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3. THERMAL EVALUATION

Design analysis, similarity, and full-scale testing (see Sect. 2) have demonstrated that the
ES-3100 shipping package is in compliance with the applicable requirements of Title 10 Code of
Federal Regulations (CFR) 71 (10 CFR 71) when used to ship highly enriched uranium (HEU) having
a maximum gross weight up to 35.2 kg (77.60 1b). The ES-3100 has a nominal gross shipping weight
that ranges from 146.88 kg (323.79 1b) to 187.81 kg (414.05 Ib) for the empty and maximum weight
containment vessel configurations shown in Table 2.8, respectively.

31 DISCUSSION

The drum assembly of the shipping package is defined as the structure that maintains the
position of and provides the impact and thermal barrier surrounding the containment boundary.
Preserving the location of the containment boundary within the packaging prevents reduction of the
shielding and subcriticality effectiveness. The drum assembly for the ES-3100 consists of an internally
flanged Type 304L stainless-steel 30-gal modified drum with two Type 304L stainless-steel inner liners,
one filled with noncombustible cast refractory insulation and impact limiter and one filled with
noncombustible cast neutron poison; a stainless-steel top plug with noncombustible cast refractory
insulation; silicone rubber pads; silicon bronze hex-head nuts; and a stainless-steel lid and bottom
(Drawing M2E801580A031, Appendix 1.4.8). The nominal weight of these components is 131.89 kg
(290.76 1b).

The drum’s diameters (inner diameter of 18.25 in.) and corrugations meet the requirements
of Military Standard, MS27683-7. All other dimensions are controlled by Drawing M2E801580A004
(Appendix 1.4.8). Modifications to the drum from MS27683-7 include the following: (1) the overall
height was increased; (2) the drum was fabricated with two false wire open ends; and (3) a 0.27-cm
(12-gauge, 0.1046-in.)-thick concave cover was welded to the bottom false wire opening
(Drawing M2E801508A005, Appendix 1.4.8). Four 0.795-cm (0.313-in.)-diam equally spaced holes
are drilled in the top external sidewall to prevent a pressure buildup between the drum and inner liner.
The holes are filled with a plastic plug to provide a moisture barrier for the cast refractory insulation
during Normal Conditions of Transport (NCT). The cavity created by the inner liners is a three-tiered
volume with a 37.52-cm (14.77-in.) inside diameter 13.26 cm (5.22 in.) deep, a 21.84-cm (8.60-in.)
inside diameter 5.59 cm (2.20 in) deep, and an additional 15.85-cm (6.24-in.) inside diameter 78.31-cm
(30.83 in.) deep. The volume between the drum and mid liner is filled with a lightweight noncombustible
cast refractory material called Kaolite 1600 (Thermal Ceramics, Appendix 2.10.3). The material is |
composed of portland cement, water, and vermiculite and has an average density of 358.8 kg/m?
(22.4 1b/ft®). The procedure for manufacturing and documenting the insulation, JS-YMN3-801580-A003
(Appendix 1.4.4), is referenced on Drawings M2E801580A002 and M2E801580A008 (Appendix 1.4.8)
for the drum body weldment and top plug weldment, respectively. The insulation has a maximum
continuous service temperature limit of 871°C (1600°F) due to the presence of the vermiculite and
portland cement. The volume between the most internal liner and the mid liner is filled with a
noncombustible cast neutron poison (absorber) material called Cat 277-4 from Thermo Electron
Corporation. The material is composed of aluminum, magnesium, calcium, boron, carbon, silicone,
sulfur, sodium, iron, and water. The final mixture will have an average density of 1681.9 kg/m’
(105 Ib/ft’). The procedure for manufacturing and documenting this material, JS-YMN3-801580-A005
(Appendix 1.4.5), is referenced on Drawing M2E801580A002 (Appendix 1.4.8). This neutron poison
material has a maximum continuous service temperature limit of 150.0°C (302°F). At this temperature,
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the moisture inside the Cat 277-4 material remains an integral part of the composite material, and
moisture content loss is negligible.

