3.0340E+02
Tungsten Alloy 6949 1.8244E+02 3.6040E+02 6938 1.8272E+02 3.6090E+02
Bottom Cavity 4236 1.5161E+02 3.0490E+02 4236 1.5189E+02 3.0540E+02
Side Cavity 4527 1.6944E+02 3.3700E+02 4532 1.6978E+02 3.3760E+02
Top Cavity 5012 1.5039E+02 3.0270E+02 5012 1.5078E+02 3.0340E+02
Cask Lid Seal Area 4995 1.3850E+02 2.8130E+02 4995 1.3900E+02 2.8220E+02
Cask Vent Port 2537 1.8711E+02 3.6880E+02 2537 1.8767E+02 3.6980E+02
Cask Drain Port 583 1.8389E+02 3.6300E+02 583 1.8422E+02 3.6360E+02
Test Port 3419 1.3733E+02 2.7920E+02 3419 1.3783E+02 2.8010E+02

Table 3-86. Compare Results Provided in Configuration 1 Versus Configuration 2,

7.5-Hour Cool-Down Transient — Model AOS-100A

Configuration 1

Configuration 2

Maximum Temperature

Maximum Temperature

Component Node °C °F Node °C °F
Cask Outer Shell 1888 4.2156E+02 7.9080E+02 1888 4.2178E+02 7.9120E+02
Bottom Plate 3120 1.9622E+02 3.8520E+02 3120 1.9650E+02 3.8570E+02
Cask Lid 3233 1.9756E+02 3.8760E+02 3233 1.9800E+02 3.8840E+02
Cask Cavity Shell 4532 2.3867E+02 4.6160E+02 4527 2.3894E+02 4.6210E+02
Cask Lid Plug 5001 2.1067E+02 4.1120E+02 5001 2.1106E+02 4.1190E+02
Tungsten Alloy 6949 2.3817E+02 4.6070E+02 6938 2.3844E+02 4.6120E+02
Bottom Cavity 4236 2.0928E+02 4.0870E+02 4236 2.0956E+02 4.0920E+02
Side Cavity 4532 2.3867E+02 4.6160E+02 4527 2.3894E+02 4.6210E+02
Top Cavity 5001 2.1067E+02 4.1120E+02 5001 2.1106E+02 4.1190E+02
Cask Lid Seal Area 4995 1.9811E+02 3.8860E+02 4995 1.9850E+02 3.8930E+02
Cask Vent Port 2537 1.9989E+02 3.9180E+02 2537 2.0022E+02 3.9240E+02
Cask Drain Port 583 2.0100E+02 3.9380E+02 583 2.0128E+02 3.9430E+02
Test Port 3419 1.9717E+02 3.8690E+02 3419 1.9761E+02 3.8770E+02
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Table 3-87. Compare Results Provided in Configuration 1 Versus Configuration 3,
after 30 Minutes of Fire at 1,475°F — Model AOS-100A

Configuration 1

Configuration 3

Maximum Temperature

Maximum Temperature

Component Node °C °F Node °C °F
Cask Outer Shell 1888 4.5794E+02 8.5630E+02 1888 4.5567E+02 8.5220E+02
Bottom Plate 3120 1.3972E+02 2.8350E+02 3120 1.3622E+02 2.7720E+02
Cask Lid 3233 1.3889E+02 2.8200E+02 3233 1.3400E+02 2.7320E+02
Cask Cavity Shell 4531 1.7017E+02 3.3830E+02 4531 1.6656E+02 3.3180E+02
Cask Lid Plug 5012 1.5039E+02 3.0270E+02 5012 1.4600E+02 2.9480E+02
Tungsten Alloy 6949 1.8244E+02 3.6040E+02 6938 1.7883E+02 3.5390E+02
Bottom Cavity 4236 1.5161E+02 3.0490E+02 4236 1.4817E+02 2.9870E+02
Side Cavity 4527 1.6944E+02 3.3700E+02 4527 1.6583E+02 3.3050E+02
Top Cavity 5012 1.5039E+02 3.0270E+02 5012 1.4600E+02 2.9480E+02
Cask Lid Seal Area 4995 1.3850E+02 2.8130E+02 4995 1.3344E+02 2.7220E+02
Cask Vent Port 2537 1.8711E+02 3.6880E+02 2537 1.8006E+02 3.5610E+02
Cask Drain Port 583 1.8389E+02 3.6300E+02 583 1.7961E+02 3.5530E+02
Test Port 3419 1.3733E+02 2.7920E+02 3419 1.3211E+02 2.6980E+02

Table 3-88. Compare Results Provided in Configuration 1 Versus Configuration 3,

7.5-Hour Cool-Down Transient — Model AOS-100A

Configuration 1

Configuration 3

Maximum Temperature

Maximum Temperature

Component Node °C °F Node °C °F
Cask Outer Shell 1888 4.2156E+02 7.9080E+02 1877 4.1917E+02 7.8650E+02
Bottom Plate 3120 1.9622E+02 3.8520E+02 3120 1.9278E+02 3.7900E+02
Cask Lid 3233 1.9756E+02 3.8760E+02 3233 1.9328E+02 3.7990E+02
Cask Cavity Shell 4532 2.3867E+02 4.6160E+02 4527 2.3494E+02 4.5490E+02
Cask Lid Plug 5001 2.1067E+02 4.1120E+02 5001 2.0667E+02 4.0400E+02
Tungsten Alloy 6949 2.3817E+02 4.6070E+02 6949 2.3450E+02 4.5410E+02
Bottom Cavity 4236 2.0928E+02 4.0870E+02 4236 2.0578E+02 4.0240E+02
Side Cavity 4532 2.3867E+02 4.6160E+02 4527 2.3494E+02 4.5490E+02
Top Cavity 5001 2.1067E+02 4.1120E+02 5001 2.0667E+02 4.0400E+02
Cask Lid Seal Area 4995 1.9811E+02 3.8860E+02 4995 1.9389E+02 3.8100E+02
Cask Vent Port 2537 1.9989E+02 3.9180E+02 2537 1.9556E+02 3.8400E+02
Cask Drain Port 583 2.0100E+02 3.9380E+02 583 1.9761E+02 3.8770E+02
Test Port 3419 1.9717E+02 3.8690E+02 3419 1.9289E+02 3.7920E+02
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3.54.3 Analysis FEA Models
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Figure 3-139. Analysis FEA Model, Normal Conditions of Transport — Model AOS-025
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Figure 3-140. Analysis FEA Model, Normal Conditions of Transport — Model AOS-050
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Figure 3-141. Analysis FEA Model, Normal Conditions of Transport — Model AOS-100A
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Figure 3-142. Analysis FEA Model, Hypothetical Accident Conditions of Transport — Model AOS-025
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Figure 3-143. Analysis FEA Model, Hypothetical Accident Conditions of Transport — Model AOS-050
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Figure 3-144. Analysis FEA Model, Hypothetical Accident Conditions of Transport — Model AOS-100A
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3544 Enclosed Gaps, Equivalent Conductivity

The enclosed gaps differ, dependent upon the shielding used (tungsten alloy or carbon steel). This
paragraph describes the enclosed gaps, by model, as follows:

¢ Enclosed Gaps — Models AOS-025A, AOS-050A, AOS-100A, and AOS-100A-S
¢ Enclosed Gaps — Model AOS-100B

3.5.4.41 Enclosed Gaps — Models AOS-025A, AOS-050A, AOS-100A,
and AOS-100A-S

The total conduction, Kg, across an air gap is the sum of conduction of air, plus the equivalent conduction
due to radiation, K;:

Ke = Kair + Ky
where:
Kar = Conduction of air

The equivalent convection due to radiation is:

hr = S*F*4*T°
where:
S = Stefan Boltzmann No. = 0.1714E-08 Btu/hr-ft>-°R* or = 1.1903E-11 Btu/hr-in>-°R*
F = 0.351 for Gaps 1, 2, 3, 4, and 5 (SS to SS); e1 =e2 =0.52
= 0.216 for Gap 6 (SS to tungsten alloy); e2 = 0.27
hr = 1.6712E-11 * T3 for Gaps 1, 2, 3, 4, and 5

1.0284E-11 * T2 for Gap 6
The conversion from hr to k; is as follows:
Kk, = s*hr

where:

(7]
Il

Distance across air space

Note: The above equations apply to Models AOS-025A, AOS-050A, and AOS-100A, which use
tungsten alloy shielding. Refer to Appendix 3.5.4.4.2 for the equations for the Model AOS-100B,
which uses carbon steel shielding.
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3.5.4.4.1.1

Enclosed Gaps — Model AOS-025A

The total equivalent conductivity is the sum of K, and K,. Both terms are a function of temperature. In the
case of k,, the equivalent convection, hr, is computed with absolute temperatures, but is tabulated as a
function of °F. Table 3-89 presents the total conductivity for each air gap, as a function of temperature in
°F. Taking this data, curve-fitting polynomials are defined for each air gap and are shown in Figure 3-145.

Table 3-89. Total Conductivity — Model AOS-025A

Total Conduction = K;, + k;aq (Btu/hr-in-°F)

Tungsten
Impact Limiter Alloy
Gap 1 Gap 2 Gap 3 Gap 4 Gap 5 Gap 6
Temperature s =0.0118 s =0.0124 s =0.0176 s =0.0147 s = 0.0403 s =0.0108
(°F) (in.) (in.) (in.) (in.) (in.) (in.)
-99.67 0.000881 0.000881 0.000885 0.000883 0.0009029 0.000877
-9.67 0.001092 0.001093 0.001101 0.001096 0.0011351 0.001084
80.33 0.001297 0.001299 0.001313 0.001305 0.0013724 0.001284
170.33 0.001494 0.001496 0.001518 0.001506 0.0016129 0.001473
260.33 0.001701 0.001705 0.001737 0.001719 0.0018789 0.001670
350.33 0.001901 0.001906 0.001952 0.001927 0.0021539 0.001856
440.33 0.002103 0.002111 0.002174 0.002139 0.0024507 0.002042
530.33 0.002305 0.002315 0.002399 0.002352 0.0027673 0.002224
620.33 0.002507 0.002519 0.002629 0.002568 0.0031066 0.002401
710.33 0.002709 0.002725 0.002864 0.002787 0.0034717 0.002574
800.33 0.002918 0.002938 0.003111 0.003014 0.0038703 0.002749
890.33 0.003129 0.003153 0.003367 0.003248 0.0043005 0.002922
980.33 0.003348 0.003378 0.003637 0.003493 0.0047700 0.003097
1,070.33 0.003576 0.003612 0.003923 0.003750 0.0052819 0.003275
1,160.33 0.003824 0.003866 0.004236 0.004030 0.0058487 0.003466
1,250.33 0.004082 0.004132 0.004567 0.004324 0.0064637 0.003662
1,340.33 0.004362 0.004420 0.004927 0.004644 0.0071394 0.003871
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Figure 3-145. Equivalent Conductivity at Enclosed Gaps
0.0118, 0.0124, 0.0176, 0.0147, 0.0403, and 0.0108 in. — Model AOS-025A
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3.5.4.4.1.2 Enclosed Gaps — Model AOS-050A

The total equivalent conductivity is the sum of K, and K,. Both terms are a function of temperature. In the
case of k,, the equivalent convection, hr, is computed with absolute temperatures, but is tabulated as a
function of °F. Table 3-90 presents the total conductivity for each air gap, as a function of temperature in

°F. Taking this data, curve-fitting polynomials are defined for each air gap and are shown in Figure 3-146.

Table 3-90. Total Conductivity — Model AOS-050A

Total Conduction = k;j, + kiaq (Btu/hr-in-°F)
Tungsten
Impact Limiter Alloy
Gap 1 Gap 2 Gap 3 Gap 4 Gap 5 Gap 6
Temperature | s =0.0140 s =0.0150 s = 0.0250 s =0.0190 s =0.0710 s =0.0120
(°F) (in.) (in.) (in.) (in.) (in.) (in.)
-99.67 0.00088243 | 0.00088321 0.0008910 0.0008863 0.00092687 0.00087727
-9.67 0.00109507 | 0.00109659 0.0011118 0.0011027 0.00118187 0.00108499
80.33 0.00130319 | 0.00130582 0.0013321 0.0013163 0.00145318 0.00128578
170.33 0.00150300 | 0.00150718 0.0015490 0.0015239 0.00174119 0.00147536
260.33 0.00171480 | 0.00172104 0.0017834 0.0017460 0.00207035 0.00167353
350.33 0.00192034 | 0.00192922 0.0020180 0.0019647 0.00242658 0.00186158
440.33 0.00213027 | 0.00214245 0.0022643 0.0021912 0.00282470 0.00204967
530.33 0.00234080 | 0.00235702 0.0025192 0.0024219 0.00326510 0.00223353
620.33 0.00255297 | 0.00257402 0.0027845 0.0026582 0.00375295 0.00241369
710.33 0.00276778 | 0.00279455 0.0030622 0.0029016 0.00429345 0.00259071
800.33 0.00299108 | 0.00302451 0.0033588 0.0031582 0.00489661 0.00276992
890.33 0.00321908 | 0.00326020 0.0036714 0.0034247 0.00556280 0.00294706
980.33 0.00345762 | 0.00350752 0.0040065 0.0037071 0.00630202 0.00312749
1,070.33 0.00370771 | 0.00376757 0.0043661 0.0040070 0.00711947 0.00331174
1,160.33 0.00398002 | 0.00405107 0.0047616 0.0043353 0.00802996 0.00350997
1,250.33 0.00426593 | 0.00434950 0.0051851 0.0046838 0.00902906 0.00371311
1,340.33 0.00457611 | 0.00467357 0.0056482 0.0050634 0.01013158 0.00393132
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3.5.4.4.1.3

Enclosed Gaps — Model AOS-100A

The total equivalent conductivity is the sum of K, and K,. Both terms are a function of temperature. In the
case of k,, the equivalent convection, hr, is computed with absolute temperatures, but is tabulated as a
function of °F. Table 3-91 presents the total conductivity for each air gap, as a function of temperature in
°F. Taking this data, curve-fitting polynomials are defined for each air gap and are shown in Figure 3-147
and Figure 3-148.

Table 3-91. Total Conductivity — Model AOS-100A

Total Conduction = kyj; + k;aq (Btu/hr-in-°F)

Tungsten
Impact Limiter Alloy
Gap 1 Gap 2 Gap 3 Gap 4 Gap 5 Gap 6
Temperature | s =0.0170 s = 0.0200 s = 0.0400 s = 0.0290 s =0.1310 s =0.0130
(°F) (in.) (in.) (in.) (in.) (in.) (in.)
-99.67 0.000885 0.000887 0.000903 0.000894 0.000974 0.000878
-9.67 0.001100 0.001104 0.001135 0.001118 0.001273 0.001086
80.33 0.001311 0.001319 0.001372 0.001343 0.001611 0.001287
170.33 0.001516 0.001528 0.001612 0.001566 0.001992 0.001478
260.33 0.001734 0.001752 0.001877 0.001808 0.002445 0.001677
350.33 0.001947 0.001974 0.002151 0.002054 0.002959 0.001867
440.33 0.002167 0.002203 0.002447 0.002313 0.003556 0.002057
530.33 0.002389 0.002438 0.002762 0.002584 0.004238 0.002244
620.33 0.002616 0.002679 0.003100 0.002869 0.005016 0.002427
710.33 0.002848 0.002928 0.003464 0.003169 0.005899 0.002607
800.33 0.003091 0.003192 0.003860 0.003493 0.006902 0.002790
890.33 0.003342 0.003466 0.004288 0.003836 0.008030 0.002972
980.33 0.003607 0.003757 0.004755 0.004206 0.009296 0.003158
1,070.33 0.003887 0.004067 0.005264 0.004606 0.010711 0.003349
1,160.33 0.004193 0.004406 0.005827 0.005046 0.012293 0.003554
1,250.33 0.004517 0.004767 0.006439 0.005519 0.014043 0.003765
1,340.33 0.004868 0.005161 0.007110 0.006038 0.015979 0.003991
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3.5.4.4.2 Enclosed Gaps — Model AOS-100B

The total conduction, K, across an air gap is the sum of conduction of air, plus the equivalent conduction
due to radiation, K:

Ke = Kair + Ky
where:
Kar = Conduction of air

The equivalent radiation:

hr = S*F*4*T3
where:
S =  Stefan Boltzmann No. = 0.1714E-08 Btu/hr-ft?>-°R* or = 1.1903E-11 Btu/hr-in-°R*
F = 0.351 for Gaps 1, 2, 3,4, and 5 (SS to SS); e1 =e2 =0.52
= 0.378 for Gap 6 (SS to carbon steel); e2 = 0.58
hr = 1.6712E-11 * T3 for Gaps 1, 2, 3, 4, and 5

= 1.7997E-11 * T3 for Gap 6
The conversion from hr to k, is as follows:
K, = s*hr
where:

S = Distance across air space

Note: The above equations apply to the Model AOS-100B, which uses carbon steel shielding.
Refer to Appendix 3.5.4.4.1 for the equations for Models AOS-025A, AOS-050A, and AOS-100A,
which use tungsten alloy shielding.
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The total equivalent conductivity is the sum of K;, and K,. Both terms are a function of temperature. In the
case of k,, the equivalent convection, hr, is computed with absolute temperatures, but is tabulated as a
function of °F. Table 3-92 presents the total conductivity for each air gap, as a function of temperature in
°F. Taking this data, curve-fitting polynomials are defined for each air gap and are shown in Figure 3-149
and Figure 3-150.

Table 3-92. Total Conductivity — Model AOS-100B

Total Conduction = ky;, + K;aq (Btu/hr-in-°F)

Impact Limiter

Carbon Steel

Gap 1 Gap 2 Gap 3 Gap 4 Gap 5 Gap 6
Temperature | s =0.0170 s = 0.0200 s = 0.0400 s = 0.0290 s =0.1310 s =0.0130
(°F) (in.) (in.) (in.) (in.) (in.) (in.)
-99.67 0.000885 0.000887 0.000903 0.000894 0.000974 0.000882
-9.67 0.001100 0.001104 0.001135 0.001118 0.001273 0.001095
80.33 0.001311 0.001319 0.001372 0.001343 0.001611 0.001303
170.33 0.001516 0.001528 0.001612 0.001566 0.001992 0.001503
260.33 0.001734 0.001752 0.001877 0.001808 0.002445 0.001715
350.33 0.001947 0.001974 0.002151 0.002054 0.002959 0.001920
440.33 0.002167 0.002203 0.002447 0.002313 0.003556 0.002130
530.33 0.002389 0.002438 0.002762 0.002584 0.004238 0.002341
620.33 0.002616 0.002679 0.003100 0.002869 0.005016 0.002553
710.33 0.002848 0.002928 0.003464 0.003169 0.005899 0.002768
800.33 0.003091 0.003192 0.003860 0.003493 0.006902 0.002991
890.33 0.003342 0.003466 0.004288 0.003836 0.008030 0.003219
980.33 0.003607 0.003757 0.004755 0.004206 0.009296 0.003458
1,070.33 0.003887 0.004067 0.005264 0.004606 0.010711 0.003708
1,160.33 0.004193 0.004406 0.005827 0.005046 0.012293 0.003980
1,250.33 0.004517 0.004767 0.006439 0.005519 0.014043 0.004266
1,340.33 0.004868 0.005161 0.007110 0.006038 0.015979 0.004576
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3.5.4.4.3 Air Gap Grashof Number Evaluation

The Grashof Number, Gr, is evaluated at each gap, for the Model AOS-025A, AOS-050A, and AOS-100A
transport packages. The Model AOS-100B results are similar to those of the Model AOS-100A, and are
therefore not included.

Gr = g*S3*AT/T*V?

G = 9.8 m/s®

S = Gap, m

AT = Temperature across gap, °C
T = Air temperature, °K

v o= Kinematic viscosity, m?/s

The evaluation considers the following Load Cases:

¢ Load Case 101 — 100°F Ambient, Maximum Decay Heat

* Load Case 102 — 100°F Ambient, Maximum Decay Heat, Maximum Insolation
¢ Load Case 105 —-40°F Ambient, Maximum Decay Heat

¢ Load Case 106 —-20°F Ambient, Maximum Decay Heat

¢ Load Case 112 — Temperatures at the start of cool down are considered

The Gr is evaluated with the maximum temperature differential at each gap, and a temperature equal
to the average temperature across the gap. Table 3-93 lists the maximum Gr for each model. All
calculations for Models AOS-025A, AOS-050A, and AOS-100A are presented in Table 3-94, Table 3-95,
and Table 3-96, respectively.

From the low Gr values (below 1,700), it can be concluded that the mode of heat transfer across all gaps is
by simple conduction.

Table 3-93. Maximum Grashof Number — All Models

Grashof Number
Model (Gr)
AOS-025A 1.28
AOS-050A 24.08
AOS-100A 171.98
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Table 3-94. Grashof Number Evaluation at All Air Gaps — Model AOS-025A

G Gap Teﬁv:;:asizre Tgri;‘fzer;zt:;e Ki_nema_tic )
ap | Load Viscosity Number
# Case m in. °K °F °C °F (m?/s)? (Gr)P

101 349.817 170 0.056 0.1 2.0860E-05 0.00
102 397.039 255 0.056 0.1 2.6213E-05 0.00
1 105 0.00030 0.0118 275.372 36 0.056 0.1 1.3059E-05 0.00
106 285.928 55 0.056 0.1 1.4117E-05 0.00
112 402.039 264 0.111 0.2 2.6799E-05 0.00
101 350.928 172 0.667 1.2 2.0982E-05 0.00
102 398.150 257 0.611 1.1 2.6343E-05 0.00
2 105 0.00031 0.0124 276.483 38 0.778 1.4 1.3169E-05 0.00
106 287.039 57 0.722 1.3 1.4230E-05 0.00
112 403.706 267 0.222 0.4 2.6995E-05 0.00
101 349.817 170 0.222 0.4 2.0860E-05 0.00
102 397.039 255 0.167 0.3 2.6213E-05 0.00
3 105 0.00045 0.0176 275.928 37 0.278 0.5 1.3114E-05 0.01
106 285.928 55 0.278 0.5 1.4117E-05 0.00
112 401.483 263 0.111 0.2 2.6733E-05 0.00
101 349.817 170 0.222 0.4 2.0860E-05 0.00
102 397.039 255 0.167 0.3 2.6213E-05 0.00
4 105 0.00037 0.0147 275.372 36 0.278 0.5 1.3059E-05 0.00
106 285.928 55 0.278 0.5 1.4117E-05 0.00
112 401.483 263 0.222 0.4 2.6733E-05 0.00
101 347.039 165 4.889 8.8 2.0555E-05 0.35
102 394.261 250 4.778 8.6 2.5890E-05 0.19
5 105 0.00102 0.0403 272.594 31 5.444 9.8 1.2783E-05 1.28
106 283.150 50 5.333 9.6 1.3837E-05 1.03
112 426.483 308 16.000 28.8 2.9711E-05 0.45
101 350.372 171 0.333 0.6 2.0921E-05 0.00
102 397.594 256 0.278 0.5 2.6278E-05 0.00
6 105 0.00027 0.0108 275.928 37 0.389 0.7 1.3114E-05 0.00
106 286.483 56 0.389 0.7 1.4173E-05 0.00
112 405.372 270 0.500 0.9 2.7191E-05 0.00

a. Kinematic Viscosity, v = 7.051E-1 1X° + 6.071E-08x - 9.006E-06.
b. Gr=9.8*S3*AT/T*\2
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Table 3-95. Grashof Number Evaluation at All Air Gaps — Model AOS-050A