The top plug is fabricated in accordance with Drawing M2E801580A008 (Appendix 1.4.8),
with an overall diameter of 36.50 cm (14.37 in.) and a height of 13.41 cm (5.28 in.). The plug’s rim,
bottom sheet, and top sheet are fabricated from 0.15-cm (16-gauge, 0.0598-in.)-thick Type 304/304L
stainless-steel sheet per ASME SA240. Four lifting inserts are welded into the top sheet for loading and
unloading operations. The internal volume of the top plug assembly is filled with Kaolite 1600 in
accordance with JS-YMN3-801580-A003 (Appendix 1.4.4).

Three silicone rubber pads complete the drum assembly. One pad is placed on the bottom of the
most inward liner to support the containment vessel during transport. Another pad is placed on the top
shelf of the mid liner to support the top plug during transport. The final plug is placed over the top of the
containment vessel lid and closure nut interface. The pads are molded to the shapes as defined on
Drawing M2E801580A009 (Appendix 1.4.8). The material is silicone rubber with a Shore A durometer
reading of 22 £5.

The ES-3100 package is evaluated for a maximum heat source of 0.4 W (Sect. 1.2.3.7); however,
no active cooling systems or specific thermal design features are required. A lightweight cast refractory
insulation between the inner liner and the drum provides thermal protection of the contents from external
heat sources.

Thermal criteria are applied to the package in accordance with 10 CFR 71 for NCT and
Hypothetical Accident Conditions (HAC). These requirements specify that each package design provide
containment, shielding, and criticality safety at temperatures ranging from -40 to 38°C (-40 to 100°F)
with full insolation. Also, in accordance with Packaging and Transportation of Radioactive Material
[10 CFR 71.43(g)], a package must be designed, constructed, and prepared for transport so that in still air
at 38°C (100°F) and in the shade no accessible surface of a package would have a temperature exceeding
50°C (122°F) in a nonexclusive use shipment, or 85°C (185°F) in an exclusive use shipment. In
addition, each package will experience no significant reduction in effectiveness as the result of being
exposed to a thermal radiation environment of 800°C (1475 °F) for 30 min with an emissivity coefficient
of at least 0.9.

The maximum internal pressures and thermal stresses for both NCT and HAC are discussed and
calculated (Sects. 3.4.2, 3.4.3, and 3.5.3) for use in the structural evaluation. The calculated pressures
are well below the design pressures of the package components, and the effect of thermal stresses on the
package is negligible (Sects. 2.6.1.2 and 2.7.4.2).

Compliance with the NCT thermal requirements is shown by analysis (Sect. 3.3.1). Since the
components to be shipped have a maximum decay heat load of 0.4 W, a thermal analysis was conducted
for the ES-3100 package (Appendix 3.6.2). Since the decay heat load is so meager, the maximum
predicted temperature of the entire package, while stored at 38°C (100°F) in the shade, is 38.52°C
(101.33°F) [Table 3.5]. The analysis shows that no accessible surface of the package would have a
temperature exceeding 50°C (122°F). Therefore, the requirement of 10 CFR 71.43(g) would be
satisfied. If the package is exposed to solar radiation at 38°C (100°F) in still air, the conservatively
calculated temperatures at the top of the drum, center of containment vessel lid, and on the containment
vessel near the O-ring sealing surfaces are 117.72°C (243.89°F), 87.81°C (190.06°F), and 87.72°C
(189.90°F), respectively (Sect. 3.4.2 and Table 3.6). For conservatism, the O-ring sealing surface
temperature will be assumed to be 87.81°C (190.06°F). At the low-temperature range and neglecting
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decay heating, the package components would stabilize at —40°C (-40°F), which is within normal
operating limits of the packaging materials (Sect. 2.2). '