G Gap Teﬁv:;:asizre Tgri;‘fzer;zt:;e Ki_nema_tic )
ap | Load Viscosity Number
# Case m in. °K °F °C °F (m?/s)? (Gr)P
101 374.817 215 0.222 0.4 2.3655E-05 0.00
102 413.706 285 0.222 0.4 2.8178E-05 0.00
1 105 0.00036 0.0140 302.594 85 0.333 0.6 1.5821E-05 0.00
106 313.150 104 0.333 0.6 1.6920E-05 0.00
112 471.483 389 0.278 0.5 3.5292E-05 0.00
101 379.261 223 3.222 5.8 2.4161E-05 0.01
102 418.150 293 3.000 5.4 2.8709E-05 0.00
2 105 0.00038 0.0150 307.594 94 3.667 6.6 1.6339E-05 0.02
106 318.150 113 3.667 6.6 1.7446E-05 0.02
112 473.150 392 8.444 15.2 3.5504E-05 0.01
101 375.928 217 0.944 1.7 2.3781E-05 0.01
102 414.817 287 0.889 1.6 2.8310E-05 0.01
3 105 0.00064 0.0250 303.706 87 1.167 2.1 1.5936E-05 0.04
106 313.706 105 1.111 2 1.6978E-05 0.03
112 460.372 369 2.056 37 3.3887E-05 0.01
101 375.372 216 0.722 1.3 2.3718E-05 0.00
102 414.261 286 0.667 1.2 2.8244E-05 0.00
4 105 0.00048 0.0190 303.150 86 0.944 1.7 1.5878E-05 0.01
106 313.706 105 0.889 1.6 1.6978E-05 0.01
112 445.928 343 2.389 4.3 3.2087E-05 0.01
101 362.039 192 21.722 39.1 2.2215E-05 6.99
102 402.039 264 19.500 35.1 2.6799E-05 3.88
5 105 0.00180 0.0710 288.150 59 24.833 447 1.4342E-05 24.08
106 298.706 78 24.389 43.9 1.5420E-05 19.74
112 690.372 783 58.056 104.5 | 6.6513E-05 1.09
101 376.483 218 1.722 3.1 2.3844E-05 0.00
102 415.928 289 1.611 2.9 2.8443E-05 0.00
6 105 0.00030 0.0120 304.817 89 2.000 3.6 1.6051E-05 0.01
106 314.261 106 1.944 3.5 1.7036E-05 0.01
112 415.372 288 0.500 0.9 2.8377E-05 0.00
a. Kinematic Viscosity, v = 7.051E-1 1X° + 6.071E-08x - 9.006E-06.
b. Gr=9.8*S3*AT/T*\~
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Table 3-96. Grashof Number Evaluation at All Air Gaps — Model AOS-100A

G: P Gap Teﬁv:;:asizre Tgri;‘fzer;zt:;e Ki_nema_tic N
Load Viscosity Number

Case m in. °K °F °C °F (m?/s)? (Gr)P

101 371.483 209 0.556 1 2.3277E-05 0.00

102 409.817 278 0.556 1 2.7716E-05 0.00

1 105 0.00043 0.0170 297.039 75 0.667 1.2 1.5248E-05 0.01

106 307.594 94 0.611 1.1 1.6339E-05 0.01

112 430.928 316 1.500 2.7 3.0249E-05 0.00

101 378.706 222 5.944 10.7 2.4098E-05 0.03

102 418.150 293 5.500 9.9 2.8709E-05 0.02

2 105 0.00051 0.0200 306.483 92 6.833 12.3 1.6224E-05 0.11

106 317.594 112 6.667 12 1.7387E-05 0.09

112 424.817 305 2.111 3.8 2.9510E-05 0.01

101 373.150 212 1.944 3.5 2.3466E-05 0.10

102 411.483 281 1.722 3.1 2.7914E-05 0.06

3 105 0.00102 0.0400 298.706 78 2.389 4.3 1.5420E-05 0.35

106 309.817 98 2.278 41 1.6571E-05 0.28

112 419.261 295 0.667 1.2 2.8842E-05 0.02

101 372.594 211 1.444 2.6 2.3403E-05 0.03

102 410.928 280 1.278 2.3 2.7848E-05 0.02

4 105 0.00074 0.0290 298.150 77 1.833 3.3 1.5363E-05 0.10

106 309.261 97 1.722 3.1 1.6513E-05 0.08

112 412.039 282 0.389 0.7 2.7980E-05 0.00

101 357.039 183 23.833 42.9 2.1658E-05 51.38

102 392.594 247 29.389 52.9 2.5696E-05 40.93
5 105 0.00333 0.1310 281.483 47 25.056 45.1 1.3670E-05 171.98
106 292.594 67 25.000 45 1.4794E-05 140.95

112 689.261 781 46.722 84.1 6.6337E-05 5.56

101 375.372 216 3.167 5.7 2.3718E-05 0.01

102 413.150 284 2.944 5.3 2.8112E-05 0.00

6 105 0.00033 0.0130 300.928 82 3.722 6.7 1.5649E-05 0.02

106 312.039 102 3.556 6.4 1.6803E-05 0.01

112 426.483 308 2.056 3.7 2.9711E-05 0.00

a. Kinematic Viscosity, v = 7.051E-1 1X° + 6.071E-08x - 9.006E-06.
b. Gr=9.8*S3*AT/T*\2
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3.5.4.5 Surface Convective Coefficients

Surface coefficients for the Model AOS-025, AOS-050, AOS-100A, and AOS-100B transport packages are
presented in this paragraph. These coefficients are equivalent values that include convection and
radiation. Normal conditions of transport consider ambient temperatures (conditions) of 38°C, -29°C,
and -40°C (100°F, -20°F, and -40°F, respectively). Hypothetical Accident conditions of transport consider
only an ambient condition of 38°C (100°F).

Surface shape, orientation, and size all affect the value of convection on the transport package’s surface.
For each model, a table is presented listing the shape, orientation, and size for all outside surfaces that
define the transport package. For all models, the equivalent convection for each surface is computed.
These values vary as a function of temperature and the coefficients are shown, arranged by temperature.
This data is also presented in a plotted form, where the data is curve-fitted by a third-order polynomial.
These polynomials are listed in Table 3-15 and Table 3-16. These results are used in the analysis and
provide properties that vary as a function of temperature.

3.5.4.5.1 Surface Convective Coefficients, Normal Conditions of Transport

3.5.4.5.1.1 Surface Convective Coefficients, Normal Conditions
of Transport — Model AOS-025

The Model AOS-025 external convective coefficient calculations include convection and radiation. Ambient
conditions are 38°C, -29°C, and -40°C (100°F, -20°F, and -40°F, respectively). The cask is transported in a
vertical position.

Table 3-97. Surface Measurements and Descriptions,
Normal Conditions of Transport — Model AOS-025

Length Width
Surface? m in. m in. Type Surface Description
1 0.091 3.6 0.091 3.6 3 Horizontal Plate, Bottom, L = \/(Area)
2 0.030 1.2 0.030 1.2 1 Vertical Plate
3 0.290 114 0.290 114 3 Horizontal Plate, Bottom
4 0.343 13.5 0.343 13.5 1 Vertical Plate
9 0.290 114 0.290 114 2 Horizontal Plate, Top
10 0.030 1.2 0.030 1.2 1 Vertical Plate
11 0.091 3.6 0.091 3.6 2 Horizontal Plate, Top

a. Surfaces 2 and 10 are similar.
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Figure 3-152. Cask Assembly External Surface Identification,
Normal Conditions of Transport — Model AOS-025

Note: The figure depicts the package orientation during transport.
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Table 3-98. External Convection Coefficients at 100°F Ambient Temperature,

Normal Conditions of Transport — Model AOS-025

Total Convection, h = h + h,, Btu/hr-in?-°F

Temperature Surface®
(°F) 1 2,10 3 4 9 11
100 4.336E-03 5.951E-03 4.336E-03 4.402E-03 4.336E-03 4.336E-03
172 1.063E-02 1.561E-02 9.278E-03 1.052E-02 1.331E-02 1.602E-02
244 1.258E-02 1.827E-02 1.100E-02 1.243E-02 1.569E-02 1.885E-02
316 1.436E-02 2.049E-02 1.264E-02 1.419E-02 1.773E-02 2.116E-02
388 1.616E-02 2.262E-02 1.435E-02 1.598E-02 1.973E-02 2.334E-02
460 1.808E-02 2.480E-02 1.620E-02 1.789E-02 2.179E-02 2.555E-02
532 2.015E-02 2.709E-02 1.821E-02 1.995E-02 2.398E-02 2.786E-02
604 2.241E-02 2.953E-02 2.042E-02 2.220E-02 2.634E-02 3.031E-02
676 2.488E-02 3.216E-02 2.285E-02 2.467E-02 2.889E-02 3.295E-02
748 2.758E-02 3.501E-02 2.551E-02 2.736E-02 3.166E-02 3.579E-02
820 3.052E-02 3.808E-02 2.843E-02 3.031E-02 3.467E-02 3.886E-02
892 3.374E-02 4.142E-02 3.161E-02 3.353E-02 3.794E-02 4.219E-02
964 3.724E-02 4.503E-02 3.509E-02 3.702E-02 4.148E-02 4.578E-02
1,036 4.103E-02 4.892E-02 3.886E-02 4.082E-02 4.532E-02 4.966E-02
1,108 4.514E-02 5.313E-02 4.296E-02 4.493E-02 4.947E-02 5.384E-02
1,180 4.958E-02 5.765E-02 4.738E-02 4.937E-02 5.394E-02 5.835E-02
1,252 5.437E-02 6.251E-02 5.215E-02 5.416E-02 5.875E-02 6.319E-02
1,324 5.951E-02 6.773E-02 5.727E-02 5.930E-02 6.391E-02 6.838E-02

a. Surfaces 2 and 10 are similar.
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Table 3-99. External Convection Coefficients at -20°F Ambient Temperature,

Normal Conditions of Transport — Model AOS-025

Total Convection, h = h + h,, Btu/hr-in?-°F

Temperature Surface®
(°F) 1 2,10 3 4 9 1
-20 2.102E-03 2.717E-03 2.102E-03 2.156E-03 2.102E-03 2.102E-03
52 8.679E-03 1.402E-02 7.169E-03 8.545E-03 1.166E-02 1.468E-02
124 1.023E-02 1.627E-02 8.510E-03 1.008E-02 1.364E-02 1.709E-02
196 1.157E-02 1.801E-02 9.718E-03 1.138E-02 1.522E-02 1.891E-02
268 1.290E-02 1.964E-02 1.097E-02 1.270E-02 1.672E-02 2.058E-02
340 1.432E-02 2.128E-02 1.232E-02 1.411E-02 1.826E-02 2.225E-02
412 1.587E-02 2.302E-02 1.382E-02 1.565E-02 1.991E-02 2.401E-02
484 1.758E-02 2.490E-02 1.549E-02 1.736E-02 2.171E-02 2.589E-02
556 1.947E-02 2.694E-02 1.735E-02 1.925E-02 2.367E-02 2.792E-02
628 2.157E-02 2.916E-02 1.942E-02 2.134E-02 2.583E-02 3.015E-02
700 2.389E-02 3.160E-02 2.171E-02 2.366E-02 2.821E-02 3.258E-02
772 2.645E-02 3.427E-02 2.424E-02 2.622E-02 3.081E-02 3.523E-02
844 2.927E-02 3.718E-02 2.704E-02 2.903E-02 3.367E-02 3.813E-02
916 3.235E-02 4.036E-02 3.010E-02 3.211E-02 3.679E-02 4.129E-02
988 3.572E-02 4.381E-02 3.345E-02 3.548E-02 4.019E-02 4.472E-02
1,060 3.938E-02 4.756E-02 3.710E-02 3.915E-02 4.389E-02 4.845E-02
1,132 4.336E-02 5.162E-02 4.107E-02 4.313E-02 4.789E-02 5.248E-02
1,204 4.767E-02 5.600E-02 4.537E-02 4.744E-02 5.222E-02 5.683E-02

a. Surfaces 2 and 10 are similar.
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Table 3-100. External Convection Coefficients at -40°F Ambient Temperature,
Normal Conditions of Transport — Model AOS-025

Total Convection, h = h, + h,, Btu/hr-in?-°F

Temperature Surface®
(°F) 1 2,10 3 4 9 11
-40 1.828E-03 2.418E-03 1.828E-03 1.880E-03 1.828E-03 1.828E-03
32 8.520E-03 1.397E-02 6.969E-03 8.382E-03 1.158E-02 1.469E-02
104 1.001E-02 1.614E-02 8.244E-03 9.838E-03 1.349E-02 1.701E-02
176 1.126E-02 1.779E-02 9.379E-03 1.107E-02 1.497E-02 1.873E-02
248 1.251E-02 1.932E-02 1.055E-02 1.231E-02 1.638E-02 2.030E-02
320 1.385E-02 2.088E-02 1.183E-02 1.364E-02 1.784E-02 2.188E-02
392 1.531E-02 2.252E-02 1.324E-02 1.510E-02 1.940E-02 2.354E-02
464 1.694E-02 2.430E-02 1.483E-02 1.671E-02 2.111E-02 2.533E-02
536 1.874E-02 2.624E-02 1.660E-02 1.851E-02 2.298E-02 2.727E-02
608 2.075E-02 2.837E-02 1.857E-02 2.051E-02 2.504E-02 2.939E-02
680 2.297E-02 3.071E-02 2.077E-02 2.273E-02 2.732E-02 3.172E-02
752 2.543E-02 3.327E-02 2.320E-02 2.519E-02 2.982E-02 3.427E-02
824 2.813E-02 3.607E-02 2.589E-02 2.789E-02 3.256E-02 3.705E-02
896 3.110E-02 3.914E-02 2.884E-02 3.086E-02 3.557E-02 4.010E-02
968 3.435E-02 4.247E-02 3.207E-02 3.411E-02 3.885E-02 4.341E-02
1,040 3.790E-02 4.610E-02 3.560E-02 3.766E-02 4.243E-02 4.701E-02
1,112 4.175E-02 5.002E-02 3.944E-02 4.151E-02 4.631E-02 5.092E-02
1,184 4.593E-02 5.427E-02 4.361E-02 4.569E-02 5.050E-02 5.514E-02

a. Surfaces 2 and 10 are similar.
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3.5.4.5.1.2

Surface Convective Coefficients, Normal Conditions
of Transport — Model AOS-050

The Model AOS-050 external convective coefficient calculations include convection and radiation.
Ambient conditions are 38°C, -29°C, and -40°C (100°F, -20°F, and -40°F, respectively). The cask is

transported in a vertical position.

Table 3-101. Surface Measurements and Descriptions,

Normal Conditions of Transport — Model AOS-050

Length Width
Surface? m in. m in. Type Surface Description
1 0.183 7.2 0.183 7.2 3 Horizontal Plate, Bottom, L = \/(Area)
2 0.061 2.4 0.061 2.4 1 Vertical Plate
3 0.579 22.8 0.579 22.8 3 Horizontal Plate
4 0.282 11.1 0.282 1.1 1 Vertical Plate
5 0.579 22.8 0.579 22.8 2 Horizontal Plate, Top
6 0.099 3.9 0.099 3.9 1 Vertical Plate
7 0.579 22.8 0.579 22.8 3 Horizontal Plate, Bottom
8 0.282 11.1 0.282 1.1 1 Vertical Plate
9 0.579 22.8 0.579 22.8 2 Horizontal Plate, Top
10 0.061 2.4 0.061 2.4 1 Vertical Plate
11 0.183 7.2 0.183 7.2 2 Horizontal Plate, Top

a. Surfaces 2 and 10 are similar. Surfaces 3 and 7 are similar. Surfaces 4 and 8 are similar.
Surfaces 5 and 9 are similar.
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11

Figure 3-156. Cask Assembly External Surface Identification,
Normal Conditions of Transport — Model AOS-050

Note: The figure depicts the package orientation during transport.
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Table 3-102. External Convection Coefficients at 100°F Ambient Temperature,

Normal Conditions of Transport — Model AOS-050

Total Convection, h = h + h,, Btu/hr-in?-°F

Temperature Surface®

(°F) 1 2,10 3,7 4,8 5,9 6 11
100 4.34E-03 4.71E-03 4.34E-03 4.42E-03 4.34E-03 1.90E-03 4.34E-03
172 9.77E-03 1.36E-02 8.64E-03 1.08E-02 1.20E-02 9.35E-03 1.43E-02
244 1.16E-02 1.60E-02 1.03E-02 1.28E-02 1.48E-02 1.09E-02 1.68E-02
316 1.33E-02 1.81E-02 1.18E-02 1.45E-02 1.68E-02 1.21E-02 1.90E-02
388 1.50E-02 2.01E-02 1.35E-02 1.63E-02 1.88E-02 1.32E-02 2.10E-02
460 1.69E-02 2.22E-02 1.53E-02 1.83E-02 2.08E-02 1.42E-02 2.32E-02
532 1.89E-02 2.44E-02 1.73E-02 2.03E-02 2.30E-02 1.52E-02 2.54E-02
604 2.11E-02 2.67E-02 1.95E-02 2.26E-02 2.52E-02 1.63E-02 2.78E-02
676 2.36E-02 2.93E-02 2.19E-02 2.51E-02 2.77E-02 1.74E-02 3.04E-02
748 2.63E-02 3.21E-02 2.45E-02 2.78E-02 3.04E-02 1.86E-02 3.32E-02
820 2.92E-02 3.51E-02 2.74E-02 3.07E-02 3.27E-02 1.98E-02 3.62E-02
892 3.24E-02 3.84E-02 3.06E-02 3.40E-02 3.59E-02 2.12E-02 3.95E-02
964 3.59E-02 4.20E-02 3.41E-02 3.75E-02 3.95E-02 2.26E-02 4.30E-02

1,036 3.97E-02 4.58E-02 3.78E-02 4.13E-02 4.33E-02 2.42E-02 4.69E-02

1,108 4.38E-02 5.00E-02 4.19E-02 4.54E-02 4.74E-02 2.58E-02 5.11E-02

1,180 4.82E-02 5.45E-02 4.63E-02 4.98E-02 5.19E-02 2.76E-02 5.55E-02

1,252 5.30E-02 5.93E-02 5.11E-02 5.46E-02 5.67E-02 2.95E-02 6.04E-02

1,324 5.81E-02 6.45E-02 5.62E-02 5.98E-02 6.18E-02 3.16E-02 6.55E-02

a. Surfaces 2 and 10 are similar. Surfaces 3 and 7 are similar. Surfaces 4 and 8 are similar.
Surfaces 5 and 9 are similar.
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Table 3-103. External Convection Coefficients at -20°F Ambient Temperature,
Normal Conditions of Transport — Model AOS-050

Total Convection, h = h + h,, Btu/hr-in?-°F
Temperature Surface®

(°F) 1 2,10 3,7 4,8 59 6 11
-20.0 2.102E-03 | 2.404E-03 | 2.102E-03 | 2.167E-03 | 2.102E-03 | 9.947E-04 | 2.102E-03

52.0 7.717E-03 | 1.195E-02 | 6.456E-03 | 8.849E-03 | 1.132E-02 | 9.156E-03 | 1.276E-02
124.0 9.136E-03 1.393E-02 | 7.695E-03 1.042E-02 1.349E-02 1.056E-02 1.489E-02
196.0 1.039E-02 | 1.551E-02 | 8.845E-03 | 1.175E-02 | 1.509E-02 | 1.153E-02 | 1.656E-02
268.0 1.167E-02 1.702E-02 1.005E-02 1.309E-02 1.655E-02 1.236E-02 1.812E-02
340.0 1.305E-02 | 1.858E-02 | 1.138E-02 | 1.451E-02 | 1.801E-02 | 1.315E-02 | 1.971E-02
412.0 1.456E-02 | 2.024E-02 1.285E-02 1.606E-02 1.957E-02 1.394E-02 | 2.140E-02
484.0 1.625E-02 | 2.204E-02 | 1.450E-02 | 1.777E-02 | 2.126E-02 | 1.476E-02 | 2.322E-02
556.0 1.812E-02 | 2.402E-02 1.634E-02 1.967E-02 | 2.312E-02 1.563E-02 | 2.522E-02
628.0 2.020E-02 | 2.620E-02 | 1.840E-02 | 2.177E-02 | 2.517E-02 | 1.656E-02 | 2.740E-02
700.0 2.250E-02 | 2.858E-02 | 2.068E-02 | 2.410E-02 | 2.743E-02 1.756E-02 | 2.979E-02
772.0 2.505E-02 | 3.121E-02 | 2.320E-02 | 2.666E-02 | 2.992E-02 | 1.865E-02 | 3.242E-02
844.0 2.785E-02 | 3.408E-02 | 2.598E-02 | 2.948E-02 | 3.267E-02 1.982E-02 | 3.529E-02
916.0 3.092E-02 | 3.721E-02 | 2.904E-02 | 3.256E-02 | 3.568E-02 | 2.108E-02 | 3.842E-02
988.0 3.427E-02 | 4.063E-02 | 3.238E-02 | 3.594E-02 | 3.898E-02 | 2.245E-02 | 4.183E-02
1060.0 3.793E-02 | 4.434E-02 | 3.603E-02 | 3.961E-02 | 4.257E-02 | 2.393E-02 | 4.554E-02
1132.0 4.190E-02 | 4.837E-02 | 3.999E-02 | 4.359E-02 | 4.648E-02 | 2.552E-02 | 4.956E-02
1204.0 4.620E-02 | 5.272E-02 | 4.428E-02 | 4.791E-02 | 5.005E-02 | 2.723E-02 | 5.390E-02

a. Surfaces 2 and 10 are similar. Surfaces 3 and 7 are similar. Surfaces 4 and 8 are similar.
Surfaces 5 and 9 are similar.
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Table 3-104. External Convection Coefficients at -40°F Ambient Temperature,
Normal Conditions of Transport — Model AOS-050

Total Convection, h = h + h,, Btu/hr-in?-°F

Temperature Surface?
(°F) 1 2,10 3,7 4,8 5,9 6 11
-40.0 1.828E-03 | 2.118E-03 | 1.828E-03 | 1.891E-03 | 1.828E-03 | 8.820E-04 | 1.828E-03
32.0 7.532E-03 1.186E-02 6.236E-03 8.694E-03 1.142E-02 9.246E-03 1.271E-02
104.0 8.883E-03 1.377E-02 7.412E-03 1.019E-02 1.352E-02 1.060E-02 1.476E-02
176.0 1.006E-02 | 1.526E-02 | 8.491E-03 | 1.145E-02 | 1.502E-02 | 1.153E-02 | 1.634E-02
248.0 1.126E-02 1.668E-02 9.625E-03 1.270E-02 1.638E-02 1.232E-02 1.781E-02
320.0 1.256E-02 | 1.815E-02 | 1.087E-02 | 1.404E-02 | 1.775E-02 | 1.306E-02 | 1.931E-02
392.0 1.400E-02 | 1.972E-02 | 1.227E-02 | 1.551E-02 | 1.921E-02 | 1.381E-02 | 2.091E-02
464.0 1.559E-02 2.144E-02 1.383E-02 1.714E-02 2.080E-02 1.459E-02 2.264E-02
536.0 1.738E-02 | 2.332E-02 | 1.558E-02 | 1.894E-02 | 2.255E-02 | 1.542E-02 | 2.454E-02
608.0 1.936E-02 2.540E-02 1.755E-02 2.095E-02 2.449E-02 1.631E-02 2.662E-02
680.0 2.157E-02 2.768E-02 1.973E-02 2.317E-02 2.665E-02 1.727E-02 2.891E-02
752.0 2.401E-02 | 3.020E-02 | 2.215E-02 | 2.563E-02 | 2.903E-02 | 1.830E-02 | 3.143E-02
824.0 2.670E-02 3.296E-02 2.483E-02 2.834E-02 3.166E-02 1.943E-02 3.419E-02
896.0 2.966E-02 | 3.598E-02 | 2.777E-02 | 3.132E-02 | 3.456E-02 | 2.065E-02 | 3.721E-02
968.0 3.290E-02 | 3.928E-02 | 3.100E-02 | 3.457E-02 | 3.773E-02 | 2.197E-02 | 4.051E-02
1,040.0 3.644E-02 4.287E-02 3.452E-02 3.812E-02 4.120E-02 2.340E-02 4.409E-02
1,112.0 4.028E-02 | 4.677E-02 | 3.835E-02 | 4.198E-02 | 4.497E-02 | 2.494E-02 | 4.798E-02
1,184.0 4.445E-02 5.099E-02 4.251E-02 4.616E-02 4.907E-02 2.660E-02 5.219E-02
a. Surfaces 2 and 10 are similar. Surfaces 3 and 7 are similar. Surfaces 4 and 8 are similar.
Surfaces 5 and 9 are similar.
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Figure 3-161. Surface Convective Coefficients at -40°F Ambient Temperature
for Surfaces 1, 2, 3, and 11, Normal Conditions of Transport — Model AOS-050
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3.5.4.5.1.3 Surface Convective Coefficients, Normal Conditions
of Transport — Models AOS-100A and AOS-100B

The Model AOS-100A and AOS-100B external convective coefficient calculations include convection and
radiation. Ambient conditions are 38°C, -29°C, and -40°C (100°F, -20°F, and -40°F, respectively). The
cask is transported in a vertical position.

Table 3-105. Surface Measurements and Descriptions,
Normal Conditions of Transport — Models AOS-100A and AOS-100B

Length Width
Surface? m in. m in. Type Surface Description
1 0.363982 14.3 0.363982 14.3 3 Horizontal Plate, Bottom, | = \/(Area)
2 0.189992 7.5 0.189992 7.5 1 Vertical Plate
3 1.159256 | 45.6 | 1.159256 | 45.6 3 Horizontal Plate
4 0.464312 | 18.3 | 0.464312 | 18.3 1 Vertical Plate
5 1.159256 | 45.6 1.159256 | 45.6 2 Horizontal Plate, Top
6 0.399796 | 15.7 | 0.399796 | 15.7 1 Vertical Plate
7 1.159256 | 45.6 1.159256 | 45.6 3 Horizontal Plate, Bottom
8 0.464312 | 18.3 | 0.464312 | 18.3 1 Vertical Plate
9 1.159256 | 45.6 1.159256 | 45.6 2 Horizontal Plate, Top
10 0.189992 7.5 0.189992 7.5 1 Vertical Plate
11 0.363982 | 14.3 | 0.363982 | 14.3 2 Horizontal Plate, Top

a. Surfaces 2 and 10 are similar. Surfaces 3 and 7 are similar. Surfaces 4 and 8 are similar.
Surfaces 5 and 9 are similar.
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Figure 3-163. Cask Assembly External Surface Identification,
Normal Conditions of Transport — Models AOS-100A and AOS-100B

Note: The figure depicts the package orientation during transport.
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Table 3-106. External Convection Coefficients at 100°F Ambient Temperature,

Normal Conditions of Transport — Models AOS-100A and AOS-100B

Total Convection, h = h + h,, Btu/hr-in?-°F
Temperature Surface®
(°F) 1 2,10 3,7 4,8 5,9 6 1
100 4.336E-03 | 4.455E-03 | 4.336E-03 | 4.384E-03 | 4.336E-03 | 1.724E-03 | 4.34E-03
172 9.056E-03 | 1.149E-02 | 8.098E-03 | 1.012E-02 | 1.227E-02 | 7.082E-03 | 1.29E-02
244 1.075E-02 | 1.345E-02 | 9.631E-03 | 1.197E-02 | 1.476E-02 | 8.308E-03 | 1.52E-02
316 1.236E-02 | 1.529E-02 | 1.115E-02 | 1.369E-02 | 1.683E-02 | 9.281E-03 | 1.72E-02
388 1.406E-02 | 1.715E-02 | 1.278E-02 | 1.545E-02 | 1.881E-02 | 1.018E-02 | 1.91E-02
460 1.589E-02 | 1.910E-02 | 1.456E-02 | 1.734E-02 | 2.083E-02 | 1.108E-02 | 2.12E-02
532 1.789E-02 | 2.120E-02 | 1.652E-02 | 1.939E-02 | 2.296E-02 | 1.200E-02 | 2.33E-02
604 2.009E-02 | 2.349E-02 | 1.869E-02 | 2.162E-02 | 2.524E-02 | 1.298E-02 | 2.57E-02
676 2.251E-02 | 2.598E-02 | 2.108E-02 | 2.408E-02 | 2.772E-02 | 1.402E-02 | 2.82E-02
748 2.517E-02 | 2.870E-02 | 2.371E-02 | 2.676E-02 | 3.041E-02 | 1.514E-02 | 3.10E-02
820 2.808E-02 | 3.167E-02 | 2.660E-02 | 2.970E-02 | 3.334E-02 | 1.634E-02 | 3.40E-02
892 3.127E-02 | 3.490E-02 | 2.976E-02 | 3.291E-02 | 3.652E-02 | 1.764E-02 | 3.72E-02
964 3.474E-02 | 3.842E-02 | 3.322E-02 | 3.640E-02 | 3.998E-02 | 1.904E-02 | 4.08E-02
1,036 3.851E-02 | 4.223E-02 | 3.697E-02 | 4.019E-02 | 4.374E-02 | 2.055E-02 | 4.46E-02
1,108 4.260E-02 | 4.636E-02 | 4.105E-02 | 4.429E-02 | 4.780E-02 | 2.217E-02 | 4.87E-02
1,180 4.702E-02 | 5.081E-02 | 4.546E-02 | 4.873E-02 | 5.219E-02 | 2.392E-02 | 5.32E-02
1,252 5.178E-02 | 5.561E-02 | 5.021E-02 | 5.351E-02 | 5.692E-02 | 2.580E-02 | 5.80E-02
1,324 5.691E-02 | 6.076E-02 | 5.533E-02 | 5.865E-02 | 6.201E-02 | 2.780E-02 | 6.32E-02

a. Surfaces 2 and 10 are similar. Surfaces 3 and 7 are similar. Surfaces 4 and 8 are similar.
Surfaces 5 and 9 are similar.
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Table 3-107. External Convection Coefficients at -20°F Ambient Temperature,
Normal Conditions of Transport — Models AOS-100A and AOS-100B

Total Convection, h = h + h,, Btu/hr-in?-°F
Temperature Surface®
(°F) 1 2,10 3,7 4,8 59 6 11
-20.00 2.10E-03 2.20E-03 2.10E-03 2.14E-03 2.10E-03 8.55E-04 2.10E-03
52.00 6.921E-03 | 9.516E-03 | 5.854E-03 | 8.107E-03 | 1.132E-02 | 6.67E-03 1.12E-02
124.00 8.226E-03 1.117E-02 7.008E-03 1.166E-02 1.349E-02 7.73E-03 1.31E-02
196.00 9.414E-03 | 1.256E-02 | 8.109E-03 | 1.310E-02 | 1.509E-02 | 8.51E-03 1.46E-02
268.00 1.065E-02 1.394E-02 9.283E-03 1.447E-02 1.655E-02 9.20E-03 1.61E-02
340.00 1.199E-02 1.539E-02 1.058E-02 1.353E-02 1.801E-02 9.88E-03 1.76E-02
412.00 1.348E-02 1.696E-02 1.204E-02 1.506E-02 1.957E-02 1.06E-02 1.92E-02
484.00 1.514E-02 | 1.869E-02 | 1.367E-02 | 1.675E-02 | 2.126E-02 | 1.13E-02 2.10E-02
556.00 1.700E-02 2.061E-02 1.550E-02 1.863E-02 2.312E-02 1.21E-02 2.30E-02
628.00 1.906E-02 | 2.272E-02 | 1.754E-02 | 2.072E-02 | 2.517E-02 | 1.30E-02 2.51E-02
700.00 2.135E-02 2.506E-02 1.981E-02 | 2.303E-02 2.743E-02 1.40E-02 2.75E-02
772.00 2.388E-02 | 2.763E-02 | 2.232E-02 | 2.558E-02 | 2.992E-02 | 1.50E-02 3.01E-02
844.00 2.667E-02 3.046E-02 2.509E-02 | 2.838E-02 3.267E-02 1.61E-02 3.29E-02
916.00 2.973E-02 | 3.356E-02 | 2.814E-02 | 3.146E-02 | 3.568E-02 | 1.74E-02 3.61E-02
988.00 3.308E-02 3.694E-02 3.148E-02 3.482E-02 3.898E-02 1.87E-02 3.94E-02
1,060.00 3.673E-02 | 4.062E-02 | 3.512E-02 | 3.849E-02 | 4.257E-02 | 2.01E-02 4.31E-02
1,132.00 4.069E-02 4.461E-02 3.907E-02 | 4.246E-02 | 4.648E-02 2.17E-02 4.71E-02
1,204.00 4.499E-02 | 4.893E-02 | 4.336E-02 | 4.677E-02 | 5.071E-02 | 2.34E-02 5.15E-02

. Surfaces 2 and 10 are similar. Surfaces 3 and 7 are similar. Surfaces 4 and 8 are similar.

Surfaces 5 and 9 are similar.
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Table 3-108. External Convection Coefficients at -40°F Ambient Temperature,
Normal Conditions of Transport — Models AOS-100A and AOS-100B

Total Convection, h = h + h,, Btu/hr-in?-°F
Temperature Surface®
(°F) 1 2,10 3,7 4,8 5,9 6 1
-40.00 1.828E-03 | 1.921E-03 | 1.828E-03 | 1.866E-03 | 1.828E-03 | 7.474E-04 | 1.828E-03
32.00 6.714E-03 | 9.377E-03 | 5.618E-03 | 9.802E-03 | 1.142E-02 | 6.700E-03 | 1.107E-02
104.00 7.954E-03 | 1.096E-02 | 6.709E-03 | 1.158E-02 | 1.352E-02 | 7.726E-03 | 1.291E-02
176.00 9.070E-03 | 1.227E-02 | 7.741E-03 | 1.293E-02 | 1.502E-02 | 8.462E-03 | 1.435E-02
248.00 1.023E-02 | 1.356E-02 | 8.844E-03 | 1.421E-02 | 1.638E-02 | 9.116E-03 | 1.574E-02
320.00 1.150E-02 | 1.493E-02 | 1.007E-02 | 1.554E-02 | 1.775E-02 | 9.759E-03 | 1.718E-02
392.00 1.290E-02 | 1.642E-02 | 1.144E-02 | 1.698E-02 | 1.921E-02 | 1.043E-02 | 1.872E-02
464.00 1.448E-02 | 1.806E-02 | 1.299E-02 | 1.610E-02 | 2.080E-02 | 1.114E-02 | 2.041E-02
536.00 1.625E-02 | 1.988E-02 | 1.473E-02 | 1.789E-02 | 2.255E-02 | 1.190E-02 | 2.227E-02
608.00 1.822E-02 | 2.191E-02 | 1.668E-02 | 1.988E-02 | 2.449E-02 | 1.274E-02 | 2.433E-02
680.00 2.041E-02 | 2.414E-02 | 1.885E-02 | 2.210E-02 | 2.665E-02 | 1.365E-02 | 2.659E-02
752.00 2.284E-02 | 2.661E-02 | 2.126E-02 | 2.454E-02 | 2.903E-02 | 1.465E-02 | 2.909E-02
824.00 2.552E-02 | 2.933E-02 | 2.393E-02 | 2.724E-02 | 3.166E-02 | 1.573E-02 | 3.183E-02
896.00 2.847E-02 | 3.232E-02 | 2.687E-02 | 3.021E-02 | 3.456E-02 | 1.692E-02 | 3.483E-02
968.00 3.170E-02 | 3.558E-02 | 3.009E-02 | 3.345E-02 | 3.773E-02 | 1.820E-02 | 3.810E-02
1,040.00 3.523E-02 | 3.914E-02 | 3.361E-02 | 3.699E-02 | 4.120E-02 | 1.960E-02 | 4.167E-02
1,112.00 3.906E-02 | 4.300E-02 | 3.743E-02 | 4.084E-02 | 4.497E-02 | 2.111E-02 | 4.555E-02
1,184.00 4.323E-02 | 4.719E-02 | 4.300E-02 | 4.502E-02 | 5.048E-02 | 2.275E-02 | 4.974E-02

. Surfaces 2 and 10 are similar. Surfaces 3 and 7 are similar. Surfaces 4 and 8 are similar.

Surfaces 5 and 9 are similar.
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3.5.4.5.2 Surface Convective Coefficients, Hypothetical Accident Conditions
of Transport

3.5.4.5.2.1 Surface Convective Coefficients, Hypothetical Accident Conditions
of Transport — Model AOS-025

The Model AOS-025 external convective coefficient calculations include convection and radiation. Ambient
condition is 38°C (100°F). The cask is transported in a vertical position. The crushed geometry is used for
this Fire condition.

Table 3-109. Surface Measurements and Descriptions,
Hypothetical Accident Conditions of Transport — Model AOS-025

Length Width
Surface? m in. m in. Type Surface Description
4 0.343 13.5 0.343 13.5 1 Vertical Plate
11 0.257 10.1 0.257 10.1 2 Horizontal Plate, Top

a. No convection for Surfaces 1, 2, and 3.

11

B

1
2| 3

Figure 3-167. Cask Assembly External Surface Identification,
Hypothetical Accident Conditions of Transport — Model AOS-025

Note: The figure depicts the package orientation during transport.
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Table 3-110. External Convection Coefficients at 100°F Ambient Temperature,

Hypothetical Accident Conditions of Transport — Model AOS-0252

Total Convection, h = h, + h,, Btu/hr-in?-°F
Temperature Surface
(°F) 4 11
100 4.402E-03 4.336E-03
172 1.052E-02 1.356E-02
244 1.243E-02 1.598E-02
316 1.419E-02 1.805E-02
388 1.598E-02 2.006E-02
460 1.789E-02 2.213E-02
532 1.995E-02 2.433E-02
604 2.220E-02 2.670E-02
676 2.467E-02 2.926E-02
748 2.736E-02 3.204E-02
820 3.031E-02 3.505E-02
892 3.353E-02 3.833E-02
964 3.702E-02 4.187E-02
1,036 4.082E-02 4.572E-02
1,108 4.493E-02 4.987E-02
1,180 4.937E-02 5.434E-02
1,252 5.416E-02 5.915E-02
1,324 5.930E-02 6.432E-02

a. This condition is used for initial steady-state and post-fire solutions.
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Figure 3-168. Surface Convective Coefficients at 100°F Ambient Temperature,
Fire Condition — Model AOS-025
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3.5.4.5.2.2 Surface Convective Coefficients, Hypothetical Accident Conditions
of Transport — Model AOS-050

The Model AOS-050 external convective coefficient calculations include convection and radiation. Ambient
condition is 38°C (100°F). The cask is transported in a vertical position. The crushed geometry is used for
this Fire condition.

Table 3-111. Surface Measurements and Descriptions,
Hypothetical Accident Conditions of Transport — Model AOS-050

Length Width

Surface® P m in. m in. Type Surface Description
1 0.183 7.2 0.183 7.2 3 Horizontal Plate, Bottom, | = \/(Area)
2 0.061 2.4 0.061 2.4 1 Vertical Plate
3 0.579 22.8 0.579 22.8 3 Horizontal Plate, Bottom
4 0.282 111 0.282 111 1 Vertical Plate
5 0.503 19.8 0.503 19.8 2 Horizontal Plate, Top
6 0.099 3.9 0.099 3.9 1 Vertical Plate
7 0.579 22.8 0.579 22.8 3 Horizontal Plate, Bottom
8 0.264 10.4 0.264 10.4 1 Vertical Plate
11 0.513 20.2 0.513 20.2 2 Horizontal Plate, Top

a. No convection for Surfaces 1, 2, and 3.
b. Surfaces 3 and 7 are similar.
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Figure 3-169. Cask Assembly External Surface Identification,
Hypothetical Accident Conditions of Transport — Model AOS-050

Note: The figure depicts the package orientation during transport.
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Table 3-112. External Convection Coefficients at 100°F Ambient Temperature,
Hypothetical Accident Conditions of Transport — Model AOS-050?

Total Convection, h = h, + h,, Btu/hr-in?-°F
Temperature Surface® ¢
(°F) 3,7 4 5 6 8 11
100 4.336E-03 4.416E-03 4.336E-03 1.897E-03 4.422E-03 4.336E-03
172 8.638E-03 1.079E-02 1.227E-02 9.354E-03 1.089E-02 1.224E-02
244 1.026E-02 1.275E-02 1.449E-02 1.093E-02 1.286E-02 1.445E-02
316 1.184E-02 1.453E-02 1.643E-02 1.212E-02 1.465E-02 1.638E-02
388 1.350E-02 1.634E-02 1.835E-02 1.317E-02 1.647E-02 1.830E-02
460 1.531E-02 1.826E-02 2.035E-02 1.419E-02 1.840E-02 2.030E-02
532 1.729E-02 2.034E-02 2.250E-02 1.522E-02 2.048E-02 2.245E-02
604 1.948E-02 2.260E-02 2.481E-02 1.628E-02 2.274E-02 2.476E-02
676 2.189E-02 2.508E-02 2.733E-02 1.739E-02 2.522E-02 2.728E-02
748 2.453E-02 2.778E-02 3.008E-02 1.857E-02 2.713E-02 3.002E-02
820 2.744E-02 3.073E-02 3.306E-02 1.983E-02 3.088E-02 3.301E-02
892 3.061E-02 3.396E-02 3.631E-02 2.118E-02 3.411E-02 3.626E-02
964 3.407E-02 3.746E-02 3.984E-02 2.262E-02 3.761E-02 3.978E-02
1,036 3.784E-02 4.126E-02 4.366E-02 2.417E-02 4.141E-02 4.360E-02
1,108 4.192E-02 4.538E-02 4.779E-02 2.583E-02 4.553E-02 4.774E-02
1,180 4.634E-02 4.982E-02 5.225E-02 2.761E-02 4.998E-02 5.219E-02
1,252 5.110E-02 5.461E-02 5.705E-02 2.952E-02 5.477E-02 5.699E-02
1,324 5.622E-02 5.976E-02 6.221E-02 3.155E-02 5.992E-02 6.215E-02

a. This condition is used for initial steady-state and post-fire solutions.
b. No convection for Surfaces 1, 2, and 3.

c. Surfaces 3 and 7 are similar.
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Figure 3-170. Surface Convective Coefficients at 100°F Ambient Temperature
for Surfaces 3, 4, 5, 6, 8, and 11, Hypothetical Accident Conditions
of Transport — Model AOS-050
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3.5.4.5.2.3 Surface Convective Coefficients, Hypothetical Accident Conditions
of Transport — Models AOS-100A and AOS-100B

The Model AOS-100A and AOS-100B external convective coefficient calculations include convection and
radiation. Ambient condition is 38°C (100°F). The cask is transported in a vertical position. The crushed
geometry is used for this Fire condition.

Table 3-113. Surface Measurements and Descriptions,
Hypothetical Accident Conditions of Transport — Models AOS-100A and AOS-100B

Length Width

Surface? m in. m in. Type Surface Description
1 0.364 14.34 0.364 14.34 3 Horizontal Plate, Bottom, | = \/(Area)
2 0.190 7.48 0.190 7.48 1 Vertical Plate
3 1.159 45.64 1.159 45.64 3 Horizontal Plate, Bottom
4 0.464 18.28 0.464 18.28 1 Vertical Plate
5 1.159 45.64 1.159 45.64 2 Horizontal Plate, Top
6 0.400 15.74 0.400 15.74 1 Vertical Plate
7 1.159 45.64 1.159 45.64 3 Horizontal Plate, Bottom
8 0.452 17.80 0.452 17.80 1 Vertical Plate
11 1.027 40.45 1.027 40.45 2 Horizontal Plate, Top

a. Surfaces 3 and 7 are similar.
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Figure 3-171. Cask Assembly External Surface Identification,
Hypothetical Accident Conditions of Transport — Models AOS-100A and AOS-100B

Note: The figure depicts the package orientation during transport.
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Table 3-114. External Convection Coefficients at 100°F Ambient Temperature,

Hypothetical Accident Conditions of Transport — Models AOS-100A and AOS-100B2

Total Convection, h = h, + h,, Btu/hr-in?-°F

Temperature Surface®
(°F) 1 2 3,7 4 5 6 8 11
100 4.336E-03 | 4.455E-03 | 4.336E-03 | 4.384E-03 | 4.336E-03 | 1.724E-03 4.39E-03 4.36E-03
172 9.056E-03 1.140E-02 | 8.098E-03 1.012E-02 1.227E-02 | 7.082E-03 1.02E-02 1.09E-02
244 1.075E-02 | 1.345E-02 | 9.631E-03 | 1.197E-02 | 1.476E-02 | 8.308E-03 1.20E-02 1.30E-02
316 1.236E-02 1.529E-02 1.115E-02 1.369E-02 1.683E-02 | 9.281E-03 1.37E-02 1.49E-02
388 1.406E-02 1.715E-02 1.278E-02 1.545E-02 1.881E-02 1.018E-02 1.55E-02 1.67E-02
460 1.589E-02 | 1.910E-02 | 1.456E-02 | 1.734E-02 | 2.083E-02 | 1.108E-02 1.74E-02 1.87E-02
532 1.789E-02 | 2.120E-02 1.652E-02 1.939E-02 | 2.296E-02 1.200E-02 1.94E-02 2.07E-02
604 2.009E-02 | 2.349E-02 1.869E-02 | 2.162E-02 | 2.524E-02 1.298E-02 2.17E-02 2.30E-02
676 2.251E-02 | 2.598E-02 | 2.108E-02 | 2.408E-02 | 2.772E-02 | 1.402E-02 2.41E-02 2.54E-02
748 2.517E-02 | 2.870E-02 | 2.371E-02 | 2.676E-02 | 3.041E-02 1.514E-02 2.68E-02 2.81E-02
820 2.808E-02 | 3.167E-02 | 2.660E-02 | 2.970E-02 | 3.334E-02 | 1.634E-02 2.98E-02 3.10E-02
892 3.127E-02 | 3.490E-02 | 2.976E-02 | 3.291E-02 | 3.652E-02 | 1.764E-02 3.30E-02 3.42E-02
964 3.474E-02 | 3.842E-02 | 3.322E-02 | 3.640E-02 | 3.998E-02 1.904E-02 3.64E-02 3.77E-02
1,036 3.851E-02 | 4.223E-02 | 3.697E-02 | 4.019E-02 | 4.374E-02 | 2.055E-02 4.02E-02 4.14E-02
1,108 4.260E-02 | 4.636E-02 | 4.105E-02 | 4.429E-02 | 4.780E-02 | 2.217E-02 4.43E-02 4.55E-02
1,180 4.702E-02 | 5.081E-02 | 4.546E-02 | 4.873E-02 | 5.219E-02 | 2.392E-02 4.88E-02 4.99E-02
1,252 5.178E-02 | 5.561E-02 | 5.021E-02 | 5.351E-02 | 5.692E-02 | 2.580E-02 5.36E-02 5.47E-02
1,324 5.691E-02 | 6.076E-02 | 5.543E-02 | 5.865E-02 | 6.201E-02 | 2.780E-02 5.87E-02 5.98E-02
a. This condition is used for initial steady-state and post-fire solutions.
b. Surfaces 3 and 7 are similar.
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Figure 3-172. Surface Convective Coefficients at 100°F Ambient Temperature,
Fire Condition — Models AOS-100A and AOS-100B
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3.5.4.5.2.4 Surface Convective Coefficients, Fire Condition,
1,475°F Environment — All Models

The 1,475°F Ambient condition occurs during the 30-minute Fire condition, for all transport package
models.

h = S * F (T? + 1,9352) (T + 1,935)
For F = 0.80:

h = 9.5552E-12 (T3 + 1,935 * T? + 1,935% * T + 1,935%)
where:

T = Temperature, °R

Forced convection is assumed to be constant during fire = 10 W/m?-°C = 0.01223 Btu/hr-in?-°F

he = he + hy

Table 3-115. External Convection Coefficients at 1,475°F Environment, Fire Condition — All Models

Temperature he h, he
(°F) (Btu/hr-in-°F) (Btu/hr-in2-°F) (Btu/hr-in-°F)
100 0.01223 0.096739 0.108969
200 0.01223 0.103642 0.115872
300 0.01223 0.111292 0.123522
400 0.01223 0.119749 0.131979
500 0.01223 0.129067 0.141297
600 0.01223 0.139307 0.151537
700 0.01223 0.150523 0.162753
800 0.01223 0.162775 0.175005
900 0.01223 0.176118 0.188348
1,000 0.01223 0.190611 0.202841
1,100 0.01223 0.206311 0.218541
1,200 0.01223 0.223275 0.235505
1,300 0.01223 0.241561 0.253791
1,400 0.01223 0.261225 0.273455
1,500 0.01223 0.282325 0.294555
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Figure 3-173. Surface Convective Coefficients under Fire Condition
at 1,475°F Environment — All Models
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3.5.4.5.3

Surface Convective Coefficient Sample Calculations — Model AOS-100

This paragraph presents sample surface convective coefficient calculations for the Model AOS-100, under
Normal conditions of transport.