Five full-scale packages were subjected to the HAC thermal test following the drop, crush and
puncture tests (Sects. 2.7.1 through 2.7.3). All of these test packages were exposed to a thermal radiation
environment of >800°C (>1475°F) for well over 30 min in a furnace. Other temperature conditions
before and during the thermal testing are given in Test Report of the ES-3100 Package for the furnace,
test packages, and package supports. The maximum temperature recorded during the tests on the external
surface of any of the containment vessels was 127.2°C (261 °F). This containment vessel maximum
temperature reading is the highest value shown in Table 3.9. This temperature was recorded on
Test Units-4 and -5 on the containment vessel sealing lid. The maximum internal temperature adjacent to
the O-rings was 116°C (241°F). Temperature adjustments are then added to the containment vessel’s
maximum recorded temperature to correct for measuring accuracy, internal decay heating, insolation
heating during cool down, location of crush plate damage, neutron poison substitution, thermal
capacitance difference between mockups and actual contents, and material density variations. Detailed
discussion of each temperature adjustment is provided in Sect. 3.5.3. Since Test Unit-5 was tested with a
mock-up that represented the lightest proposed content, no temperature correction was needed for mass
differences. The containment vessel’s recorded temperature values were lower on all other test units,
which consisted of much heavier mock-up contents.

3.1.1 Design Features

The drum assembly for the ES-3100 consists of an internally flanged Type 304L stainless-steel
30-gal modified drum with two Type 304L stainless-steel inner liners, one filled with noncombustible
cast refractory insulation and impact limiter and one filled with noncombustible cast neutron poison; a
stainless-steel top plug with noncombustible cast refractory insulation, silicone rubber pads, silicon
bronze hex-head nuts, and a stainless-steel lid and bottom (Drawing M2E801580A031, Appendix 1.4.8).
The drum’s diameter (inner diameter of 18.25 in.) and corrugations meet the requirements of Military
Standard, MS27683-7. All other dimensions are controlled by Drawing M2E801580A004
(Appendix 1.4.8). Modifications to the drum from MS27683-7 include the following: (1) the overall
height was increased; (2) the drum was fabricated with two false wire open ends; and (3) a 0.27-cm
(12-gauge, 0.1046-in.)-thick concave cover was welded to the bottom false wire opening
(Drawing M2E801508A005, Appendix 1.4.8). Four 0.795-cm (0.313-in.)-diam equally spaced holes
are drilled in the top external sidewall to prevent a pressure buildup between the drum and inner liner.
The cavity created by the inner liners is a three-tiered volume with a 37.52-cm (14.77-in.) inside diameter
13.26 cm (5.22 in.) deep, a 21.84-cm (8.60-in.) inside diameter 5.59 cm (2.20 in) deep, and an additional
15.85-cm (6.24-in.) inside diameter 78.31 cm (30.83 in.) deep. Drum and inner liner wall thickness is
0.15 cm (16 gauge, 0.0598 in.).

The volume between the drum and mid liner is filled with a lightweight noncombustible cast
refractory material called Kaolite 1600 (Thermal Ceramics, Appendix 2.10.3). The material is composed
of portland cement, water, and vermiculite and has an average density of 358.8 kg/m® (22.4 1b/ft®). The
procedure for manufacturing and documenting the insulation, JS-YMN3-801580-A003 (Appendix 1.4.4),
is referenced on Drawings M2E801580A002 and M2E801580A008 (Appendix 1.4.8) for the drum body
weldment and top plug weldment, respectively.

The volume between the most internal liner and the mid liner is filled with a noncombustible cast
neutron poison material from Thermo Electron Corporation (Cat 277-4). The material is composed of

aluminum, magnesium, calcium, boron, carbon, silicone, sulfur, sodium, iron, and water. This mixture
will have an average density of 1681.9 kg/m® (105 Ib/ft®). The procedure for manufacturing and
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documenting this material, JS-YMN3-801580-A005 (Appendix 1.4.5), is referenced on
Drawing M2E801580A002 (Appendix 1.4.8).