Table 3-116. Plate Temperature and Length Values

Surface Ambient Air
Temperature, Tg Temperature, T; Temperature, T, Length
Surface °K °F °K °F °K °F m in
Surface 4 (Vertical Plate) 390.9 244 310.9 100 350.9 172 0.464 18.28
Table 3-117. Air Property Values at 172°F
Thermal Kinematic Thermal
DifoSIVity ViSCOSity, A% Conductivity
(m?/s) (m?/s) (W/m-°C) Prandtl Number Emissivity
3.0202E-5 2.0982E-5 0.03024 0.69734 0.52

The Rayleigh number is defined as:

Rayleigh Number (Ra) = Grashof Number (Gr) * Prandtl Number (Pr)

where:
Gr
§
Then:
Gr
Ra

of (Ts-Tj) * L8/ V2

1/T=1/350.9 =0.00285

(9.8) (0.00285) (390.9 - 310.9) (0.464)3/ (2.0982E-05)>2

0.0507E+10

(0.0507E+10) (0.697)

3.534E+08
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From Paragraph 3.3.3.4:

For laminar flow: 10 < Ra < 10°

Nu

A

B
Then:

Nu
Also:

Nu

hC
Radiation:

hl’
where:

(0}

F

hy
3-366

0.68+A/B

0.670 * Ra'/

0.670 (3.534E+08)1/4 — 91.863
{1 + (0.492 / Pr)¥16y4/9

{1 + (0.492 / 0.697)0-5625,0-4444 _ (1 4 .822)04444 = 1 305

(0.68 + 91.863 / 1.305) = 71.07

he* L /K
Nu*k/L

(71.01) (0.03024) / 0.464 = 4.63 W/m?2-°C

OF (T2 + T,2) (Tg+ Ty)

5.669E-08 W/m?2-°K

1/[(1/052-1)+0+1]=0.52

(5.669E-08) (0.52) (310.92 + 390.92) (310.9 + 390.9)

5.162 W/m?-°C
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Then the total convection is:

hy = he +

4.63 +5.16 = 9.79 W/m?-°C

1.724 Btu/hr-ft2-°F

0.01197 Btu/hr-in%-°F

This calculation is made for a range of surface temperatures from 100°F through 1,200°F. This data is then
plotted against the surface temperature, and a curve-fit, third-order polynomial is then defined for this
surface. The procedure is repeated for all 11 surfaces and all three (3) models (AOS-025, AOS-050, and
AOS-100), with different geometries for both Normal and Hypothetical Accident conditions of transport and
environment temperatures. Also, ambient temperatures of 100°F, -20°F, and -40°F for Normal conditions
of transport require separate sets of surface convective coefficients. This procedure defines the
temperature-dependent convection that is used in the analysis. Computed coefficients and plots are
provided in Appendix 3.5.4.5. Curve-fitting polynomials used in the thermal analysis are listed in
Table 3-14 and Table 3-15, and also provided in Appendix 3.5.4.5.
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3.5.4.6 Curved Vertical Plates Used as Flat Vertical Plates, Criteria Check

The general criterion is that a vertical cylinder can be treated as a flat vertical plate when:

D/L>35/Gr4

where, D is the diameter of the cylinder.

Gr = (9% L% (Tw-Tp)/ (V2" Ty

\Y = Kinematic viscosity

g = Acceleration of gravity (9.8 m/sec?)

Ty = Wall temperature

Tp = Ambient temperature

T; = (Tyw + Tp) / 2, absolute temperature of gas

The transport packages are transported vertically, and have several curved vertical surfaces.

Temperatures from Thermal Condition 1, 100°F Ambient, Maximum Decay Heat, Maximum Insolation
(Load Case 102), are used for this evaluation. Maximum wall temperatures are used. Results show that all
surfaces meet the criterion.
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Table 3-118. Curved Vertical Plates Used as Flat Vertical Plate Evaluation
for Thermal Condition 1 at 100°F Ambient, Maximum Decay Heat, Maximum Insolation
(Load Case 102) — All Models

é t| D L Tw | To | AT Ty v
? | (m) (m) (°C) | )| (© (°K) (m?/s) Gr D/L 35/Gr'/4
9| 2 0.10 0.03 96.67 | 37.8 | 58.87 | 340.38 | 1.98E-05 | 1.28E+05 | 3.328 | = 1.849
3‘; 4 0.29 0.34 98.89 | 37.8 | 61.09 | 341.49 | 1.99E-05 | 1.79E+08 | 0.842 | = 0.303
<o( 10 | 0.10 0.03 9756 | 37.8 | 59.76 | 340.83 | 1.99E-05 | 1.29E+05 | 3.328 | = 1.845
2 0.21 0.06 9722 | 37.8 59.42 340.66 | 1.99E-05 | 1.08E+06 | 3.266 | = 1.085
Q| 4 0.58 0.28 | 103.89 | 37.8 | 66.09 | 343.99 | 2.02E-05 | 1.03E+08 | 2.054 | = 0.347
(?) 6 0.36 0.10 139.44 | 37.8 | 101.64 | 361.77 | 2.22E-05 | 5.61E+06 | 3.553 | = 0.719
9( 8 0.58 0.28 | 102.78 | 37.8 64.98 343.44 | 2.02E-05 | 1.03E+08 | 2.054 | = 0.348
10 | 0.21 0.06 | 103.33 | 37.8 | 65.53 | 343.72 | 2.02E-05 | 1.15E+06 | 3.266 | = 1.070
2 0.41 0.13 99.67 | 37.8 61.87 | 341.88 | 2.00E-05 | 9.09E+06 | 3.240 | = 0.637
S 4 1.16 0.46 | 101.17 | 37.8 63.37 342.63 | 2.01E-05 | 4.52E+08 | 2.492 | = 0.240
(7) 6 0.72 0.40 | 142.94 | 37.8 | 105.14 | 363.52 | 2.24E-05 | 3.59E+08 | 1.796 | = 0.254
9( 8 1.16 0.46 | 100.89 | 37.8 63.09 342.49 | 2.01E-05 | 4.51E+08 | 2.492 | 2 0.240
10 | 0.41 0.13 | 100.06 | 37.8 62.26 342.08 | 2.00E-05 | 9.12E+06 | 3.240 | = 0.637
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3.5.4.7 Insolation Heat Load Analysis for FR-3700 Series Foam
under Condition 1 of Table 3-3

A time history solution has been performed for Normal conditions of transport, with maximum decay heat
and a 12-hour insolation heat load. The solar load is assumed to be uniform over the 12-hour period. The
analysis is then followed with a 12-hour cool down period, with no insolation heating. The ambient
temperature is -38°C (100°F) throughout the analysis. The maximum temperature within the foam is
obtained exclusive of the nodes on the impact limiter shell. The analysis is performed in three (3) load
steps, as follows:

¢ Step 1. Steady state with only maximum decay heat
¢ Step 2. 12-hour transient with maximum decay heat, plus solar
¢ Step 3. 12-hour transient with maximum decay heat, no solar

This analytical approach is consistent with Safety Guide No. TS-G-1.1 (ST-2), “Advisory Material for the
IAEA Regulations for the Safe Transport of Radioactive Material,” Paragraph 654.1, (Reference [3.23]),
and is applied only for the foam material in Condition 1 of Table 3-3. The solar load for all other conditions
and components listed within Table 3-3 are performed using a steady-state solution.

Table 3-119 lists the maximum foam temperatures, as well as the FEA model nodes associated with the
maximum temperatures, for each transport package model. The time history temperature results are
presented in Figure 3-174 through Figure 3-177, which indicate the temperatures at which the maximum
foam temperature occurs, by model.

Table 3-119. Maximum Foam Temperature, 24-Hour Solar Heat Transient

Maximum Temperature
Model Node °C °F lllustration
AOS-025A 9952 94.4 202.0 Figure 3-174
AOS-050A 9413 116.6 241.9 Figure 3-175
AOS-100A 9079 110.6 231.1 Figure 3-176
AOS-100B 9079 110.5 230.9 Figure 3-177
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Figure 3-174. Maximum Decay Heat, 100°F Ambient, 24-Hour Transient
with 12-Hour Solar Heat and 12-Hour Cool-Down Cycle, Maximum Temperature
for Foam Inside Impact Limiter, Node 9952 — Model AOS-025A
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250. A05-050, Max Decay Heat With 12 Hour Sclar Heat
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Figure 3-175. Maximum Decay Heat, 100°F Ambient, 24-Hour Transient
with 12-Hour Solar Heat and 12-Hour Cool-Down Cycle, Maximum Temperature
for Foam Inside Impact Limiter, Node 9413 — Model AOS-050A
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Figure 3-176. Maximum Decay Heat, 100°F Ambient, 24-Hour Transient
with 12-Hour Solar Heat and 12-Hour Cool-Down Cycle, Maximum Temperature
for Foam Inside Impact Limiter, Node 9079 — Model AOS-100A
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250. A05-100B, Max Decay Heat With 12 Hour Solar Heat
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Figure 3-177. Maximum Decay Heat, 100°F Ambient, 24-Hour Transient
with 12-Hour Solar Heat and 12-Hour Cool-Down Cycle, Maximum Temperature
for Foam Inside Impact Limiter, Node 9079 — Model AOS-100B
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3.5.4.38 Impact Limiter Rib Study

A thermal analysis has been performed to evaluate the effect of including the rib properties (the ribs are
located within the impact limiter). The analysis results presented in configuration 1 do not include any
effects due to the ribs. The analysis presented here includes the ribs, by increasing the thickness of the
impact limiter inside shell by an amount equal to the volume of the ribs.

This comparative study includes the following two configurations:

e Configuration 1 — Impact limiter with no rib structure

¢ Configuration 2 — Impact limiter inner liner shell thicknesses revised to include
the total mass of all ribs

The Model AOS-025A, AOS-050A, AOS-100A, and AOS-100B transport packages are used in this study.
Loadings for Normal conditions of transport use Load Case 102, 100°F Ambient, Maximum Decay Heat,
Maximum Insolation. Loadings for Hypothetical Accident conditions of transport consider the 30-minute fire
with a 7.5-hour cool-down transient, Load Cases 111 and 112, respectively.

The results show that for all models analyzed, under Normal conditions of transport using additional
thickness in the impact limiter shell, the maximum component temperatures are consistently lower. Under
Hypothetical Accident conditions of transport, the maximum component temperatures are also consistently
lower, with a few exceptions. Conditions in which inclusion of ribs increased the temperature, experienced
an increase of no more than 6°F. The results provided in condition 1 are compared with results defined by
this analysis.

Table 3-120 lists the Configuration 1 and Configuration 2 thicknesses used in the analysis, by model, for
the inside plate and cylindrical/conical rings.

Table 3-120. Configuration 1 and Configuration 2 Inside Plate and Cylindrical/
Conical Ring Thicknesses — All Models

AOS-100A
AOS-025A AOS-050A AOS-100B
Revised, Revised, Revised,
Configuration 1 Configuration 2 Configuration 1 Configuration 2 Configuration 1 | Configuration 2
Component (-in) (-in) (-in) (-in) (-in) (-in)
Inside Plate 0.048 0.071 0.090 0.136 0.188 0.293
Cylindrical/ 0.027 0.044 0.050 0.081 0.105 0.172
Conical Rings
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3.5.4.8.1 Impact Limiter Rib Study Results — Model AOS-025A

This paragraph provides the study results for the Model AOS-025A transport package, with the inclusion of
the impact limiter ribs. Under Normal and Hypothetical Accident conditions of transport, the maximum
component temperatures are 3°F lower than what is reported in Configuration 1.

Normal conditions of transport — Comparative results between Configuration 1 and Configuration 2
maximum component temperatures are provided for Load Case 102 in Table 3-121.

Hypothetical Accident conditions of transport — Comparative results between Configuration 1 and
Configuration 2 maximum component temperatures are provided for the 30-minute fire transient in
Table 3-122. Comparative results between Configuration 1 and Configuration 2 maximum component
temperatures are provided for the 7.5-hour cool-down transient in Table 3-123.

Table 3-121. Maximum Component Temperatures, Normal Conditions of Transport —
Load Case 102, 100°F Ambient, Maximum Decay Heat, Maximum Insolation,
Model AOS-025A

for Model AOS-025, AOS-050, and AOS-100 Transport Packages, Rev. J, January 31, 2021 (Docket No. 71-9316)

Configuration 1 Configuration 2
Maximum Temperature Maximum Temperature
Component Node °C °F Node °C °F
Cask Outer Shell 662 1.2417E+02 2.5550E+02 684 1.2350E+02 2.5430E+02
Bottom Plate 3148 1.2367E+02 2.5460E+02 3145 1.2294E+02 2.5330E+02
Cask Lid 3233 1.2394E+02 2.5510E+02 3233 1.2328E+02 2.5390E+02
Cask Cavity Shell 4227 1.2506E+02 2.5710E+02 4227 1.2433E+02 2.5580E+02
Cask Lid Plug 5001 1.2556E+02 2.5800E+02 5001 1.2483E+02 2.5670E+02
Tungsten Alloy 6424 1.2433E+02 2.5580E+02 6376 1.2361E+02 2.5450E+02
Bottom Cavity 4227 1.2506E+02 2.5710E+02 4227 1.2433E+02 2.5580E+02
Side Cavity 4537 1.2472E+02 2.5650E+02 4467 1.2400E+02 2.5520E+02
Top Cavity 5001 1.2556E+02 2.5800E+02 5001 1.2483E+02 2.5670E+02
Cask Lid Seal Area 4995 1.2400E+02 2.5520E+02 4995 1.2333E+02 2.5400E+02
Cask Vent Port 2537 1.2394E+02 2.5510E+02 2537 1.2322E+02 2.5380E+02
Cask Drain Port 583 1.2372E+02 2.5470E+02 583 1.2306E+02 2.5350E+02
Test Port 3419 1.2394E+02 2.5510E+02 3419 1.2322E+02 2.5380E+02
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Table 3-122. Maximum Component Temperatures, Hypothetical Accident Conditions

of Transport — Load Case 111, Fire at 30 Minutes, 1,475°F Ambient,

Maximum Decay Heat, Model AOS-025A

Configuration 1

Configuration 2

Maximum Temperature

Maximum Temperature

Component Node °C °F Node °C °F
Cask Outer Shell 1712 1.4539E+02 2.9370E+02 1712 1.4378E+02 2.9080E+02
Bottom Plate 3120 1.3156E+02 2.6880E+02 3120 1.3078E+02 2.6740E+02
Cask Lid 3233 1.2828E+02 2.6290E+02 3233 1.2750E+02 2.6150E+02
Cask Cavity Shell 4417 1.3411E+02 2.7340E+02 4417 1.3333E+02 2.7200E+02
Cask Lid Plug 5011 1.3044E+02 2.6680E+02 5012 1.2967E+02 2.6540E+02
Tungsten Alloy 6696 1.3344E+02 2.7220E+02 6685 1.3267E+02 2.7080E+02
Bottom Cavity 4227 1.3333E+02 2.7200E+02 4227 1.3256E+02 2.7060E+02
Side Cavity 4417 1.3411E+02 2.7340E+02 4417 1.3333E+02 2.7200E+02
Top Cavity 5011 1.3044E+02 2.6680E+02 5012 1.2967E+02 2.6540E+02
Cask Lid Seal Area 4995 1.2817E+02 2.6270E+02 4995 1.2733E+02 2.6120E+02
Cask Vent Port 2537 1.2861E+02 2.6350E+02 2537 1.2783E+02 2.6210E+02
Cask Drain Port 583 1.3311E+02 2.7160E+02 583 1.3239E+02 2.7030E+02
Test Port 3419 1.2789E+02 2.6220E+02 3419 1.2711E+02 2.6080E+02

Table 3-123. Maximum Component Temperatures, Hypothetical Accident Conditions
of Transport — Load Case 112, 7.5-Hour Cool-Down Transient, Model AOS-025A

Configuration 1

Configuration 2

Maximum Temperature

Maximum Temperature

Component Node °C °F Node °C °F
Cask Outer Shell 1712 1.3839E+02 2.8110E+02 1712 1.3717E+02 2.7890E+02
Bottom Plate 3001 1.3711E+02 2.7880E+02 3001 1.3694E+02 2.7850E+02
Cask Lid 3233 1.3439E+02 2.7390E+02 3233 1.3444E+02 2.7400E+02
Cask Cavity Shell 4227 1.3583E+02 2.7650E+02 4227 1.3578E+02 2.7640E+02
Cask Lid Plug 5001 1.3594E+02 2.7670E+02 5001 1.3600E+02 2.7680E+02
Tungsten Alloy 6001 1.3533E+02 2.7560E+02 6001 1.3528E+02 2.7550E+02
Bottom Cavity 4227 1.3583E+02 2.7650E+02 4227 1.3578E+02 2.7640E+02
Side Cavity 4372 1.3522E+02 2.7540E+02 4372 1.3522E+02 2.7540E+02
Top Cavity 5001 1.3594E+02 2.7670E+02 5001 1.3600E+02 2.7680E+02
Cask Lid Seal Area 4995 1.3444E+02 2.7400E+02 4995 1.3450E+02 2.7410E+02
Cask Vent Port 2537 1.3433E+02 2.7380E+02 2537 1.3439E+02 2.7390E+02
Cask Drain Port 583 1.3544E+02 2.7580E+02 583 1.3522E+02 2.7540E+02
Test Port 3419 1.3433E+02 2.7380E+02 3419 1.3439E+02 2.7390E+02
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3.5.4.8.2 Impact Limiter Rib Study Results — Model AOS-050A

This paragraph provides the study results for the Model AOS-050A transport package, with the inclusion of
the impact limiter ribs.

Normal conditions of transport — The maximum component temperatures were 7°F lower than what is
reported in Configuration 1. Comparative results between Configuration 1 and Configuration 2 maximum
component temperatures are provided for Load Case 102 in Table 3-124.

Hypothetical Accident conditions of transport — Configuration 2 maximum component temperatures
are higher than or equal to the Configuration 1 values during the 7.5-hour cool-down period. At the region
exposed to the environment, the cask outer shell temperature is 6°F higher. Other maximum component
temperature differences are 3°F higher than the values presented for Configuration 1. Comparative results
between Configuration 1 and Configuration 2 maximum component temperatures are provided for the
30-minute fire transient in Table 3-125. Comparative results between Configuration 1 and Configuration 2
maximum component temperatures are provided for the 7.5-hour cool-down transient in Table 3-126.

Table 3-124. Maximum Component Temperatures, Normal Conditions of Transport -
Load Case 102, 100°F Ambient, Maximum Decay Heat, Maximum Insolation,
Model AOS-050A

for Model AOS-025, AOS-050, and AOS-100 Transport Packages, Rev. J, January 31, 2021 (Docket No. 71-9316)

Configuration 1 Configuration 2
Maximum Temperature Maximum Temperature
Component Node °C °F Node °C °F
Cask Outer Shell 606 1.4161E+02 2.8690E+02 606 1.3794E+02 2.8030E+02
Bottom Plate 3120 1.4128E+02 2.8630E+02 3002 1.3756E+02 2.7960E+02
Cask Lid 3233 1.4111E+02 2.8600E+02 3233 1.3728E+02 2.7910E+02
Cask Cavity Shell 4227 1.4650E+02 2.9570E+02 4227 1.4283E+02 2.8910E+02
Cask Lid Plug 5001 1.4800E+02 2.9840E+02 5001 1.4428E+02 2.9170E+02
Tungsten Alloy 6247 1.4244E+02 2.8840E+02 6247 1.3878E+02 2.8180E+02
Bottom Cavity 4227 1.4650E+02 2.9570E+02 4227 1.4283E+02 2.8910E+02
Side Cavity 4372 1.4439E+02 2.9190E+02 4372 1.4072E+02 2.8530E+02
Top Cavity 5001 1.4800E+02 2.9840E+02 5001 1.4428E+02 2.9170E+02
Cask Lid Seal Area 4995 1.4094E+02 2.8570E+02 4995 1.3711E+02 2.7880E+02
Cask Vent Port 2537 1.4022E+02 2.8440E+02 2537 1.3633E+02 2.7740E+02
Cask Drain Port 583 1.4089E+02 2.8560E+02 583 1.3717E+02 2.7890E+02
Test Port 3419 1.4089E+02 2.8560E+02 3419 1.3700E+02 2.7860E+02
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Table 3-125. Maximum Component Temperatures, Hypothetical Accident Conditions

of Transport — Load Case 111, Fire at 30 Minutes, 1,475°F Ambient,

Maximum Decay Heat, Model AOS-050A

Configuration 1

Configuration 2

Maximum Temperature

Maximum Temperature

Component Node °C °F Node °C °F
Cask Outer Shell 1888 4.1394E+02 7.7710E+02 1888 4.1683E+02 7.8230E+02
Bottom Plate 3120 1.7489E+02 3.4680E+02 3120 1.7256E+02 3.4260E+02
Cask Lid 3233 1.6972E+02 3.3750E+02 3233 1.6700E+02 3.3260E+02
Cask Cavity Shell 4536 2.4056E+02 4.6500E+02 4536 2.4100E+02 4.6580E+02
Cask Lid Plug 5012 1.9583E+02 3.8450E+02 5012 1.9450E+02 3.8210E+02
Tungsten Alloy 6949 2.5039E+02 4.8270E+02 6949 2.5111E+02 4.8400E+02
Bottom Cavity 4236 2.0144E+02 3.9460E+02 4236 2.0044E+02 3.9280E+02
Side Cavity 4532 2.4033E+02 4.6460E+02 4532 2.4072E+02 4.6530E+02
Top Cavity 5012 1.9583E+02 3.8450E+02 5012 1.9450E+02 3.8210E+02
Cask Lid Seal Area 4995 1.6933E+02 3.3680E+02 4995 1.6678E+02 3.3220E+02
Cask Vent Port 2537 1.9650E+02 3.8570E+02 2537 1.9617E+02 3.8510E+02
Cask Drain Port 583 1.9539E+02 3.8370E+02 583 1.9506E+02 3.8310E+02
Test Port 3419 1.6528E+02 3.2950E+02 3419 1.6233E+02 3.2420E+02

Table 3-126. Maximum Component Temperatures, Hypothetical Accident Conditions
of Transport — Load Case 112, 7.5-Hour Cool-Down Transient, Model AOS-050A

Configuration 1

Configuration 2

Maximum Temperature

Maximum Temperature

Component Node °C °F Node °C °F
Cask Outer Shell 1887 3.7294E+02 7.0330E+02 1887 3.7606E+02 7.0890E+02
Bottom Plate 3001 2.2383E+02 4.3490E+02 3001 2.2406E+02 4.3530E+02
Cask Lid 3329 2.2289E+02 4.3320E+02 3248 2.2289E+02 4.3320E+02
Cask Cavity Shell 4532 2.5939E+02 4.9890E+02 4532 2.6083E+02 5.0150E+02
Cask Lid Plug 5001 2.2972E+02 4.4550E+02 5001 2.2989E+02 4.4580E+02
Tungsten Alloy 6938 2.6200E+02 5.0360E+02 6938 2.6350E+02 5.0630E+02
Bottom Cavity 4236 2.3072E+02 4.4730E+02 4236 2.3128E+02 4.4830E+02
Side Cavity 4532 2.5939E+02 4.9890E+02 4532 2.6083E+02 5.0150E+02
Top Cavity 5001 2.2972E+02 4.4550E+02 5001 2.2989E+02 4.4580E+02
Cask Lid Seal Area 4995 2.2344E+02 4.3420E+02 4995 2.2350E+02 4.3430E+02
Cask Vent Port 2537 2.2494E+02 4.3690E+02 2537 2.2528E+02 4.3750E+02
Cask Drain Port 583 2.2689E+02 4.4040E+02 583 2.2722E+02 4.4100E+02
Test Port 3419 2.2272E+02 4.3290E+02 3419 2.2272E+02 4.3290E+02
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3.5.4.8.3 Impact Limiter Rib Study Results — Model AOS-100A

This paragraph provides the study results for the Model AOS-100A transport package, with the inclusion of
the impact limiter ribs. In this study, the Model AOS-100A is in a horizontal position. Under Normal and
Hypothetical Accident conditions of transport, Configuration 2 maximum component temperatures are 5°F
lower than what is reported for Configuration 1. The exception is at the cask vent port and cask drain port,
where the maximum temperatures are 2°F higher with the inclusion of the ribs.

Normal conditions of transport — Comparative results between Configuration 1 and Configuration 2
maximum component temperatures are provided for Load Case 102 in Table 3-127.

Hypothetical Accident conditions of transport — Comparative results between Configuration 1 and
Configuration 2 maximum component temperatures are provided for the 30-minute fire transient in
Table 3-128. Comparative results between Configuration 1 and Configuration 2 maximum component

temperatures are provided for the 7.5-hour cool-down transient in Table 3-129.

Table 3-127. Maximum Component Temperatures, Normal Conditions of Transport —

Load Case 102, 100°F Ambient, Maximum Decay Heat, Maximum Insolation,

Model AOS-100A

Configuration 1 Configuration 2
Maximum Temperature Maximum Temperature
Component Node °C °F Node °C °F
Cask Outer Shell 648 1.3744E+02 2.7940E+02 654 1.3489E+02 2.7480E+02
Bottom Plate 3103 1.3650E+02 2.7770E+02 3103 1.3361E+02 2.7250E+02
Cask Lid 3233 1.3711E+02 2.7880E+02 3233 1.3422E+02 2.7360E+02
Cask Cavity Shell 4227 1.4678E+02 2.9620E+02 4227 1.4411E+02 2.9140E+02
Cask Lid Plug 5001 1.5017E+02 3.0230E+02 5001 1.4750E+02 2.9750E+02
Tungsten Alloy 7552 1.3911E+02 2.8240E+02 6384 1.3644E+02 2.7760E+02
Bottom Cavity 4227 1.4678E+02 2.9620E+02 4227 1.4411E+02 2.9140E+02
Side Cavity 4372 1.4283E+02 2.8910E+02 4372 1.4017E+02 2.8430E+02
Top Cavity 5001 1.5017E+02 3.0230E+02 5001 1.4750E+02 2.9750E+02
Cask Lid Seal Area 4995 1.3667E+02 2.7800E+02 4995 1.3383E+02 2.7290E+02
Cask Vent Port 2537 1.3494E+02 2.7490E+02 2537 1.3206E+02 2.6970E+02
Cask Drain Port 583 1.3494E+02 2.7490E+02 583 1.3206E+02 2.6970E+02
Test Port 3419 1.3656E+02 2.7780E+02 3419 1.3367E+02 2.7260E+02
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Table 3-128. Maximum Component Temperatures, Hypothetical Accident Conditions

of Transport — Load Case 111, Fire at 30 Minutes, 1,475°F Ambient,

Maximum Decay Heat, Model AOS-100A

Configuration 1

Configuration 2

Maximum Temperature

Maximum Temperature

Component Node °C °F Node °C °F
Cask Outer Shell 1888 4.5794E+02 8.5630E+02 1888 4.5656E+02 8.5380E+02
Bottom Plate 3120 1.3972E+02 2.8350E+02 3120 1.3694E+02 2.7850E+02
Cask Lid 3233 1.3889E+02 2.8200E+02 3233 1.3606E+02 2.7690E+02
Cask Cavity Shell 4531 1.7017E+02 3.3830E+02 4531 1.6772E+02 3.3390E+02
Cask Lid Plug 5012 1.5039E+02 3.0270E+02 5012 1.4778E+02 2.9800E+02
Tungsten Alloy 6949 1.8244E+02 3.6040E+02 6938 1.8000E+02 3.5600E+02
Bottom Cavity 4236 1.5161E+02 3.0490E+02 4236 1.4906E+02 3.0030E+02
Side Cavity 4527 1.6944E+02 3.3700E+02 4527 1.6700E+02 3.3260E+02
Top Cavity 5012 1.5039E+02 3.0270E+02 5012 1.4778E+02 2.9800E+02
Cask Lid Seal Area 4995 1.3850E+02 2.8130E+02 4995 1.3572E+02 2.7630E+02
Cask Vent Port 2537 1.8711E+02 3.6880E+02 2537 1.8811E+02 3.7060E+02
Cask Drain Port 583 1.8389E+02 3.6300E+02 583 1.8467E+02 3.6440E+02
Test Port 3419 1.3733E+02 2.7920E+02 3419 1.3450E+02 2.7410E+02

Table 3-129. Maximum Component Temperatures, Hypothetical Accident Conditions
of Transport — Load Case 112, 7.5-Hour Cool-Down Transient, Model AOS-100A

Configuration 1

Configuration 2

Maximum Temperature

Maximum Temperature

Component Node °C °F Node °C °F
Cask Outer Shell 1888 4.2156E+02 7.9080E+02 1888 4.2011E+02 7.8820E+02
Bottom Plate 3120 1.9622E+02 3.8520E+02 3103 1.9417E+02 3.8150E+02
Cask Lid 3233 1.9756E+02 3.8760E+02 3233 1.9561E+02 3.8410E+02
Cask Cavity Shell 4532 2.3867E+02 4.6160E+02 4532 2.3756E+02 4.5960E+02
Cask Lid Plug 5001 2.1067E+02 4.1120E+02 5001 2.0906E+02 4.0830E+02
Tungsten Alloy 6949 2.3817E+02 4.6070E+02 6938 2.3694E+02 4.5850E+02
Bottom Cavity 4236 2.0928E+02 4.0870E+02 4236 2.0806E+02 4.0650E+02
Side Cavity 4532 2.3867E+02 4.6160E+02 4532 2.3756E+02 4.5960E+02
Top Cavity 5001 2.1067E+02 4.1120E+02 5001 2.0906E+02 4.0830E+02
Cask Lid Seal Area 4995 1.9811E+02 3.8860E+02 4995 1.9628E+02 3.8530E+02
Cask Vent Port 2537 1.9989E+02 3.9180E+02 2537 1.9894E+02 3.9010E+02
Cask Drain Port 583 2.0100E+02 3.9380E+02 583 1.9944E+02 3.9100E+02
Test Port 3419 1.9717E+02 3.8690E+02 3419 1.9517E+02 3.8330E+02
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3.5.4.8.4 Impact Limiter Rib Study Results — Model AOS-100B

This paragraph provides the study results for the Model AOS-100B transport package, with the inclusion of
the impact limiter ribs. In this study, the Model AOS-100B is in a horizontal position. Under Normal and
Hypothetical Accident conditions of transport, Configuration 2 maximum component temperatures are 5°F
lower than what is reported for Configuration 1. The exception is at the cask vent port and cask drain port,
where the maximum temperatures are 2°F higher with the inclusion of the ribs.

Normal conditions of transport — Comparative results between Configuration 1 and Configuration 2
maximum component temperatures are provided for Load Case 102 in Table 3-130.

Hypothetical Accident conditions of transport — Comparative results between Configuration 1 and
Configuration 2 maximum component temperatures are provided for the 30-minute fire transient in
Table 3-131. Comparative results between Configuration 1 and Configuration 2 maximum component
temperatures are provided for the 7.5-hour cool-down transient in Table 3-132.

Table 3-130. Maximum Component Temperatures, Normal Conditions of Transport —
Load Case 102, 100°F Ambient, Maximum Decay Heat, Maximum Insolation,
Model AOS-100B

for Model AOS-025, AOS-050, and AOS-100 Transport Packages, Rev. J, January 31, 2021 (Docket No. 71-9316)

Configuration 1 Configuration 2
Maximum Temperature Maximum Temperature
Component Node °C °F Node °C °F
Cask Outer Shell 644 1.3744E+02 2.7940E+02 650 1.3489E+02 2.7480E+02
Bottom Plate 3120 1.3656E+02 2.7780E+02 3120 1.3367E+02 2.7260E+02
Cask Lid 3233 1.3711E+02 2.7880E+02 3233 1.3422E+02 2.7360E+02
Cask Cavity Shell 4227 1.4694E+02 2.9650E+02 4227 1.4428E+02 2.9170E+02
Cask Lid Plug 5001 1.5033E+02 3.0260E+02 5001 1.4761E+02 2.9770E+02
Carbon Steel 6384 1.3939E+02 2.8290E+02 6408 1.3683E+02 2.7830E+02
Bottom Cavity 4227 1.4694E+02 2.9650E+02 4227 1.4428E+02 2.9170E+02
Side Cavity 4372 1.4306E+02 2.8950E+02 4472 1.4050E+02 2.8490E+02
Top Cavity 5001 1.5033E+02 3.0260E+02 5001 1.4761E+02 2.9770E+02
Cask Lid Seal Area 4995 1.3667E+02 2.7800E+02 4995 1.3383E+02 2.7290E+02
Cask Vent Port 2537 1.3494E+02 2.7490E+02 2537 1.3206E+02 2.6970E+02
Cask Drain Port 583 1.3494E+02 2.7490E+02 583 1.3206E+02 2.6970E+02
Test Port 3419 1.3656E+02 2.7780E+02 3419 1.3367E+02 2.7260E+02
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Table 3-131. Maximum Component Temperatures, Hypothetical Accident Conditions
of Transport — Load Case 111, Fire at 30 Minutes, 1,475°F Ambient,
Maximum Decay Heat, Model AOS-100B

Configuration 1 Configuration 2
Maximum Temperature Maximum Temperature
Component Node °C °F Node °C °F
Cask Outer Shell 1888 4.5789E+02 8.5620E+02 1888 4.5650E+02 8.5370E+02
Bottom Plate 3120 1.3872E+02 2.8170E+02 3120 1.3594E+02 2.7670E+02
Cask Lid 3360 1.3850E+02 2.8130E+02 3360 1.3572E+02 2.7630E+02
Cask Cavity Shell 4536 1.6428E+02 3.2770E+02 4531 1.6178E+02 3.2320E+02
Cask Lid Plug 5001 1.4983E+02 3.0170E+02 5001 1.4717E+02 2.9690E+02
Carbon Steel 6949 1.8072E+02 3.5730E+02 6949 1.7828E+02 3.5290E+02
Bottom Cavity 4236 1.4844E+02 2.9920E+02 4236 1.4589E+02 2.9460E+02
Side Cavity 4527 1.6383E+02 3.2690E+02 4527 1.6139E+02 3.2250E+02
Top Cavity 5001 1.4983E+02 3.0170E+02 5001 1.4717E+02 2.9690E+02
Cask Lid Seal Area 4995 1.3833E+02 2.8100E+02 4995 1.3556E+02 2.7600E+02
Cask Vent Port 2537 1.8706E+02 3.6870E+02 2537 1.8806E+02 3.7050E+02
Cask Drain Port 583 1.8389E+02 3.6300E+02 583 1.8461E+02 3.6430E+02
Test Port 3419 1.3722E+02 2.7900E+02 3419 1.3439E+02 2.7390E+02

Table 3-132. Maximum Component Temperatures, Hypothetical Accident Conditions
of Transport — Load Case 112, 7.5-Hour Cool-Down Transient, Model AOS-100B

Configuration 1

Configuration 2

Maximum Temperature

Maximum Temperature

Component Node °C °F Node °C °F
Cask Outer Shell 1888 4.2150E+02 7.9070E+02 1877 4.2006E+02 7.8810E+02
Bottom Plate 3120 1.9367E+02 3.8060E+02 3120 1.9161E+02 3.7690E+02
Cask Lid 3233 1.9472E+02 3.8250E+02 3233 1.9272E+02 3.7890E+02
Cask Cavity Shell 4527 2.3367E+02 4.5260E+02 4532 2.3250E+02 4.5050E+02
Cask Lid Plug 5001 2.0794E+02 4.0630E+02 5001 2.0628E+02 4.0330E+02
Carbon Steel 6949 2.3383E+02 4.5290E+02 6949 2.3256E+02 4.5060E+02
Bottom Cavity 4227 2.0628E+02 4.0330E+02 4227 2.0483E+02 4.0070E+02
Side Cavity 4527 2.3367E+02 4.5260E+02 4532 2.3250E+02 4.5050E+02
Top Cavity 5001 2.0794E+02 4.0630E+02 5001 2.0628E+02 4.0330E+02
Cask Lid Seal Area 4995 1.9533E+02 3.8360E+02 4995 1.9344E+02 3.8020E+02
Cask Vent Port 2537 1.9794E+02 3.8830E+02 2537 1.9861E+02 3.8950E+02
Cask Drain Port 583 1.9811E+02 3.8860E+02 583 1.9656E+02 3.8580E+02
Test Port 3419 1.9439E+02 3.8190E+02 3419 1.9239E+02 3.7830E+02
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3.54.9 Sensitivity Study — Foam Properties
3.5.4.9.1 Density

An analysis has been performed to determine the effect of varying the foam density property. The analysis
consisted of an initial steady state, followed with a 30-minute fire environment at 1,475°F solution. Three
(3) solutions were made, with different foam density values:

¢ Nominal

* 115% of the nominal

¢ 85% of the nominal

Table 3-133 lists the results for these three (3) foam density values. The Model AOS-100A transport
package was used for this analysis, with a geometry containing the deformation due to a 30-ft. Head-On
Drop. In this study, the Model AOS-100A cask is in a horizontal position.

Table 3-133. Foam Density Properties — Nominal, 115% Nominal, and 85% Nominal,
Model AOS-100A

Density Conductivity
Solution Description Impact Limiter pcf pci Btu/hr-ft>-°F/in | Btu/hr-in-°F
Lower 12 0.00694 0.241 0.00167
1 Nominal
Upper 14.6 0.00845 0.277 0.00192
Lower 13.8 0.00799 0.266 0.00185
2 115% Nominal
Upper 16.79 0.00972 0.307 0.00213
] Lower 10.2 0.00590 0.216 0.00150
3 85% Nominal
Upper 12.41 0.00718 0.246 0.00171
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Results show maximum cask component temperatures are all within 1°F of nominal density results. The
maximum component temperatures within the impact limiter are lower by 1°F when the higher density
value (115% nominal) is used. In contrast, the maximum component temperatures within the impact limiter
are higher by 1°F when the lower density value (85% nominal) is used. Comparative results between the
three (3) solutions are provided in Table 3-134.

Table 3-134. Comparison of Maximum Component Temperatures with Varying Foam Densities —

Model AOS-100A

115%
Nominal Nominal 85% Nominal
Maximum Maximum Maximum
Temperature Temperature Temperature
Component Node (°F) Node (°F) Node (°F)
Cask Outer Shell 1888 8.5630E+02 1888 8.5600E+02 1877 8.5650E+02
Bottom Plate 3120 2.8350E+02 3120 2.8300E+02 3120 2.8390E+02
Cask Lid 3233 2.8200E+02 3233 2.8140E+02 3233 2.8250E+02
Cask Cavity Shell 4531 3.3830E+02 4536 3.3790E+02 4536 3.3880E+02
Cask Lid Plug 5012 3.0270E+02 5012 3.0220E+02 5012 3.0320E+02
Tungsten Alloy 6949 3.6040E+02 6938 3.5990E+02 6938 3.6080E+02
Bottom Cavity 4236 3.0490E+02 4236 3.0440E+02 4236 3.0540E+02
Side Cavity 4527 3.3700E+02 4527 3.3660E+02 4532 3.3750E+02
Top Cavity 5012 3.0270E+02 5012 3.0220E+02 5012 3.0320E+02
Cask Lid Seal Area 4995 2.8130E+02 4995 2.8080E+02 4995 2.8190E+02
Cask Vent Port 2537 3.6880E+02 2537 3.6810E+02 2537 3.6950E+02
Cask Drain Port 583 3.6300E+02 583 3.6230E+02 583 3.6370E+02
Test Port 3419 2.7920E+02 3419 2.7870E+02 3419 2.7980E+02
Impact Limiter, Foam 8673 1.4720E+03 8673 1.4710E+03 8673 1.4720E+03
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3.5.4.9.2 Specific Heat

An analysis has been performed to determine the effect of varying the specific heat property of the foam
material. The analysis consisted of an initial steady state, followed with a 30-minute fire environment at
1,475°F solution. Three (3) solutions were made, with different foam specific heat values:

¢ Nominal

¢ 120% of the nominal

* 80% of the nominal

Table 3-135 lists the results for these three (3) foam specific heat values. The Model AOS-100A
transport package was used for this analysis, with a geometry containing the deformation due to a
30-ft. Head-On Drop.

Table 3-135. Nominal, 115% Nominal, and 80% Nominal Foam Specific Heat Properties —
Model AOS-100A

Specific Heat
Solution Description Btu/lb-°F
1 Nominal, Cp 0.00167
2 120% Nominal, Cp 0.00185
3 80% Nominal, Cp 0.00150
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Results show that the maximum cask component temperatures are all within 1°F of nominal results. The
maximum component temperatures are slightly lower when a higher specific heat value is used. In
contrast, the maximum component temperatures are slightly higher when a lower specific heat value is
used. Comparative results between the three (3) solutions are provided in Table 3-136.

Table 3-136. Comparison of Maximum Component Temperatures with Varying Specific Heat

Values — Model AOS-100A

120%
Nominal Nominal 80% Nominal
Maximum Maximum Maximum
Temperature Temperature Temperature
Component Node (°F) Node (°F) Node (°F)
Cask Outer Shell 1888 8.5630E+02 1877 8.5620E+02 1888 8.5630E+02
Bottom Plate 3120 2.8350E+02 3120 2.8350E+02 3120 2.8350E+02
Cask Lid 3233 2.8200E+02 3233 2.8190E+02 3233 2.8200E+02
Cask Cavity Shell 4531 3.3830E+02 4531 3.3830E+02 4531 3.3830E+02
Cask Lid Plug 5012 3.0270E+02 5012 3.0260E+02 5012 3.0270E+02
Tungsten Alloy 6949 3.6040E+02 6949 3.6040E+02 6938 3.6040E+02
Bottom Cavity 4236 3.0490E+02 4236 3.0490E+02 4236 3.0490E+02
Side Cavity 4527 3.3700E+02 4527 3.3700E+02 4532 3.3710E+02
Top Cavity 5012 3.0270E+02 5012 3.0260E+02 5012 3.0270E+02
Cask Lid Seal Area 4995 2.8130E+02 4995 2.8130E+02 4995 2.8140E+02
Cask Vent Port 2537 3.6880E+02 2537 3.6860E+02 2537 3.6910E+02
Cask Drain Port 583 3.6300E+02 583 3.6280E+02 583 3.6320E+02
Test Port 3419 2.7920E+02 3419 2.7920E+02 3419 2.7920E+02
Impact Limiter, Foam 8673 1.4720E+03 8673 1.4710E+03 8673 1.4720E+03
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3.5.5 LIBRA File Input Showing Material Property Assignation

TI Load Case_111 - 100F Ambient, Max Decay Heat, max Insolation

*

mc 12 31 32 33 34

cnd 1 0.0, 0.0, 0.0
cnd 2 8.1185, 0.0, 0.0
cnd 3 13.688, 0.0, 0.0
cnd 103 13.70, 0.0, 0.0
cnd 4 18.10, 0.0, 0.0
cnd 104 18.10, 0.0, 0.0
cnd 5 19.88, 0.0, 0.0
cnd 6 0.0, 3.22, 0.0
cnd 106 0.0, 3.226, 0.0
cnd 7 4.6058, 3.226, 0.0
cnd 8 6.6528, 3.226, 0.0
cnd 9 8.188, 3.226, 0.0
cnd 109 8.25, 3.22, 0.0
cnd 1009 8.25, 3.226, 0.0
cnd 10 13.688, 3.22, 0.0
cnd 110 13.688, 3.226, 0.0
cnd 1010 13.70, 3.22, 0.0
cnd 11 18.10, 3.22, 0.0
cnd 111 18.10, 3.22, 0.0
cnd 12 19.6, 3.22, 0.0
cnd 13 23.1, 3.22, 0.0
cnd 14 0.0, 10.446, 0.0
cnd 114 0.0, 10.456, 0.0
cnd 15 5.36, 10.446, 0.0
cnd 115 5.36, 10.456, 0.0
cnd 16 6.725, 10.446, 0.0
cnd 116 6.725, 10.456, 0.0
cnd 17 8.188, 10.446, 0.0
cnd 117 8.25, 10.456, 0.0
cnd 18 13.1936,9.661, 0.0
cnd 19 13.688, 9.5815, 0.0
cnd 20 5.36, 12.024, 0.0
cnd 21 6.725, 11.70, 0.0
cnd 121 6.730, 11.763, 0.0
cnd 22 8.25, 11.70, 0.0
cnd 122 8.25, 11.763, 0.0
cnd 23 13.20, 11.70, 0.0
cnd 123 13.075, 11.763, 0.0
cnd 1023 13.20, 11.71, 0.0
cnd 24 13.688, 11.70, 0.0
cnd 124 13.70, 11.71, 0.0
cnd 25 18.10, 11.71, 0.0
cnd 125 18.10, 11.71, 0.0
cnd 26 23.10, 11.71, 0.0
cnd 27 0.0, 13.20, 0.0
cnd 28 5.36, 13.20, 0.0
cnd 29 6.725, 13.20, 0.0
cnd 129 6.730, 13.20, 0.0
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cnd 30 8.25, 13.20, 0.0
cnd 31 13.075, 13.2262, 0.0
cnd 51 0.0, 46.20, 0.0
cnd 52 5.344, 46.20, 0.0
cnd 152 5.36, 46.20, 0.0
cnd 53 6.725, 46.20, 0.0
cnd 153 6.730, 46.20, 0.0
cnd 54 8.25, 46.20, 0.0
cnd 55 10.18, 46.20, 0.0
cnd 56 13.075, 46.20, 0.0
cnd 57 0.0, 47.70, 0.0
cnd 58 5.344, 47.70, 0.0
cnd 158 5.36, 47.70, 0.0
cnd 59 6.725, 47.70, 0.0
cnd 159 6.730, 47.637, 0.0
cnd 60 8.25, 47.637, 0.0
cnd 160 8.25, 47.70, 0.0
cnd 61 9.125, 47.637, 0.0
cnd 161 9.125, 47.70, 0.0
cnd 62 13.075, 47.637, 0.0
cnd 162 13.20, 47.69, 0.0
cnd 1062 13.20, 47.70, 0.0
cnd 63 13.688, 47.70, 0.0
cnd 163 13.70, 47.69, 0.0
cnd 64 18.10, 47.69, 0.0
cnd 164 18.10, 47.69, 0.0
cnd 65 23.10, 47.69, 0.0
cnd 66 0.0, 48.327, 0.0
cnd 67 5.344, 48.327, 0.0
cnd 167 5.36, 48.317, 0.0
cnd 68 6.725, 48.317, 0.0
cnd 168 6.725, 48.327, 0.0
cnd 69 8.25, 48.317, 0.0
cnd 169 8.25, 48.327, 0.0
cnd 70 9.125, 48.317, 0.0
cnd 170 9.075, 48.327, 0.0
cnd 71 13.0361,49.16566,0.0
cnd 72 13.688, 49.3071, 0.0
cnd 73 0.0, 48.944, 0.0
cnd 173 0.0, 48.954, 0.0
cnd 74 5.344, 48.944, 0.0
cnd 174 5.344, 48.954, 0.0
cnd 75 6.96914, 48.944, 0.0
cnd 76 8.188, 48.954, 0.0
cnd 176 8.25, 48.944, 0.0
cnd 78 9.075, 48.944, 0.0
cnd 178 9.125, 48.944, 0.0
cnd 79 13.688, 50.9243, 0.0
cnd 80 0.0, 56.174, 0.0
cnd 180 0.0, 56.18, 0.0
cnd 81 5.0417, 56.174, 0.0
cnd 82 8.188, 56.174, 0.0
cnd 182 8.25, 56.18, 0.0
cnd 83 9.075, 56.18, 0.0
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cnd 183 9.125, 56.174,
cnd 1083 9.125, 56.18,
cnd 84 13.688, 56.174,
cnd 184 13.688, 56.18,
cnd 1084 13.70, 56.18,
cnd 85 18.10, 56.18,
cnd 185 18.10, 56.18,
cnd 86 19.60, 56.18,
cnd 87 23.1, 56.18,
cnd 88 0.0, 56.862,
cnd 188 0.0, 56.893,
cnd 89 8.25, 56.862,
cnd 189 8.25, 56.893,
cnd 90 9.075, 56.862,
cnd 190 9.125, 56.893,
cnd 92 13.688, 57.5657,
cnd 93 0.0, 59.40,
cnd 94 8.496, 59.40,
cnd 95 10.384, 59.40,
cnd 96 13.688, 59.40,
cnd 196 13.70, 59.40,
cnd 97 18.10, 59.40,
cnd 197 18.10, 59.40,
cnd 98 19.88, 59.40,
cnd 401 5.36, 42 .2,