Three silicone rubber pads complete the drum assembly. One pad is placed on the bottom of
the most inward liner to support the containment vessel during transport. Another pad is placed on the
top shelf of the mid liner to support the top plug during transport. The final plug is placed over the top
of the containment vessel lid and closure nut assembly. Pads are molded to the shapes as defined on
Drawing M2E801580A009 (Appendix 1.4.8) using silicone rubber with a Shore A durometer reading
of 22 £5.

3.1.2 Content’s Decay Heat

The maximum decay heat and radioactivity of the contents (Sect. 4) are based on a maximum of
35.2 kg of HEU in the isotopic and mass distribution at fabrication as shown in Table 3.1.

Table 3.1. Isotopic mass and weight percent for the HEU contents *

Nuclide ‘Weight percent 1\’:;&)5 s

By 0.000004 0.001408
™y 0.600000 211.200000
By 2.000000 704.000000
=y 54.895996 19,323.390592
By 40.000000 14,080.000000
By 0.000000 0.000000
Transuranic 0.004000 1.408000
BNp 2.500000 880.000000
Total 100.000000 35,200.000000

* Weight percent values of individual isotopes are those that generate the largest activity within the allowable ranges
presented in Sect. 1.2.3.

Using the ORIGEN-S program for determining decay heat values and predicting the isotopic
decay patterns from 0 to 70 years from original fabrication, the following decay heat loads are predicted
and shown in Table 3.2. Isotopic mass distribution has been calculated in Sect. 4 and shown in Table 2
of Appendix 4.6.1. The maximum decay heat load is rounded up from 0.3954 to 0.4 W, and 0.4 W is
used in subsequent analyses for temperature predictions. Contributions from the transuranics and *’NP
at the bottom of Table 3.2'remain constant for the time period evaluated. The decay heat per gram value
used for the transuranic isotopes was an average of the decay heat values for 2**Pu, **Pu, **°Puy, **'Pu,
22Py and *'Am.
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Table 3.2. Decay heat for 35.2 kg of HEU content (watts)

Decay Heat Isotope DECAY TIME
{Watts per gram) 0 years 5 years 10 years 20 years 30 years 40 years 50 years 60 years 70 years
1.7920€-02 Pb-210 0.0000e+00 2.5360E-12 1.9556€E-11 1.4635E-10 4.5799€-10 1.0156€E-09 1.8547e-09 3.0280E-09 4.5294€-09
2.6280E+03 Pb-212 0.0000E+00 4.7733e-05 5.3284€-05 4.9583E-05 4.4773E-05 4.0703E-05 3.6781E-05 3.3302e-05 3.0157e-05
2.8650E+02 Bi-210 0.0000E+00 2.5008e-11 1.9280E-10 1.4339e-09 4.5175e-09 1.0003E-08 1.8312E-08 2.9848E-08 4.4570E-08
2.4500E+05 Bi-212 0.0000e+00 4.2147e-04 4.6984E-04 4.3875e-04 3.9729e-04 3.5929e-04 3.2578e-04 2.9503E-04 2.6705e-04
1.4420E+02 Po-210 0.0000E+00 3.4726e-10 2.6806E-09 1.9902E-08 6.2751E-08 1.3911e-07 2.5486E-07 4.13278-07 6.1939e-07
5.1130E+03 Rn-222 0.0000E+00 7.2355E-09 2.8942E-08 1.1555e-07 2.5990E-07 4.6077E-07 7.1995€-07 1.0331E-06 1.40758-06
1.8230+03 Ra-223 0.0000E+00 1.1907E-08 4.5091e-08 1.6416g-07 3.3642e-07 5.4602E-07 7.8557e-07 1.0463E-06 1.3210€-06
5.4700E+03 Ra-224 0.0000E+00 8.6260E-04 9.6272E-04 9.0111g-04 8.1639E-04 7.3783e-04 6.6774E-04 6.0459E-04 5.4760E-04
2.8380E+01 Ra-225 0.0000E+00 5.9942E-07 1.2947E-06 2.5895€e-06 3.8842E-06 5.1730€-06 6.4737E-06 7.73258-06 9.0512e-06
2.8600E-02 Ra-226 0.0000E+00 6.3026E-09 2.5170E-08 1.0068e-07 " 2.2553E-07 4.0071E-07 6.2624€-07 9.0009e-07 1.2243€e-06
1.5200E-02 Ra-228 0.0000E+00 3.1241e-15 1.0485e-14 3.1241e-14 5.4992e-14 7.9599€-14 1.0442E-13 1.2946€-13 1.5449g-13
2.0290e+03 Ac-225 0.0000E+00 3.4282€-05 6.2564E-05 1.2513e-04 1.8769E-04 2.4983E-04 3.12398-04 3.7453E-04 4.3709e-04
3.5000e-02 Ac-227 0.0000E+00 1.6165€e-10 6.1483Ee-10 2.2253e-09 4.5656E-09 7.4402E-09 1.0687e-08 1.4204E-08 1.7924€e-08
1.7460E+04 Ac-228 0.0000E+00 4.3760E-13 1.4701E-12 4.3760E-12 7.6949€e-12 1.1161E-11 1.4652€-11 1.8143g-11 2.1659e-11
1.1250E+03 Th-227 0.0000e+00 1.2065E-08 4.5869€e-08 1.6630E-07 3.4130e-07 5.5434e-07 7.9781E-07 1.0609E-06 1.3413e-06
2.6850E+01 Th-228 0.0000E+00 8.2427E-04 9.1879e-04 8.5830E-04 7.7889€e-04 7.03278-04 6.3900E-04 5.7850E-04 5.2178E-04
6.0870E-03 Th-229 0.0000E+00 3.8569€-05 5.5025€e-05 1.0992e-04 1.6456E-04 2.1984€-04 2.7384E-04 3.2912E-04 3.8440E-04
5.8220E-04 Th-230 0.0000e+00 5.6970E-06 1.1353E-05 2.2747E-05 3.4100E-05 4.5494£-05 5.6970€-05 6.8037E-05 7.9513e-05
. 5.7940E+02 Th-231 0.0000e+00 4.5568E-05 4.5568€E-05 4.5568€e-05 4.5568E-05 4.5568E-05 4.5568€E-05 4.5568E-05 4.5568E-05
2.6590e-09 Th-232 0.0000e+00 5.4281E-12 1.0894E-11 2.1787e-11 3.2681k&-11 4.3425€e-11 5.4281€-11 6.5512e-11 7.6368E-11
9.5900E+00 Th-234 0.0000€e+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000g+00 0.0000E+00 0.0000E+00 0.0000E+00
1.4390E-03 Pa-231 0.0000e+00 1.3457e-07 2.6942E-07 5.3940€-07 8.0910E-07 1.0760E-06 1.3457E-06 1.6154€-06 1.8823E-06
5.2710e+01 Pa-233 0.0000e+00 0.0000E+00 0.0000E-+00 0.0000e+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00
7.0800E-01 U-232 9.9686E-04 9.4702E-04 9.0216€E-04 8.1743E-04 7.3967e-04 6.6989E-04 6.0709€-04 5.4927e-04 4.9744e-04
2.8070E-04 U-233 5.9280E-02 5.9278E-02 5.9278E-02 5.9275E-02 5.9273e-02 5.9270e-02 5.9268E-02 5.9265€-02 5.9263€-02
1.7910e-04 U-234 1.2609€-01 1.2609€-01 1.2609e-01 1.2609e-01 1.2608e-01 1.2608e-01 1.2608E-01 1.2607E-01 1.2607E-01
6.0000E-08 U-235 1.1594€-03 1.1594€-03 1.1594€-03 1.1594€-03 1.1594€e-03 1.1594€-03 1.1594g-03 1.1594€-03 1.1594€-03
2.0000E-06 U-236 2.4656E-02 2.4656E-02 2.4656E-02 2.4656€E-02 2.4656E-02 2.4656E-02 2.4656E-02 2.4656E-02 2.4656E-02
8.5111E-09 U-238 0.0000e+00 0.0000e+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000e+00 0.0000E+00
1.1580€-01 transuranic 1.6306E-01 1.6306E-01 1.6306e-01 1.63068-01 1.6306E-01 1.6306E-01 1.6306E-01 1.6306E-01 1.6306E-01
2.0100E-05 Np-237 1.7688E-02 1.7688E-02 1.7688E-02 1.7688E-02 1.7688E-02 1.7688E-02 1.7688E-02 1.7688E-02 1.7688E-02
Total watts 3.92938-01 3.9517e-01 3.9542e-01 3.9530e-01 3.9514E-01 3.9500E-01 3.9489E-01 3.9480E-01 3.9473e-01
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3.1.3 Summary Tables of Temperatures
3.1.3.1 NCT Summary Tables