cnd 402 6.725, 42 .2,
cnd 403 5.36, 43 .2,

cnd 404 6.725, 43.2,

* impact limiter

cnd 201 0.0, -.02,
cnd 202 0.0, -14.19,
cnd 203 13.70, -.02,
cnd 204 13.35, -14.19,
cnd 205 13.35, -22.39,
cnd 2050 14.101, -22.251,
cnd 206 18.10, -.02,
cnd 207 20.0442, -7.4535,
cnd 2080 21.856, -20.333,
cnd 209 19.92, -.02,
cnd 210 22.2703, -5.2050,
cnd 211 28.66, -17.896,
cnd 2110 31.125, -16.825,
cnd 212 26.1625, -3.0625,
cnd 213 33.198, -15.66,
cnd 214 23.3, 3.18,
cnd 215 30., .8180,

cnd 216 33.198, -.38,
cnd 217 23.3, 11.71,
cnd 218 30., 11.71,

cnd 219 33.198, 11.71,
cnd 220 23.3, 16.71,
cnd 221 30., 16.71,

cnd 222 33.198, 16.71,
cnd 223 23.3, 42.69,
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cnd 224 31.6, 42.69, 0.0

cnd 225 33.198, 42.69, 0.0
cnd 226 23.3, 47.69, 0.0
cnd 227 31.6, 47.69, 0.0
cnd 228 33.198, 47.69, 0.0
cnd 229 23.3, 56.22, 0.0
cnd 230 31.6, 64., 0.0
cnd 231 33.198, 65.14, 0.0
cnd 234 19.92, 59.42, 0.0
cnd 237 18.10, 59.42, 0.0
cnd 240 13.70, 59.42, 0.0
cnd 241 16.35, 72.06, 0.0
cnd 243 0.0, 59.42, 0.0
cnd 244 0.0, 72.06, 0.0
cnd 301 0.0, -12.7, 0.0
cnd 302 13.35, -12.7, 0.0
cnd 303 14.85, -12.7, 0.0
cnd 304 14.85, -14.19, 0.0
cnd 305 13.35, -20.9, 0.0
cnd 306 14.85, -20.9, 0.0
cnd 307 14.85, -22.103, 0.0
cnd 308 27.9, -16.3, 0.0
cnd 309 31.9, -14, 0.0
cnd 310 31.9, 0.2, 0.0
cnd 311 31.9, 11.71, 0.0
cnd 312 23.3, 15.21, 0.0
cnd 313 30., 15.21, 0.0
cnd 314 31.9, 15.21, 0.0
cnd 315 33.198, 15.21, 0.0
cnd 316 31.9, 16.71, 0.0
cnd 320 0.0, 70.5, 0.0
cnd 321 16.3, 70.5, 0.0
cnd 323 25.28, 72.06, 0.0
cnd 324 23.7, 70.5, 0.0
cnd 325 23.3, 44.2, 0.0
cnd 326 31.6, 44.2, 0.0
cnd 327 33.198, 44.2, 0.0
* node/element range
* part 1 Outside Stainless Steel shell 101 - 3000 - 101/1
* part 2 Top?? plates 3001 - 4000 - 102/2
* part 3 cavity Inside shell 4001 - 5000 - 103/3
* part 4 Inside plug 5001 - 6000 - 104/4
* part 5 Tungsten alloy cylinder 6001 - 8000 - 105/5
*  impact limiter foam 8001 - 17275 - 106/6
* part 1 Outside ss shell, prop/mat=101/1
G10
10,8, 101,101, 34,101,,1 Identify the NM for the Element that creates.
103,4,11,1010 See G10 record, attached.
-1
G10
4,8, -1,-1, 34,101, ,1
104,5,12,111
-1
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G9
8,8,8, -1,-1,

5,13,12
-1
G10
10,17, -1,-1,

1010,11,25,124
-1
G10

11,17, -1,-1,

111,13,26,125
-1

G10
2,73, -1,-1,
1023,124,163,162
-1
G10

10,73, -1,-1,
124,25,64,163
-1
G10
11,73, -1,-1,
125,26,65,164
-1
G10
10,22, -1,-1,
163,64,85,1084
-1
G10
11,22, -1,-1,
164,65,87,185
-1
G10
10,8, -1,-1,
1084,85,97,196
-1
G10
4,8, -1,-1,
185,86,98,197
-1

31,34,101,,1

34,101,,1
34,101,,1
34,101,,1
34,101,,1
34,101,,1
34,101,,1
34,101,,1
34,101,,1
34,101,,1

31,34,101,,1

* bottom cover plate , prop/mat 102/2

G9
8,8,8, -1,-1,
87,98,86

-1

* part 2

G10
17,8, 3001,3001,
1,2,109,6

-1

G10
12,8, -1,-1,
2,3,10,109

-1
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* 1i1id cover plate

G10
19,5, -1,-1, 34,102,,1
188,189,94,93

-1

G10
5,5, -1,-1, 34,102,,1
189,190,95,94

-1

G10
8,4, -1,-1, 34,102,,1
1083,184,92,190

-1

G10
8,5, -1,-1, 34,102,,1
190,92,96,95

-1

* part 3 cavity inside shell, prop/mat 103/3
G10
12,13, 4001,4001, 34,103,,1
1009,110,19,117

-1

G10
10,8, -1,-1, 34,103,,1
114,115,28,27

-1

G10
5,5, -1,-1, 34,103,,1
115,116,21,20

-1

G10
4,5, -1,-1, 34,103,,1
116,117,22,21

-1

G10
11,5, -1,-1, 34,103,,1
117,18,23,22

-1

G10
2,5, -1,-1, 34,103,,1
18,19,24,23

-1

G10
5,4, -1,-1, 34,103,,1
20,21,29,28

-1

G10
5,59, -1,-1, 34,103,,1
28,29,402,401

-1

G10
5,3, -1,-1, 34,103,,1
401,402,404,403

-1
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G10
5,7, -1,-1,
403,404,53,152
-1
G10
5,4, -1,-1,
152,53,59,158
-1
G10
5,5, -1,-1,
158,59,68,167
-1
G10
4,5, -1,-1,
59,160,69,68
-1
G10
5,5, -1,-1,
160,161,70,69
-1
G10
7,5, -1,-1,
161,1062,71,70
-1
G10
2,5, -1,-1,
1062,63,72,71
-1
G10
8,5, -1,-1,
70,72,79,178
-1
G10
8,14, -1,-1,
178,79,84,183
-1

34,103,,1
34,103,,1
34,103,,1
34,103,,1
34,103,,1
34,103,,1
34,103,,1
34,103,,1
34,103,,1

* part 4 - plug cylinder shell, prop/mat-104/4

*

G10
12,4, 5001,5001, 34,104,,1
51,52,58,57

-1

G10
12,5, -1,-1, 34,104,,1
57,58,67,66

-1

G10
12,5, -1,-1, 34,104,,1
66,67,74,73

-1

G10
5,5, -1,-1, 34,104,,1
67,168,75,74

-1
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G10

4,5, -1,-1, 34,104,,1
168,169,176,75

-1

G10
5,5, -1,-1, 34,104, ,1
169,170,78,176

-1

G10
5,14, -1,-1, 34,104, ,1
176,78,83,182

-1

G10
19,4, -1,-1, 34,104,,1
180,182,89,88

-1

G10
5,4, -1,-1, 34,104, ,1
182,83,90,89

-1

* part 5 Tungsten alloy, prop/mat=105/5
* Tungsten alloy at bottom
G10
10,13, 6001,6001, 34,105,,1
106,7,15,14

-1
G10
5,13, -1,-1, 34,105, ,1
7,8,16,15
-1
G10
4,13, -1,-1, 34,105, ,1
8,9,17,16
-1
* side tungsten alloy
G10
4,4, -1,-1, 34,105, ,1
121,122,30,129
-1
G10
11,4, -1,-1, 34,105, ,1
122,123,31,30
-1
G10
4,67, -1,-1, 34,105, ,1
129,30,54,153
-1
G10
11,67, -1,-1, 34,105, ,1
30,31,56,54
-1
G10
4,4, -1,-1, 34,105, ,1

153,54,60,159
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-1

G10
5,4, -1,-1, 34,105, ,1
54,55,61,60

-1

G10
7,4, -1,-1, 34,105, ,1
55,56,62,61

-1

*  Tungsten alloy in plug

G10
12,14, -1,-1, 34,105, ,1
173,174,81,80

-1

G10
8,14, -1,-1, 34,105, ,1
174,76,82,81

-1

*
* impact limiter
* bottom section

G10
28,8, 8001,8001, 34,106,,1
301,302,203,201

-1

G10
28,16, -1,-1, 34,106,,1
202,204,302,301

-1

G10
16,16, -1,-1, 34,106, ,1
205,307,306,305
5,2050

-1

G10
16,6, -1,-1, 34,106, ,1
305,306,304,204

-1

G10
16,16, -1,-1, 34,106, ,1
204,304,303,302

-1

g8

16,8,10,8 -1,-1, 31,34,106,,1

302,303,206,203

-1

G8
11,7,11,16 -1,-1, 31,34,106,,1
304,308,210,303

-1

G9
8,8,8 -1,-1, 31,34,106,,1
206,303,207

-1
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G10
4,8 -1,-1, 34,106, ,1
207,210,209,206

-1

G9
6,11,11 -1,-1, 31,34,106,,1
304,306,308

-1

G10
11,16 -1,-1, 34,106,,1
307,211,308,306
5,2080

-1

G9
8,8,8 -1,-1, 31,34,106,,1
214,209,212

G9
8,8,8 -1,-1, 31,34,106,,1
209,210,212

-1

G9
8,8,8 -1,-1, 31,34,106,,1
212,215,214

-1

G10
8,16, -1,-1, 34,106, ,1
211,213,309,308
5,2110

-1

G10
8,7, -1,-1, 34,106, ,1
308,309,212,210

-1

G10
8,16, -1,-1, 34,106, ,1
213,216,310,309

-1

G10
8,7, -1,-1, 34,106, ,1
309,310,215,212

-1

G10
17,16 -1,-1, 34,106, ,1
216,219,311,310

-1

G10
17,7 -1,-1, 34,106, ,1
310,311,218,215

-1

G10
17,8 -1,-1, 34,106,,1
215,218,217,214

-1
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G10

8,16 -1,-1, 34,106, ,1
219,315,314,311

-1

G10
8,7 -1,-1, 34,106, ,1
311,314,313,218

-1

G10
8,8 -1,-1, 34,106, ,1
218,313,312,217

-1

G10
16,16 -1,-1, 34,106, ,1
315,222,316,314

-1

G10
16,7 -1,-1, 34,106, ,1
314,316,221,313

-1

G10
16,8 -1,-1, 34,106, ,1
313,221,220,312

-1

* top section

G10
30,16, 15001,15001, 34,1060, ,1
320,321,241,244

-1

G10
30,8, -1,-1, 34,1060, ,1
243,240,321,320

-1

G10
10,16, -1,-1, 34,1060, ,1
321,324,323,241

-1

G10
10,8, -1,-1, 34,1060, ,1

240,237,324,321
-1

G9
4,8,8, -1,-1,
237,234,324

-1

G10
8,16 -1,-1,

324,230,231,323
-1
G10

8,8 -1,-1,

234,229,230,324
-1
G10
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-1

G10

-1

G10

-1

G10

-1

G10

-1

G10

-1

scale

*

22,16 -1,-1,
230,227,228,231

22,8 -1,-1,
227,230,229,226

8,16 -1,-1,
227,326,327,228

8,8 -1,-1,
326,227,226,325

16,16 -1,-1,
326,224,225,327

8,16 -1,-1,
223,224,326,325

0.606061,,101,17275
interface surface 1D elements,

34,1060, ,1

34,1060, ,1
34,1060, ,1
34,1060, ,1
34,1060, ,1
34,1060, ,1
type 33

* el,#,type,prop,nl,n2,total, incrl, incr2
* tungsten alloy gaps pr=151 pressure contact,1l52=steel wool
* Dbottom 0.0 gaps

el 20001,33,151, 3120,6001, 10,1,1
el 20011,33,151, 3130,6132, 4,1,1
el 20015,33,151, 3134,6197, 3,1,1
el 20018,33,151, 6121,4157, 10,1,1
el 20028,33,151, 6192,4238, 4,1,1
el 20032,33,151, 6245,4263, 2,1,1
el 20034,33,151, 6247,4145

* gap steel wool

el 20035,33,152, 6199,4001, 13,4,12
* side tungsten alloy - 0.013" gaps

el 20048,33,153, 4261,6248

el 20049,33,153, 4356,6252, 3,5,4
el 20052,33,153, 4376,6312, 58,5,4
el 20110,33,153, 4671,6544, 2,5,4
el 20112,33,153, 4686,6552, 6,5,4
el 20118,33,153, 4721,7317, 3,5,4

* gap - steel wool

el 20121,33,156, 6274,606, 4,11,2
el 20125,33,156, 6597,614, 66,11,2
el 20191,33,156, 7362,746, 3,7,2

* gap - steel wool, top and bottom

el 20194,33,154, 4261,6248

el 20195,33,154, 4279,6249, 3,1,1
el 20198,33,154, 4327,6265, 10,1,1
el 20208,33,154, 7325,4731

el 20209,33,154, 7326,4758, 3,1,1
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el 20212,33,154, 7345,4778, 4,1,1
el 20216,33,154, 7371,4803, 6,1,1
* top tungsten alloy - 0.0 gap

el 20222,33,155, 5157,7377, 12,1,1
el 20234,33,155, 5190, 7546, 4,1,1
el 20238,33,155, 5211,7550, 3,1,1
el 20241,33,155, 7533,53009, 12,1,1
el 20253,33,155, 7650,5321, 6,1,1
el 20259,33,155, 7656,5304

* gap steel wool

el 20260,33,157 7552,5213

el 20261,33,157, 7560,5244, 13,8,5

* contact-Outside shell and bottom plate,
***weld at el 20401

el
el

* contact-bottom cavity shell and Outside shell,
***weld at el 20409

20401,33,1009,
20402,33,161,

3148,101

3160,111 7,12,10

el 20409,33,1090, 4012,171

el 20410,33,161, 4024,259, 12,12,10

el 20422,33,161, 4340,379, 4,2,10

el 20426,33,160, 4346,409 ; lip
el 20427,33,160, 4336,606 ; lip
* contact-bottom cavity shell and bottom plate,
el 20428,33,162, 3136,4001

el 20429,33,162, 3222,4002, 11,1,1

* contact-1id and Outside shell at top .017"
el 20440,33,163, 3360,2495

el 20441,33,163, 3368,2757, 3,8,10

el 20444,33,163, 3400,2787, 4,8,10

*

el 20448,33,160, 750,4808, 2,1,30 ; lip
* contact-cavity and Outside shells gap=.017"
el 20450,33,163, 4838,751

el 20451,33,163, 4840,2295, 4,2,10

el 20455,33,163, 4862,2335, 4,8,10

el 20459,33,163, 4902,2375, 12,8,10
***weld at el 20471

el 20471,33,1090, 4998,2495

* contact 1id and cavity top 0.0 gap

el 20472,33,164, 4991,3353, 8,1,1

* contact cavity wall and

plug - lower vertical I/F

el 20480,33,165, 5012,4707
el 20481,33,165, 5024,4717, 3,12,5
el 20484,33,165, 5072,4737, 4,12,5

* contact cavity wall and plug -

el 20488,33,166, 4752,5169, 51,1
el 20493,33,166, 4774,5195, 3,1,1
el 20496,33,166, 4798,5215, 4,1,1

* contact cavity wall and plug -

el 20500,33,167 5218,4801

el 20501,33,167, 5223,4855, 4,5,8
el 20505,33,167, 5248,4895, 13,5,8
* contact 1id and plug - .029"Q@top,
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low press cont.
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low press cont.
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el 20518,33,167,
el 20519,33,167,
el 20521,33,167,
el 20522,33,168,
el 20541,33,168,

5308,3353
5394,3361,
5404,3332
5366,3233,
5401,3329,

2,5,8

19,1,1
4,1,1

* gap between cask and impact limiter
* lower segment 0.0 gp

el 20825,33,170,
el 20842,33,170,
el 20853,33,170,
el 20854,33,170,
el 20855,33,170,
el 20856,33,170,
el 20857,33,170,
el 20858,33,170,
el 20859,33,170,
el 20860,33,170,
el 20861,33,170,
el 20862,33,170,
el 20863,33,170,
el 20864,33,170,
* prl71=0.131"
el 20867,33,171,
el 20868,33,171,
el 20869,33,171,
el 20870,33,171,
el 20871,33,171,
el 20872,33,171,
el 20873,33,171,
el 20874,33,171,
el 20890,33,171,
el 20897,33,171,
* upper segment

el 20900,33,171,
el 20904,33,171,
el 20911,33,171,
el 20932,33,171,
el 20933,33,171,
el 20934,33,171,
el 20935,33,171,
el 20936,33,171,
el 20937,33,171,
el 20938,33,171,

* 0.0 gap

el 20939,33,170,
el 20958,33,170,
el 20962,33,170,
el 20969,33,170,
el 20970,33,170,
el 20979,33,170,
el 20980,33,170,
el 20981,33,170,

3001,8197,
3138,8214,
101,8224
102,9289
103,9288
104,9287
105,9286
106,9285
107,9284
108,9283
109,9282
110,9281
181,9281
182,9569,

air gap

215,9812
218,9805
222,9799
227,9794
233,9790
240,9787
248,9785
440,10772,
1503,11029,
1580,11521,

2174,17148,
2207,16884,
2515,16678,
2746,16115
2861,16114
2864,16113
2868,16112
2873,16111
2879,16110
2886,16109

3309,15481,
3349,15500,
3418,15504,
2817,15510
2818,15882,
2856,15978
2857,15977
2858,15976

* 304SS impact limiter shell

* bottom

17,1,1
11,1,1

3,1,1

16,11,1
7,11,1
3,11,5

3,11,40
7,11,1
21,11,1

19,1,1
4,1,1
7,1,1

9,1,1
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el 21001,33,107, 8225,8226,27,1,1
el 21028,33,107, 8929,8945,5,16,16
el 21033,33,107, 8673,8689,15,16,16
el 21048,33,107, 8673,8674,15,1,1
el 21063,33,107, 9609,9610,10,1,1
el 21073,33,107, 9893,9894,7,1,1

el 21080,33,107, 10077,10078,7,1,1
el 21087,33,107, 10261,10262,16,1,1
el 21103,33,107, 10788,10789,7,1,1
el 21110,33,107, 11036,11037,15,1,1
el 21125,33,107, 11051,11067,15,16,16
el 21140,33,107, 11307,11323,6,16,16
el 21146,33,107, 11419,11435,7,16,16
el 21153,33,108, 8197,8198,27,1,1
el 21180,33,108, 9281,9282,9,1,1

el 21189,33,107, 9568,9569,3,1,1

el 21190,33,107, 9820,9812

el 21191,33,107, 9812,9805

el 21192,33,107, 9805,9799

el 21193,33,107, 9799,9794

el 21194,33,107, 9794,9790

el 21195,33,107, 9790,9787

el 21196,33,107, 9787,9785

el 21197,33,107, 10771,10772,16,1,1
el 21213,33,107, 11028,11029,7,1,1
el 21220,33,107, 11516,11517,15,1,1
* top

el 21301,33,107, 15451,15452,29,1,1
el 21330,33,107, 15480,15872

el 21331,33,107, 15872,15873,8,1,1
el 21339,33,107, 15880,16101

el 21340,33,107, 16101,16102,6,1,1
el 21346,33,107, 16107,16503

el 21347,33,107, 16503,16504,20,1,1
el 21367,33,107, 16523,16821

el 21368,33,107, 16821,16822,6,1,1
el 21374,33,107, 16827,17133

el 21375,33,107, 17133,17134,14,1,1
el 21389,33,107, 17148,17149,6,1,1
el 21395,33,107, 17154,16907

el 21396,33,107, 16907,16923,15,16,16
el 21411,33,107, 17148,17156,15,8,8
el 21426,33,107, 16884,16885,6,1,1
el 21432,33,107, 16890,16678

el 21433,33,107, 16678,16679,20,1,1
el 21453,33,107, 16698,16115

el 21454,33,108, 15481,15482,29,1,1
el 21483,33,108, 15881,15882,9,1,1
el 21492,33,108, 15976,15977,3,1,1
el 21495,33,107, 16108,16109,7,1,1
*

* Qutside surface convective elements - 32's
* surface 1

el 22001,32,110, 8225,8226,27,1,1
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* surface 2

el 22028,32,111, 8929,8945,5,16,16

el 22033,32,111, 8673,8689,15,16,16

* surface 3

el 22048,32,112, 8673,8674,15,1,1

el 22063,32,112, 9609,9610,10,1,1

el 22073,32,112, 9893,9894,7,1,1

* surface 4

el 22080,32,113, 10077,10078,7,1,1

el 22087,32,113, 10261,10262,16,1,1

el 22106,32,113, 10788,10789,7,1,1

el 22113,32,113, 11036,11037,15,1,1

* surface 5

el 22128,32,114, 11051,11067,15,16,16

el 22143,32,114, 11307,11323,6,16,16

el 22149,32,114, 11419,11435,7,16,16

* gurface 6 side

el 22156,32,115, 1602,1613,52,11,11

* surface 7

el 22208,32,116, 16907,16923,15,16,16

el 22223,32,116, 17148,17149,7,1,1

* surface 8

el 22230,32,117, 17132,17133,15,1,1

el 22245,32,117, 16820,16821,7,1,1

el 22252,32,117, 16502,16503,21,1,1

* surface 9

el 22273,32,118, 16100,16101,7,1,1

* surface 10

* none

* surface 11

el 22280,32,120, 15451,15452,29,1,1

el 22309,32,120, 15871,15872,9,1,1

* cavity decay heat boundary elements

el 23001,32,121, 4227,4228,9,1,1

el 23010,32,121, 4236,4372

el 23011,32,121, 4372,4377,57,5,5

el 23069,32,121, 4657,4667

el 23070,32,121, 4667,4672

el 23071,32,121, 4672 ,4682

el 23072,32,121, 4682,4687,5,5,5

el 23077,32,121, 5001,5002,11,1,1

me 0.001

* Element Properties - axisymmetric

* stif34 - pr,pr#,mat#,thk,qg, h, t(bath)

pr 101,1,0.0,0.0,0.0,0.0 ; 304ss Outside shell. NM 101, thermal
Properties located in 1.
See PR record, attached.

; 304ss bottom plate and 1lid

; 304ss cavity shell

304ss plug shell

; tungsten alloy

pr 106,6,0. ; foam-16 pcf lower IL

pr 1060,66,0.0, ,0.0 ; foam-22 pcf upper IL

*  gstif33 input - pr,pr#pr,mat#,area,q,conv flag, h

pr 102,2,0.
pr 103,3,0.
pr 104,4,0.
pr 105,5,0.