The ES-3100 shipping container has been conservatively evaluated empty of all
containment vessel internal components for NCT. Prior to the change of neutron absorber from
BoroBond4 to Cat 277-4, parameters, such as Kaolite 1600 density, BoroBond4 thermal conductivity,
and decay heat loads, were varied to encompass the range of potential variations in material properties.
The available thermal conductivity information on BoroBond4 was limited to moderate temperatures in
the range of ~3.89°C (25°F) to 40°C (104°F) [Eagle-Picher presentation excerpts sent to Gerry Byington
via e-mail from Jim Hall on March 12, 2004]. Using the available thermal conductivity data for
BoroBond4, thermal analyses for NCT and HAC have been performed and are documented in
DAC-PKG-801699-A001 (summarized in Appendix 3.6.1). Nodal locations for temperatures
presented are shown in Fig. 3.1. Based on the results reported in the above document and shown in
Tables 3.3 and 3.4, it was determined that the higher temperatures occurred when the lowest density of
the Kaolite 1600 was used. Therefore, subsequent analysis using the proposed Cat 277-4 neutron
absorber during NCT uses a Kaolite 1600 density of 19.4 Ib/ft’. The results for the steady state condition
at 38°C (100°F) in the shade, and the transient condition of applying solar insolation are shown in
Tables 3.5 and 3.6 for the proposed configuration (package with Cat 277-4 neutron absorber).
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Fig. 3.1. MSC.Patran axisymmetric finite element model of the ES-3100 shipping container
with BoroBond 4—nodal locations of interest (elements representing air not shown for clarity).
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Table 3.3. Maximum “quasi steady-state” temperatures during NCT for the ES-3100 shipping

container with various content heat loads—Kaolite density of 19.4 1b/ft’ and BoroBond4

Maximum “quasi steady-state” temperature, °C (°F)

Node*® Location
0w 04W 20W 30W
CV lid, top, center 88.30(190.95) { 88.62(191.52) | 103.84 (218.91) | 111.35 (232.42)
CV lid, bottom, center 88.28 (190.90) | 88.60(191.48) | 103.90(219.03) | 111.45 (232.62)
CV lid, top, outer 88.32 (190.97) | 88.63 (191.54) | 103.61(218.50) | 111.00( 231.80)
CV flange at interface, inner® 88.24 (190.83) | 88.56(191.41) | 103.87 (218.96) | 111.42 (232.55)
CV flange at interface, outer® 88.25 (190.84) | 88.56 (191.41) | 103.77 (218.78) | 111.27 (232.28)
CV flange, bottom, outer 88.24 (190.82) | 88.55(191.39) | 103.75(218.75) | 111.25 (232.24)

CV shell, mid-height, inner

83.04 (181.47)

83.61 (182.50)

110.50 (230.89)

123.46 (254.23)