~

’ ’

~

’ ’

~

O O O O O
O O O O O

’ ’

O O O O O

’ ’ ’

.0,0.0,0
.0,0.0,0
.0,0.0,0.
.0,0.0,0
.0,0.0,0
0.0,0.0

’
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pr 107,7,.105,0.0,0,0, ; ilmpact limiter 12 gage shell
pr 108,7,.188,0.0,0,0, ; ilmpact limiter .188" base plate
pr 109,8,.625, 0.0,0,0, ; 5/8" weld

pr 1090,8,.50,0.0,0,0, ; 1/2" weld
pr 1,-201,-202,.29 ; 304ss PR record for 1, points to Properties

records, 201 and 202. Minus (-) in
front identified that the properties
are a function of Temperature.

pr 2,-201,-202,.29 ; 304ss

pr 3,-201,-202,.29 ; 304ss

pr 4,-201,-202,.29 ; 304ss

pr 5,-203,-204,.654 ; tungsten alloy

pr 6,.00206,.353,.00926 ; foam - 16 1lb/ft3

pr 66,.00260,.353,.0127 ; foam - 22 1b/ft3

pr 7,-201,-202,.29 ; a304 ss impact limiter shell

pr 8,-201,-202,.29 ; a304 weld material

*  stif33 input - elpr,matpr,area,heat flux,conv flag, h

pr 151,11,0.32, 0.0,1,0.0231 ; 0.0 y gap tungsten alloy-304 I/F

pr 152,12,0.36, 0.0,, ; X gap with stl wool tungsten alloy I/F
pr 153,18,0.30, 0.0,, ; 0.013" x gap tungsten alloy I/F

pr 154,11,0.31, 0.0,1,0.0231 ; 0.0 vy gap, shimmed, 1I/F

pr 155,11,0.29, 0.0,1,0.0231 ; 0.0 y gap tungsten alloy-304 I/F

pr 156,12,0.30, 0.0,, ; X gap with stl wool tungsten alloy I/F
pr 157,12,0.34, 0.0,, ; top tungsten alloy w/ stl wool

pr 160,11, .15, 0.0,1,0.0231 ; lip cavity to Outside shells

pr 161,11,0.31, 0.0,1,0.0231 ; 0.0 x gap 304 to 304 I/F's

pr 162,11,0.30, 0.0,1,0.0231 ; 0.0 v gap 304 to 304 I/F's

pr 163,13,0.25, 0.0,, ; 0.017" x gap 1id»??Outside

pr 164,11,0.39, 0.0,1,0.0231 ; 0.0 y gap 1lid to cavity surface @ bolt
pr 165,14,0.18, ©0.0,, ; 0.020" x-gap plug-cavity wall lower vertical
pr 166,11,0.21, 0.0,1,0.0231 ; 0.0 y gap horz plane cavity-plug

pr 167,15,0.26, 0.0,, ; 0.040" x gap plug-cavity wall upper vertical
pr 168,16,0.25, 0.0,, ; 0.029" v gap conv? plug-1lid

pr 170,11,0.31, 0.0,1,0.0231 ; 0.0 y gap cask-over pack i/f

pr 171,17,0.32, 0.0,, ; cask-over pack 0.121" x gap

* Thermal material properties - prop#,kx,c,m,e,ky,kz

pr 11,0.0,0.0,0.0,,, ; convect.i/p see pr
151,161,162,164,166,169,170

pr 12,.068,.24,.029 ; stl wool -
k=.1*k(304),c=c(air),den=.1*d(304)

pr 13,-216,-220,-221 ; enclosed air pr 163 s=.012"

pr 14,-217,-220,-221 ; enclosed air pr 165 s=.016"

pr 15,-218,-220,-221 ; enclosed air pr 153,and 167 s=.050"

pr 16,-219,-220,-221 ; enclosed air pr 168 s=.031"

pr 17,-222,-220,-221 ; air gap 0.2" at over pack i/f

pr 18,-223,-220,-221 ; air gap 0.013" at side tungsten alloy i/f

pr 201, .6851, 4.544e-4,-4.126e-8
pr 202, .1120, 3.504e-5,-1.080e-8

poly.coef.304ss cond. Polynomial
poly.coef.304ss.sp.ht. Coefficients.

.
r
.
r
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REFER TO THE CONDUCTIVITY AND SPECIFIC HEAT EQUATIONS PROVIDED IN CHAPTER 3,
Paragraph 3.2.1.1, FOR A COMPARISON OF THE COEFFICIENTS SHOWN ABOVE,
AND THOSE PRESENTED IN THE EQUATIONS.

pr
pr
pr
pr
pr
pr
pr
pr
pr
pr
pr
pr
pr
pr
pr
pr
pr
pr
pr
prl
pr
prl

*

*

pr
pr
pr
pr
pr
pr
pr
pr
pr
pr
pr
sc
end

203, 3.673,
204, 3.63le-2,
205, 1.836e-3,
206, 1.836e-3,
207, 1.836e-3,
208, 1.836e-3,
209, 1.836e-3,
210, -2.14le-4,
211, 1.836e-3,
212, 1.836e-3,
213, 1.836e-3,
215, 1.836e-3,
216, 1.131e-3,
217, 1.137e-3,
218, 1.177e-3,
219, 1.164e-3,
220, 2.402e-1,-
221, 4.684e-5,-
222, 1.359e-3,
71-.131"

223, 1.113e-3,
53-.013"

32's pr,pr#,h, thk, Temp,q, e

solar heat

110,-205,
111,-206,
112,-207,
113,-208,
114,-209,
115,-210,
116,-211,
117,-212,
118,-213,
120,-215,
121,0.0,

20,1,1,10,0,

O OO O OO OO o oo

; tung.cond-test data

; tung.sp.ht.-test data

[m e piin Sie ia Sl N e ia e g e X

surf.l, e=.52
surf.2, e=.52
surf.3, e=.52
surf.4, e=.52
surf.5, e=.52
surf.6, e=.20
surf.7, e=.52
surf.8, e=.52
surf.9, e=.52
surf.ll, e=.52

; k enclosed air pr 163-.017"
; k enclosed air pr 165-.020"
; k enclosed air pr 167-.040"
; k enclosed air pr 168-.029"
Cp enclosed air
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4.028e-4,-4.167e-7
8.017e-6,-1.807e-9
4.690e-5,-3.378e-8, 2.374e-11
4.690e-5,-3.378e-8, 2.374e-11
4.690e-5,-3.378e-8, 2.374e-11
4.690e-5,-3.378e-8, 2.374e-11
4.690e-5,-3.378e-8, 2.374e-11
4.196e-5,-4.190e-8, 2.022e-11
4.690e-5,-3.378e-8, 2.374e-11
4.690e-5,-3.378e-8, 2.374e-11
4.690e-5,-3.378e-8, 2.374e-11
4.690e-5,-3.378e-8, 2.374e-11
2.072e-6, 5.018e-10
2.063e-6, 6.642e-10
2.005e-6, 1.747e-9
2.037e-6, 1.152e-9
1.401e-6, 3.995e-8, -1.570e-11
7.150e-8, 5.869e-11,-1.834e-14
1.743e-6, 6.675e-9 ;
2.097e-6, 1.447e-11; k enclosed
.0,100, 0.4267,0.0 ; conv. surf.
.0,100, 0.8533,0.0 ; conv. surf.
.0,100, 0.8533,0.0 ; conv. surf.
.0,100, 0.8533,0.0 ; conv. surf.
.0,100, 0.4267,0.0 ; conv. surf.
.0,100, 0.8533,0.0 ; conv. surf.
.0,100, 0.4267,0.0 ; conv. surf.
.0,100, 0.8533,0.0 ; conv. surf.
.0,100, 0.8533,0.0 ; conv. surf.
.0,100, 0.4267,0.0 ; conv. surf.
.0,70, 2.875 ; decay heat -
1,0,0.12,1.0,70, 1.0,1,, ;

density enclosed air
k enclosed air impact limiter

alr tungsten alloy

1 200c/cm2
2 400c/cm?2
3 400c/cm?2
4 400c/cm?2
5 200c/cm2
6 400c/cm?2
7 200c/cm2
8 400c/cm?2
9 400c/cm?2
11- 200c/cm2
400 W

SS with decay heat
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Gl0 generates regions of 3- or 4-node elements and nodes by mapping
with quadratic, isoparametric functions. Both flat and curved
surfaces can be generated, with curved surfaces and curved boundaries
mapped by parabolic functions. Mesh density is controlled by the
location of mid-side nodes. By placing the mid-side node closer to a
corner, the mesh density is increased in the corner region. This
generator is flagged by a record containing only the descriptor G10.

The coordinates of the control points (corners and mid-sides of the
generated region) may entered directly, or by defining them on CND
records and specifying the CND node ID numbers.

Control Data Record for Generator 10

ITEM DESCRIPTION SYMBOL
1 Number of nodes along side 1 N1

2 Number of nodes along side 2 N2

3 Number of first node (1) NND1

4 Number of first element (2) NEL1

5 Element type (3) NET

6 Assocliated property set MAT

7 Flag for local coordinates (4) LCS

8 Flag for control points (5) ICTLPT
Notes

1) If NNDl=-1, node numbering continued from highest node number.
The highest node and element numbers are listed on file MAX_ NODE.

2) If NELl=-1, element numbering continued from the highest element
number. If NEL1=0, no elements are generated.

3) If NET, MAT, LCS and ICTLPT are omitted, values from last call to
G10 used.

4) If control nodes are entered in local coordinates, set LCS=1

5) If the corners and mid-sides of the generated region are defined
on Control Point Records, set ICTLPT=1. Otherwise set ICLTPT=0.
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First Corner Node Data Record

If ICLTPT=0:

ITEM

o Ul W N

If ICLTPT=1:
ITEM

1

2
3
4

X-coordinate
Y-coordinate
Z-coordinate
X-coordinate
Y-coordinate
Z-coordinate

DESCRIPTION
ID number of
ID number of
ID number of
ID number of

of
of
of
of
of
of

first corner point
second corner point
third corner point
forth corner point

first node
first node
first node
second node
second node
second node

Second Corner Node Data Record

This record is omitted if the corners and mid-sides of the generated
region are specified by defining the points with ID numbers.

ITEM

o Ul W N
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DESCRIPTION

X-coordinate
Y-coordinate
Z-coordinate
X-coordinate
Y-coordinate
Z-coordinate

of
of
of
of
of
of

third node
third node
third node
forth node
forth node
forth node

SYMBOL

SYMBOL

SYMBOL
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Mid-Side Node Data Record

This data record defines a mid-side node, and is required for each
mid-side node. Mid-side nodes are only required for curved boundaries.

If ICLTPT=0:

ITEM DESCRIPTION SYMBOL
1 Number of mid side node (1) NND

2 X-coordinate of mid-side node X

3 Y-coordinate of mid-side node Y

4 Z-coordinate of mid-side node Z

If ICLTPT=1:

ITEM DESCRIPTION SYMBOL
1 Number of mid side node (1) NND

2 ID number of mid-side point NCP
Notes

1) The four corner nodes are numbered 1-4. The mid-side nodes are
numbered 5-8 as follows:

Corner Node Nos. Mid-Side Node No.
1,2 5
2,3 6
3,4 7
4,1 8

This data record terminates mid-side data. The record contains only
-1, and is required even if no mid-side nodes are entered.

ITEM DESCRIPTION SYMBOL
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Element Property Set Record (PR)

All element data is entered on Element Property records. This section
defines the format of Element:Property records, the specific data
entries are defined in the Element Property Manual for the various
element types.

The connection between elements and property records i1s the element
property number. This number i1s entered on the element definition
record (or specified to the model generator) and defines the first
property record required by the element.

ITEM DESCRIPTION SYMBOL

Descriptor (PR)

1 Property set number (1) NM

2 First field of property set PR_1
3 Second field of property set PR_2
8 Eighth field of property set PR_8
Notes

1) Maximum value, NM=99999

Thermal Material Properties (THE_PROP)

This record defines constant thermal properties, or pointers to
temperature-dependent property sets. For temperature-dependent
properties, enter the negative of number the temperature-dependent
property set in place of the constant value. Data for temperature-
dependent property sets i1s defined below.

ITEM DESCRIPTION SYMBOL

Descriptor (PR)
Property set number (1) NM

1 X-conductivity / temp-depend property set (1) Kx

2 Specific heat / temp-depend property set (1) C

3 Lb-mass density / temp-depend property set (1) m

4 Emissivity e

5 Thermal conductivity in global y-direction (2) Ky

6 Thermal conductivity in global z-direction (3) Kz

7 Coordinate system for conduction properties (4) MCS
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1) For temperature-dependent properties, set value to NEGATIVE of
temperature-dependent property set number.

2) Default Ky=Kx
3) Default Kz=Kx

4) For orthotropic conduction, MCS is the number of the coordinate
system that defines the directions of Kx, Ky and Kz. For MCS=0 in
2D problems, Kx and Ky are oriented in the local x and y
directions. For 3D problems, with MCS=0, Kx, Ky and Kz are
oriented in the global x, y, and z directions.

Temperature-Dependent Thermal Properties

Temperature dependent properties are represented by a polynomial
function of temperature:

f(t) = a0 + al*t + a2*t"2 + a3*t"3 +

The coefficients a0, al, a2, ..., are entered on this property set
record. From 1 to 8 coefficients may be entered. Trailing null
coefficients may be omitted, but intermediate null coefficients must
be entered.

Temperature-dependent properties may be specified for the following element
properties:

STIF31l: K,C,H,m
STIF32: H
STIF33: K,C,m
STIF34: K,C,H,m
STIF35: K,C,m
STIF36: K,C,H,m
STIF37: K,C,m
STIF38: K,C,m
STIF39: K,C,m

where, K:conduction, C:capacitence, m:lb-mass, H:convection

The initial temperature specified on the Solution Control record is
required to determine initial property values. Temperature-dependent
materials are assumed to be isotropic.

ITEM DESCRIPTION SYMBOL

Descriptor (PR)

Property set number (1) NM
1 First coefficient ao
2 Second coefficient al
Eighth coefficient a7
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3.5.6 Justification for Use of Uniformly Distributed Decay Heat
throughout Cask Cavity

Typically, the content is placed into the cask cavity, within a basket or rack device. This device provides
shoring to the content, to ensure that its loading arrangement is maintained during transportation.
Selection of the type of material for fabrication of this device is based upon the temperature environment
within the cask cavity. A cavity temperature of less than 204.44°C (400°F) allows for the use of aluminum.
For temperatures of 204.44°C (400°F) or greater, the choice is stainless steel material, although this
material could be used in either case.

The cavity temperature within all AOS Transport System models is less than 148.89°C (300°F), under
Normal conditions of transport; therefore, the use of either material in the fabrication of the shoring devices
is acceptable.

In the AOS cask analyses, the decay heat is assumed to be uniformly distributed throughout the cask
cavity surfaces. The effect of this assumption is examined here, by comparing cask stress and
temperatures corresponding to three (3) assumed distributions of decay heat over the cask cavity
surfaces, provided below:

¢ Case 1 — Decay heat is uniformly distributed over the cask cavity cylindrical surface,
top surface, and bottom surface (as in the AOS analyses).

¢ Case 2 — Decay heat is distributed over the cask cavity cylindrical surface, top surface,
and bottom surface, such that the cylindrical surface receives twice the heat intensity
as the top and bottom surfaces.

¢ Case 3 — Decay heat is distributed over only the cask cavity cylindrical surface,
with the top and bottom surfaces receiving no heat.

Cask temperatures and thermal stress are determined for each of the assumed distributions. The
maximum component temperatures are presented in Table 3-137 through Table 3-139, and cask
temperature distributions are illustrated in Figure 3-178 through Figure 3-180. P, and P, stress at the
critical cask cross-sections are presented in Table 3-140 through Table 3-142, and plots of maximum
principal stress in the cask dog-leg region are illustrated in Figure 3-181 through Figure 3-183.

A comparison of Table 3-137 through Table 3-139 shows little variation in maximum temperature for the
three (3) heat distributions. Figure 3-178 through Figure 3-180 show that Case 1, uniformly distributed
decay heat, provides maximum temperature in the seal region. From Table 3-137 through Table 3-139, the
maximum temperature difference is less than 6°F.

A comparison of Table 3-140 through Table 3-142 shows little variation in stress due to heat distribution.
Maximum thermal bending stress occurs at Location 4, and the maximum stress difference due to heat
distribution is 0.5 ksi. Figure 3-181 through Figure 3-183 also show only a small stress difference in the
cask dog-leg region due to the heat distribution.

In the AOS cask analyses, thermal stress due to maximum decay heat represents only a small portion of
total stress in all load combinations. As a result, the small stress change in the three (3) cases shows that
a change in assumed decay heat distribution would have negligible effect upon overall stress evaluations.
In addition, maximum change in the corresponding temperatures for the three (3) cases is less than 6°F,
with the uniform decay heat distribution producing maximum temperature within the seal region.
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Table 3-137. Case 1, Maximum Component Temperatures?

Component Node_1 Node_2 Node Max_Temp
Cask Outer Shell 101 2894 606 1.8090E+02
Bottom Plate 3001 3232 3120 1.8160E+02
Cask Lid 3233 3424 3233 1.8210E+402
Cask Cavity Shell 4001 4998 4227 1.9420E+402
Cask Lid Plug 5001 5404 5001 1.9820E+02
Shielding Material 6001 7656 7377 1.8620E+02
Impact Limiter, Foam 8001 10791 9501 1.8160E+02
b

Table 3-138. Case 2, Maximum Component Temperatures

Component Node_1 Node_2 Node Max_Temp
Cask Outer Shell 101 2894 620 1.7830E+02
Bottom Plate 3001 3232 3120 1.7850E+02
Cask Lid 3233 3424 3233 1.7680E+02
Cask Cavity Shell 4001 4998 4482 1.8920E+02
Cask Lid Plug 5001 5404 5012 1.8000E+02
Shielding Material 6001 7656 6392 1.8120E+02
Impact Limiter, Foam 8001 10791 8197 1.7810E+02

Table 3-139. Case 3, Maximum Component Temperatures®

Component Node_1 Node_2 Node Max_Temp
Cask Outer Shell 101 2894 634 1.8120E+02
Bottom Plate 3001 3232 3120 1.8060E+02
Cask Lid 3233 3424 3233 1.8000E+02
Cask Cavity Shell 4001 4998 4497 1.9310E+02
Cask Lid Plug 5001 5404 5012 1.8350E+02
Shielding Material 6001 7656 6432 1.8450E+02
Impact Limiter, Foam 8001 10791 8197 1.8030E+02

a. Case 1 - Decay heat uniformly distributed over the cask cavity cylindrical surface, top surface, and bottom surface
(as in the AOS analyses).

b. Case 2 — Decay heat distributed over the cask cavity cylindrical surface, top surface, and bottom surface,
such that the cylindrical surface receives twice the heat intensity as the top and bottom surfaces.

c. Case 3 — Decay heat distributed over only cask cavity cylindrical surface, with the top and bottom surfaces
receiving no heat.
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Table 3-140. Case 1, Stress (psi/MPa)

Location

10

11

12

13

14

15

16
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.0456E+02
.2091E-01

.3149E+02
.0661E-01

.0021E+02
.9094E-01

.3127E+02
.3524E+00

.2466E+02
.3069E+00

.6377E+01
.6450E-01

.9217E+01
.3249E-01

.9485E+01
.3434E-01

.9384E+01
.3364E-01

.2193E+01
.9775E-01

.2200E+02
.4114E-01

.5799E+00
.7788E-02

.6733E+01
.9800E-01

.9338E+01
.7807E-01

.1678E+02
.4946E+00

.5964E+01
.5480E-01

.8983E+02
.3088E+00

.9406E+02
.0275E+00

.8730E+02
.2914E+00

.1814E+03
.5040E+01

.4329E+03
.6774E+01

.2090E+03
.3357E+00

.1327E+02
.8494E+00

.1288E+02
.8467E+00

.1271E+02
.8456E+00

.3770E+02
.7073E+00

.7410E+02
.6478E+00

.1753E+02
.6367E+00

.2094E+03
.3386E+00

.0534E+03
.2632E+00

.8099E+02
.9374E+00

.3093E+02
.0271E-01

.8034E+01
.9329E-01

.4539E+01
.8288E-01

.2414E+01
.5454E-01

.4076E+02
.0390E+00

.8919E+02
.8202E+00

.3048E+03
.9960E+00

.4598E+01
.6960E-01

.5849E-01
.0927E-03

.5390E+00
.0611E-02

.2101E+01
.2817E-01

.2254E+02
.2238E+00

.1351E+02
.6090E+00

.2100E+02
.3430E-01

.7286E+01
.9497E-01

.4633E+01
.3879E-01

.3301E+01
.2960E-01

Pm

.9439E+02
.0297E+00

.2555E+02
.9341E+00

.8752E+02
.9823E+00

.8126E+03
.9392E+01

.0575E+03
.1081E+01

.3054E+03
.0002E+00

.9406E+02
.7169E+00

.9339E+02
.7123E+00

.9333E+02
.7119E+00

.6550E+02
.2095E+00

.5211E+02
.8066E+00

.2011E+02
.6545E+00

.1227E+03
.7406E+00

.8411E+02
.7852E+00

.9777E+02
.4320E+00

.9689E+02
.3575E+00

Pb

.2926E+02
.9597E+00

.7203E+02
.0124E+00

.2741E+02
.9469E+00

.5355E+03
.8166E+01

.8291E+03
.3295E+01

.5833E+03
.0916E+01

.2739E+02
.9468E+00

.2023E+02
.8974E+00

.1618E+02
.8695E+00

.5760E+02
.6024E+00

.2549E+02
.6522E-01

.7232E+02
.1881E+00

.1844E+02
.6430E+00

.6719E+02
.6001E+00

.3966E+02
.7893E+00

.3071E+02
.2802E+00
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17 3.0783E+01 -9.2873E+01 -1.1470E+01 1.2366E+02 2.1759E+02
2.1224E-01 -6.4034E-01 -7.9082E-02 8.5258E-01 1.5002E+00

18 4.5328E+01 -9.9979E+01 5.5228E+02 1.4531E+02 6.1413E+01
3.1252E-01 -6.8933E-01 3.8078E+00 1.0019E+00 4.2343E-01

19 -1.8918E+01 -2.1523E+02 6.9267E+02 1.9631E+02 2.1305E+02
-1.3043E-01 -1.4840E+00 4.7758E+00 1.3535E+00 1.4689E+00

20 -3.7965E+01 -5.4220E+02 1.6813E+02 5.0423E+02 2.4979E+02
-2.6176E-01 -3.7383E+00 1.1592E+00 3.4765E+00 1.7222E+00

21 3.1481E+00 -8.6388E+01 -8.2724E+01 8.9536E+01 1.2184E+02
2.1705E-02 -5.9563E-01 -5.7036E-01 6.1733E-01 8.4008E-01

22 -2.8719E+01 -1.4109E+02 -1.3557E+02 1.1237E+02 1.3962E+02
-1.9801E-01 -9.7277E-01 -9.3474E-01 7.7476E-01 9.6264E-01
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Table 3-141. Case 2, Stress (psi/MPa)

Location

10

11

12

13

14

15

16
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.0626E+02
.3263E-01

.3586E+02
.3669E-01

.0306E+02
.1056E-01

.8554E+02
.7267E+00

.1795E+02
.9501E+00

.0763E+02
.4210E-01

.0446E+01
.4097E-01

.0978E+01
.4464E-01

.0912E+01
.4418E-01

.2623E+01
.6282E-01

.6965E+01
.2381E-01

.4280E+00
.8457E-03

.2872E+01
.3349E-01

.7412E+01
.5795E-01

.1957E+02
.5139E+00

.4300E+01
.4333E-01

.8898E+02
.3029E+00

.0081E+02
.0740E+00

.8881E+02
.3018E+00

.0418E+03
.4077E+01

.3302E+03
.6066E+01

.1763E+03
.1103E+00

.0750E+02
.8096E+00

.0600E+02
.7992E+00

.0664E+02
.8037E+00

.2684E+02
.9429E+00

.3616E+02
.0072E+00

.9718E+02
.4279E+00

.0239E+03
.0592E+00

.9557E+02
.1747E+00

.7300E+02
.8823E+00

.2668E+02
.7340E-01

.7071E+01
.1770E-01

.1768E+01
.3272E-01

.6976E+01
.1704E-01

.0530E+02
.7944E+00

.5061E+02
.1752E+00

.7713E+02
.7371E+00

.8551E+01
.9685E-01

.8058E-01
.3135E-03

.9173E+00
.8378E-02

.1668E+02
.0447E-01

.8320E+02
.9526E+00

.9572E+02
.4179E+00

.9446E+02
.3407E+00

.3335E+01
.2984E-01

.5945E+01
.7889E-01

.6108E+01
.4895E-01

Pm

.9524E+02
.0356E+00

.3667E+02
.0107E+00

.9187E+02
.0124E+00

.7273E+03
.8804E+01

.0481E+03
.1016E+01

.2839E+03
.8524E+00

.8706E+02
.6687E+00

.8502E+02
.6546E+00

.8573E+02
.6595E+00

.7421E+02
.5801E+00

.8919E+02
.6834E+00

.9861E+02
.4378E+00

.6098E+02
.6258E+00

.5816E+02
.9168E+00

.9258E+02
.3962E+00

.9097E+02
.3167E+00

Pb

.2317E+02
.9176E+00

.9696E+02
.1843E+00

.2935E+02
.9603E+00

.3361E+03
.6791E+01

.8219E+03
.3246E+01

.6656E+03
.1484E+01

.7858E+02
.2997E+00

.5443E+02
.1332E+00

.6822E+02
.2283E+00

.2219E+02
.6003E+00

.9263E+01
.3281E-01

.6981E+00
.3076E-02

.5804E+02
.9160E+00

.0010E+02
.1376E+00

.3463E+02
.7545E+00

.1495E+02
.1715E+00
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17 2.8317E+01 -8.6767E+01 1.9932E+00 1.1508E+02 2.0063E+02
1.9524E-01 -5.9824E-01 1.3742E-02 7.9347E-01 1.3833E+00

18 7.6299E+00 -4.6973E+01 1.0789E+02 5.4603E+01 6.5954E+01
5.2606E-02 -3.2387E-01 7.4391E-01 3.7647E-01 4.5473E-01

19 1.4607E+01 -8.9408E+01 8.3077E+01 1.0401E+02 1.6972E+02
1.0071E-01 -6.1645E-01 5.7280E-01 7.1716E-01 1.1702E+00

20 2.8480E+00 -1.0012E+02 -6.3027E+01 1.0297E+02 1.9318E+02
1.9636E-02 -6.9030E-01 -4.3456E-01 7.0994E-01 1.3319E+00

21 5.8399E+00 -7.5225E+01 -6.8959E+01 8.1065E+01 1.2310E+02
4.0265E-02 -5.1866E-01 -4.7546E-01 5.5892E-01 8.4872E-01

22 -2.2860E+01 -5.5165E+01 -4.5433E+01 3.2305E+01 5.0119E+01
-1.5761E-01 -3.8035E-01 -3.1325E-01 2.2273E-01 3.4556E-01
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Table 3-142. Case 3, Stress (psi/MPa)

Location

10

11

12

13

14

15

16
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.1332E+02
.8130E-01

.4456E+02
.9670E-01

.0883E+02
.5036E-01

.9648E+02
.8021E+00

.3302E+02
.0540E+00

.1040E+02
.6121E-01

.1151E+01
.4583E-01

.2697E+01
.5649E-01

.0069E+01
.3837E-01

.0335E+02
.1255E-01

.0720E+02
.3910E-01

.2235E+01
.4356E-02

.8109E+00
.6275E-02

.4413E+01
.9376E-02

.3622E+02
.6287E+00

.9144E+01
.7673E-01

.0167E+02
.3904E+00

.1945E+02
.2025E+00

.9587E+02
.3504E+00

.1058E+03
.4519E+01

.4089E+03
.6609E+01

.2142E+03
.3716E+00

.2187E+02
.9087E+00

.1929E+02
.8909E+00

.2351E+02
.9200E+00

.4853E+02
.0925E+00

.2665E+02
.5627E+00

.3838E+02
.5409E-01

.7929E+02
.0625E+00

.5512E+02
.2064E+00

.9365E+02
.0246E+00

.3625E+02
.3939E-01

.7830E+01
.2294E-01

.9536E+01
.8628E-01

.1934E+01
.2283E-02

.1724E+02
.8768E+00

.8913E+02
.4409E+00

.0213E+03
.0419E+00

.0050E+01
.0719E-01

.1965E-01
.6513E-03

.3821E+01
.6424E-01

.3947E+02
.3405E+00

.4470E+02
.6871E+00

.2779E+02
.8110E-01

.9444E+02
.0301E+00

.5131E+02
.0432E+00

.7933E+01
.9259E-01

.8755E+01
.6721E-01

Pm

.1499E+02
.1717E+00

.6401E+02
.1992E+00

.0470E+02
.1008E+00

.8022E+03
.9321E+01

.1419E+03
.1663E+01

.3246E+03
.1328E+00

.0072E+02
.7629E+00

.9660E+02
.7344E+00

.0344E+02
.7816E+00

.5188E+02
.8050E+00

.3385E+02
.3018E+00

.5061E+02
.0384E+00

.8310E+02
.0887E+00

.6954E+02
.3058E+00

.2987E+02
.6533E+00

.0539E+02
.4161E+00

Pb

.5244E+02
.1195E+00

.5345E+02
.5738E+00

.4224E+02
.0492E+00

.4835E+03
.7807E+01

.9727E+03
.4285E+01

.7067E+03
.1767E+01

.1802E+02
.5716E+00

.9239E+02
.3949E+00

.2751E+02
.6370E+00

.1988E+00
.2654E-03

.8718E+02
.2906E+00

.1751E+02
.4996E+00

.4655E+02
.5262E+00

.5921E+02
.8556E+00

.9787E+02
.1906E+00

.3867E+02
.3350E+00
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17 3.0430E+01 -9.3259E+01 2.3069E+00 1.2369E+02 2.1560E+02
2.0981E-01 -6.4300E-01 1.5906E-02 8.5281E-01 1.4865E+00

18 8.1408E+00 -5.0305E+01 1.1570E+02 5.8446E+01 7.0571E+01
5.6129E-02 -3.4684E-01 7.9773E-01 4.0297E-01 4.8657E-01

19 1.5492E+01 -9.5652E+01 8.9411E+01 1.1114E+02 1.8136E+02
1.0681E-01 -6.5950E-01 6.1647E-01 7.6631E-01 1.2505E+00

20 2.8083E+00 -1.0699E+02 -6.7307E+01 1.0980E+02 2.0545E+02
1.9362E-02 -7.3769E-01 -4.6406E-01 7.5706E-01 1.4165E+00

21 1.1268E+01 -6.6794E+01 -5.5199E+01 7.8062E+01 1.3120E+02
7.7691E-02 -4.6053E-01 -3.8058E-01 5.3822E-01 9.0459E-01

22 -2.4790E+01 -5.9183E+01 -4.8922E+01 3.4393E+01 5.6968E+01
-1.7092E-01 -4.0805E-01 -3.3730E-01 2.3713E-01 3.9278E-01
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Figure 3-178. Case 1 — Temperature
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Figure 3-179. Case 2 — Temperature
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3.5.7 Thermal Tests

The thermal test described here provides a comparison between the normal cask and thermal test cask
configurations.

A thermal test is performed to evaluate the analytical model used, to demonstrate compliance with the
thermal regulatory environments. The test results are compared with the results of the analytical model
subjected to the same environment as the test.

3.5.71 Test Setup Discussion

Test setup consists of concentrically placing an electrical heat source within the cask cavity.
Temperature-sensing devices are strategically placed:

e At various locations within the cask cavity
* On exterior surfaces of the cask
¢ Within the environment surrounding the cask

The heat source is turned on to a value equal to or greater than the decay heat value of the radioactive
source proposed for the cask. (A 7-kW source is used in this test.) Temperature data is recorded at a
minimum interval of one (1) minute during the transient event, until the cask reaches a steady state and
remains significantly unchanged for approximately one (1) hour. This completes the “heating cycle.”
Thereafter, the heat source is turned off, to allow the cask to cool down. The “cool-down cycle” is also
recorded, as in the previous cycle. Refer to Figure 3-184 for a typical thermal test setup.
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Figure 3-184. Typical Thermal Test Setup

Notes: The numbered red dots in Figure 3-184 represent thermocouple locations.

The cask lid plug component is removed, to allow the heater power wire to exit the cask body.
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3.5.7.2 Test Cask Analytical Model

The physical cask test item consists of five components:

* Cask outer shell

* Cask cavity shell

e Casklid

¢ Bottom plate

e Shielding (located on bottom and side of the cask)

The test cask is larger than the Model AOS-100A cask by a factor of 1.65, and all components are
constructed of the same materials as the Model AOS-100A components, also increased by a factor of
1.65. The cask outer shell is made with two parts that are tied together by a shrinkfit procedure. The
analytical model matches all component physical dimensions of the test cask. The cask outline height is
59.4 inches, with a diameter of 46.2 inches.

The material used to make the test cask is type 304 stainless steel (SS304). The material used for the
shielding is tungsten alloy. Material properties used in this analysis are described in Subsection 3.2.1,
“Material Properties.” Temperature varying properties are used in this analysis.

The thermal test is conducted with the test cask in a vertical position. Gaps between the cask and the
tungsten alloy vertical walls are packed with stainless steel wool, and their locations are shown in
Figure 3-185. Packed steel wool conductive and density thermal properties are assumed to be
approximately 10% that of SS304 material, and its specific heat is approximated to be that of air.

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

Two (2) gaps are included in the analysis model. A gap of 0.13 inches is located between the upper region
of the side tungsten alloy shielding and cask cavity shell. A weld in the cask cavity shell requires a gap to
be present. A second gap, 0.012 inches, is located between the cask outer shell and the cask lid/cask
cavity shell. The gap is defined by the fabrication drawing. Gap locations are shown in Figure 3-185.

All other interface surfaces are assumed to have no gap. Heat transfer between components is by contact
resistance. For the shrinkfit interface, a low-contact resistance is used, which reflects a much higher
interface pressure. Contact resistance surfaces are shown in Figure 3-185.
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Figure 3-185. Test Cask Modeling Features
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3.5.7.3 Test Procedure

The 7-kW heat source is placed in the cask cavity, and the resulting temperatures are recorded until
the system reaches steady state. The test is conducted inside a 3m L x 3m W x 3m D (10 ft. L x 10 ft. W x
10 ft. D) pit, to maintain the ambient temperature as constant as possible during the entire test. The
instrumented cask sits upon a fiber steel wool insulation pad, on top of a 46-cm (18-in.)-high carbon steel
pedestal located inside the pit. Figure 3-186 illustrates the instrumented cask inside the pit. Temperature
data is recorded once per minute with a data acquisition system permitting easy analysis and plotting of
the results, until the temperature remains significantly unchanged. The heat source is then turned off and
data is recorded once per minute, until the system temperature returns close to the initial
ambient condition.

Figure 3-186. Instrument Cask Inside Pit
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3.5.74 Acceptance Criteria

Thermal test results are provided in Figure 3-187 through Figure 3-190. Figure 3-187 and Figure 3-188
illustrate the heat cycle test results. Figure 3-189 and Figure 3-190 illustrate the cooling cycle test results.

A verification analysis was performed. An axisymmetric (2D) model of the test article is analyzed with a
7-kW heat source, illustrated in Figure 3-191. Figure 3-192 illustrates its heat cycle boundary conditions,
and Figure 3-193 illustrates its cooling cycle boundary conditions.

The eight (8) thermocouples located on the test cask — TC 3, 4, 5, 6, 7, 10, 11, and 12 — are used for
comparing test results with analysis. (Refer to Figure 3-184.) Thermocouple temperature comparison
results are provided in Figure 3-194 through Figure 3-201.
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Figure 3-187. Temperature versus Time — Heat Cycle for Thermocouples 3 through 12
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Figure 3-188. Temperature versus Time — Heat Cycle for Thermocouples 10 through 16
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Figure 3-189. Temperature versus Time — Cooling Cycle for Thermocouples 3 through 12
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Figure 3-190. Temperature versus Time — Cooling Cycle for Thermocouples 10 through 16
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Boundary Conditions during Test Heat Up

A constant heat load of 7,000W (23,891 BTU/hr)
is applied during the heat up phase. The applied
heat flux for each surface is:
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The outer convective surface has properties
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heat up portion of the test:
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Ambient temperature is 17.78°C (64°F).
Initial cask temperatures are set to 45.56°C (114°F).

Figure 3-192. Verification Analysis — Heat Cycle Boundary Conditions

Boundary Conditions during Test Cool Down

The heat load of 7,000W (23,891 BTU/hr)
is removed during the cool down phase.

The outer convective surface has properties that
are assumed to be constant during the cool down
portion of the test:
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Ambient temperature is 17.78°C (64°F).

| |
Figure 3-193. Verification Analysis — Cooling Cycle Boundary Conditions
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Figure 3-194. Comparison Test Data versus Analytical Results — Center, Cask Bottom
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Figure 3-195. Comparison Test Data versus Analytical Results — Center, Inside Cask Lid Surface
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Figure 3-196. Comparison Test Data versus Analytical Results — Center, Outside Cask Lid Surface
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Figure 3-197. Comparison Test Data versus Analytical Results — Middle, Cask Cavity Wall
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Figure 3-198. Comparison Test Data versus Analytical Results — Middle, Outside Wall
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Figure 3-199. Comparison Test Data versus Analytical Results — Cask Drain Port Area
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Figure 3-200. Comparison Test Data versus Analytical Results — Cask Vent Port Area
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Figure 3-201. Comparison Test Data versus Analytical Results — Test Port Area
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3.5.8 Heat Test Report — AOS-165A Prototype
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ABSTRACT

The report contained herein provides details on the testing that was performed on the AOS-
165 cask assembly. The intent of the program was to gather test data on the behavior of the cask
pertaining to heat load loss versus time. The internal surfaces and external surfaces of the cask had
type J thermocouples spot welded at designated locations and interfaced with a data acquisition
system, In addition, a heater externally controlled by a DC power supply was inserted within the
cask to provide for a constant 7,000 watt load & 70. Voltage and current going to the heater was
recorded at the same interval as the thermocouple data. The interval of recording was set to once
every minute. The heater wattage was calculated by the data logger multiplying the applied volts DC
by the current being drawn.

Starting at room temperature conditions a constant 7,000 watt heat load was applied and the
cask allowed sufficient time to stabilize in regards to the temperature gradient. Once stabilization
was achieved, the heat load was removed and the temperatures of the cask allowed to decay back to
ambient temperatures. Heat stabilization runs had to be performed twice as a result of the data
logger not running during the first heat decay run attempt.

All data acquired is presented within this report, both in tabular format and charts of

temperature versus time
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ABSTRACT

The report contained herein provides details on the testing that was performed on the AOS-
165 cask assembly. The intent of the program was to gather test data on the behavior of the cask
pertaining to heat load loss versus time. The internal surfaces and external surfaces of the cask had
type J thermocouples spot welded at designated locations and interfaced with a data acquisition
system. In addition, a heater externally controlled by a DC power supply was inserted within the
cask to provide for a constant 7,000 watt load + 70. Voltage and current going to the heater was
recorded at the same interval as the thermocouple data. The interval of recording was set to once
every minute. The heater wattage was calculated by the data logger multiplying the applied volts DC
by the current being drawn.

Starting at room temperature conditions a constant 7,000 watt heat load was applied and the
cask allowed sufficient time to stabilize in regards to the temperature gradient. Once stabilization
was achieved, the heat load was removed and the temperatures of the cask allowed to decay back to
ambient temperatures. Heat stabilization runs had to be performed twice as a result of the data
logger not running during the first heat decay run attempt.

All data acquired is presented within this report, both in tabular format and charts of

temperature versus time
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1.0 INTRODUCTION AND SCOPE

The purpose of this test report is to present the methodology that was utilized in
performance of heat transfer testing of the AQS-165 Cask Assembly as described in Section
3.0 of this report. The objeétive of the testing was to obtain transient and steady state
temperature data with a known heat input for verifying conformance to thermal requirements
and modeling of the cask.

The cask body detailed within Section 3.0 was made available at the fabricator’s facility
for the purpose of performing the thermal testing,

The fabricator RANOR In¢. provided the floor space and crane facilities to support
the testing effort. National Technical System (NTS) personnel were allowed access to the
fabricator’s facility to survey the site and for performance of the thermal testing. The
facility made available 480VAC, 3 phase power for interfacing with NTS power controls.
Section 4.0 of this report describes in detail the procedure that was used during the test.
NT'S was responsible for providing the following activities.

e 16 type J thermocouples including mounting.

e Variable regulated power source for operation of heater.

e Data acquisition system for recording thermocouples and power
characteristics to the heater.

All work conducted was accordance with NTS Corporate Quality Policy Manual
Revision 4 dated 21 March, 2006. This program fulfills the requirements of 10CFR50,

Appendix B, and 10CFR, Part 21.
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20  APPLICABLE REFERENCE DOCUMENTS

2.1

2.2

2.3

2.4

2.5

2.6

3-446

NTS Corporate Quality Policy Manual Revision 4, dated 21 March, 2006.

NTS Quotation No. A-0606-1991-1 dated 29 June, 2006.

RANOR Inc. purchase order 108533 dated 23 August, 2006.

GE Nuclear Specification Number 2249423 Rev 0, “AOS Cask Thermal
Acceptance Test”

NTS Test Procedure TP63001-07N Revision 0 reviewed and approved by
RANOR on 3 November, 2006.

NTS Standard Operating Procedure SOP NOR-CAL 19, Revision 0, “Calibration
Verification Procedure for Thermocouples using Dry Well Temperature

Calibrators™
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3.0 ITEM DESCRIPTION

The test item is an”AQS-165 Cask Assembly”. The cask tested under this
program was manufactured by RANOR, Inc located in Westminster, MA. The original

set-up was intended to be as shown in Figure 1. The actual configuration used is shown in

Figure 2.
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3.0 JITEM DESCRIPTION (continued)

In performing the set-up the hole at the bottom of the cask was too small to allow
for routing of power cables to the heater. As a result per request by GE Nuclear
personnel on site the installation of the heater was in its normal orientation and the power
cables brought out through the upper side wall hole. Also, the clearance between the top
plug insert and the cask was insufficient to allow for cables so per decision by GE Nuclear

personnel the plug insert was not used.
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4.0 TEST SET-UP AND SEQUENCE

4.1 Photographs

Cask sitting on fiber wool insulation
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40 TEST SET-UP AND SEQUENCE (continued)

4.1 Photographs

Close-up mounting of ambient thermocouples. Tip placed 12 inches from cask wall.
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40 TEST SET-UP AND SEQUENCE (continued)

4.1 Photographs

Thermocouples TC 5 and TC 12 on top of cask cover. TC 4 located on underside of
cover and centered.
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40 TEST SET-UP AND SEQUENCE (continued)

4.1 Photographs

Heater placed down inside of cask well. TC# 7 located 29.75 inches down from top of cask.
TC#8 located 180 degrees around cask.

Test Report No. TR63001-07N
Revision 0

Section 4.0

Page No. 4 of 9

3-452 Radioactive Material Transport Packaging System Safety Analysis Report
for Model AOS-025, AOS-050, and AOS-100 Transport Packages, Rev. J, January 31, 2021 (Docket No. 71-9316)




A7SH

4,0 TEST SET-UP AND SEQUENCE (continued)

4.1 Photographs

TCH# 7 location 29.75 inches down from top of cask.

4.2 Thermocouples

A total of 16 type J thermocouples were used made from “Special Limits of
Error” type J thermocouple wire. The wire has double insulation glass fiber coating
and is 24 solid AWG. Each thermocouple had a lead length of approximately 30 feet.
One end of each wire was beaded (welded) and each TC wire was calibrated at NTS

prior to installation. Placement of the thermocouples was per Figure 2.
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40 TEST SET-UP AND SEQUENCE (continued)

4.3

4.4

3-454

Cask Placement and Thermocouple Installation
The cask was set in a pit at the RANOR Inc. facility. The pit provided for

some protection against direct ambient air drafis.

All thermocouples measuring the cask were welded onto the cask. The
location for thermocouples # 11 and 12 located at the entry of the top and bottom
pass through ports had the ports stuffed with steel wool. This was done to provide
a better medium for heat transfer within the through hole.

All thermocouple wires were terminated to a data acquisition system that
acquired the data at 1 minute intervals throughout the duration of testing.

Heat Load

A heater capable of outputting a heat load of 7,000 watts was supplied by GE
Nuclear, and located at the fabrication facility; and was placed internal to the cask.
The heater was placed within the cask cavity to allow for the power lines to be fed out
of the top through hole. The bottom through hole had a 90 degree bend which
preventing the power cables from being snaked through. NTS provided a regulated
DC voltage source such that the wattage being dissipated from the load remained at +

70 watts from the desired value. The desired value was given as 7,000 watts.
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40 TEST SET-UP AND SEQUENCE (continued)

4.4 Heat Load

The voltage supplied and current drawn by the heater was recorded at the
same time and intervals as the thermocouple data, Watts was calculated as the
product of volts times current via a math function within the data logger.

4.5 Load Testing

4.5.1 1* Heat Rise Test

Testing began at 20:08 on 13 November, 2006, A constant heat load of 7,000
+ 70 watts was applied to the cask until thermal stability was reached. Thermal
stability was considered reached on 18 November, 2006 at 08:07 at which time the
heat load was shut off to start the heat decay measurement.

On 20 November, 2006 when downloading data it was discovered that the
data logger had been stopped on 18 November, 2006 at 08:07 and not restarted. This
caused the heat decay test data to be lost. Notice of Deviation 001 was issued. A
copy is provided within Appendix G of this report. As a result the heat load had to be
reapplied to allow for the unit to restabilize.

The tabulated data gathered for this run is contained within Appendix A
pages A-2 through A-111, Charis produced are contained within Appendix D
pages D-2 through D-20. Thermocouple TC# 8 was showing erratic behavior and

was verified to have a fractured junction when inspected upon completion of the test.
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40 TEST SET-UP AND SEQUENCE (continued)

4.5

Load Testing
4.5.2 2" Heat Risc Test

Retesting for heat rise began at 10:33 on 20 November, 2006. A constant
heat load of 7,000 + 70 watts was applied to the cask until thermal stability was
reached. Thermal stability was considered reached on 24 November, 2006 at 08:32 at
which time the heat load was shut off to start the heat decay measurement.

The tabulated data gathered for this run is contained within Appendix B
pages B-2 through B-99. Charts produced are contained within Appendix E pages
E-2 through E-20.

The following table depicts the final values achieved for each data channel for

the two heat rise stabilization runs.

TC1 TC2 TC3 TC4 TC5 TCé TC7 TC8
1% Heat Run 12037F | 9142F | 2846F | 2959F | 2537F | 2616F 559.0F | Lostdata
2" Heat Run 1199.1F | 902.1F | 290.6T | 291.7F | 250.7F | 260.9¥% 559.7F | Lost data
TCY TC10 TC11 TC12 TC13 TC14 TC15 TC16
1% Heat Run 264.6F | 2614F | 2322F | 25227 61.8F 592F 62.8F 59.1F
2" Heat Run 2672F | 2686F | 2255F | 2475F 6547 65.7F 673 F 65.7F
Amps Volts Watts
1% Heat Run 30.24 230.00 | 6955.20
2™ Heat Run 3023 | 23020 | 6961.97

3-456
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40  TEST SET-UP AND SEQUENCE

4.6

on 24 November, 2006 at 08:32,

Heat Decay Test

(continued)

Heat Decay testing began at the moment the heaters were shut off which was

Measurements continued until 08:10 on 29

November, 2006 at which time NTS was instructed by GE personnel to end the

testing.

The tabulated data gathered for this run is contained within Appendix C

pages C-2 through C-128. Charts produced are contained within Appendix F pages

F-2 through F-20,

the two heat rise stabilization runs.

The following table depicts the final values achieved for each data channel for

TC1 TC2 TC3 TC4 TC5 TC6 TC7 TC8
Start 08:32 1124/06 | 1199.1F | 902.1F | 290.6F | 291.7F | 250.7F | 260.9F | 559.7F | Lostdata
End 08:1011/29/06 | 749F 743 F 72.9F 7087F 700F 721F 73.8F | Lostdata
TCY TC10 TC11 TC12 TC13 TC14 TC15 TC16
Start 08:32 1124/06 | 2672F | 268.6F | 2255F | 2475F 654 F 6571 673F 657F
End 08:1011/29/06 | 72.0F 719F 68.0F T1L.7F 60.6F 604F 602 F 59.8F
Amps Volts Watts
Start 08:32 1124/06 | 30.23 230.20 | 6961.97
End 08:10 11/29/06 0.00 0.00 0,00

Radioactive Material Transport Packaging System Safety Analysis Report
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5.0 TEST EQUIPMENT

All test equipment used for this program was checked prior to testing to assure that it was
in calibration and that the parameters being measured were appropriate for the range on the
measuring instrument.

Calibration is performed and checked on a routine basis in accordance with
standards traceable to the National Institute of Standards and Technology (NIST).
Calibration of equipment is performed in accordance with the NTS quality program.

A list of test equipment used and verification of the suitability of the measuring

instrument is included on the following pages.
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