CV shell, mid-height, outer 83.04 (181.47) | 83.61(182.50) | 110.49 (230.88) | 123.45 (254.21)
CV bottom, outer 8336 (182.04) | 83.75 (182.74) | 102.58 (216.64) | 111.99 (233.59)
CV bottom, center, inner 88.37 (182.07) | 83.76 (182.77) | 102.70 (216.86) | 112.17 (233.91)
CV bottom, center, outer 88.37 (181.07) | 83.76 (182.77) | 102.69 (216.84) | 112.15 (233.87)
Drum liner, plug cavity, outer 98.72 (209.70) | 98.80 (209.85) | 102.63 (216.73) | 104.58 (220.24)
Drum liner, plug cavity, inner 94.43 (201.97) | 94.58 (202.24) | 101.92 (215.46) | 105.65 (222.16)

Drum liner, CV flange cavity, outer

89.43 (192.97)

89.63 (193.34)

99.83 (211.70)

105.01 (221.02)

Drum liner, CV cavity, mid-height, inner | 83.12 (181.62) | 83.43 (182.18) | 98.63(209.54) | 106.40(223.52)
Drum liner, CV cavity, bottom, inner 83.62 (182.52) | 83.96(183.13) | 100.36 (212.65) | 108.60 (227.48)
Borobond4, top, outer 88.82 (191.88) | 89.04 (192.27) | 99.65 (211.38) | 105.04 (221.07)
Borobond4, mid-height, inner 83.12 (181.62) | 83.43 (182.18) | 98.63 (209.53) | 106.39 (223.51)
Borobond4, mid-height, outer 83.03 (181.46) | 83.33 (182.00) | 97.91(208.23) | 105.36 (221.65)
Borobond4, bottom, inner 83.55 (182.39) | 83.85(182.93) | 98.58 (209.45) | 106.03 (222.86)
Borobond4, bottom, outer 83.51 (182.31) | 83.80(182.83) | 97.82(208.07) | 104.90 (238.82)
Drum plug lirer, bottom, center 112.01 (233.62) | 112.05 (233.69) | 113.95 (237.11) | 114.90 (238.82)
Drum plug liner, top, center 92.09 (197.77) | 92.31 (198.16) 102.93 (217.27) | 108.26 (226.87)
Drum lid, top, center 118.01 (244.42) | 118.03 (244.45) | 118.77 (245.79) | 119.15 (246.47)
Drum lid, top, outer 107.33 (225.19) | 107.34 (225.22) | 108.22 (226.80) | 108.67 (227.60)
Drum, mid-height, outer 92.27(198.08) | 92.30(198.14) | 93.81 (200.86) | 94.58 (202.24)

Drum bottom, outer

91.70 (197.06)

91.74 (197.13)

93.61 (200.49)

94.54 (202.18)

ERINI=<[xl=gl<|a|n|e|=|c|~lo|z|z||m]|=|=|m|a|=|=|o|c|= >

Drum bottom, center

88.82 (191.88)

88.93 (192.07)

93.84 (200.91)

96.30 (205.35)

t See Fig. 3.1.
® Approximate location of the CV O-rings.
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Table 3.4. Maximum “quasi steady-state” temperatures during NCT for the ES-3100 shipping
container with various content heat loads—Kaolite density of 30 Ib/ft* and BoroBond4

Maximum “quasi steady-state” temperature, °C (°F)

Node? Location
ow 04W 20 W 30 W
CV lid, top, center 86.56 (187.81) | 86.88 (188.38) | 102.98 (215.74) | 109.59 (229.26)
CV lid, bottom, center 86.56 (187.80) | 86.88 (188.38) | 102.16 (215.90) | 109.71 (229.47)
CV lid, top, outer 86.54 (187.78) | 86.86 (188.34) | 101.89 (215.41) { 109.31 (228.75)
CV flange at interface, inner® 86.47 (187.64) | 86.79 (188.21) | 102.09 (215.77) | 109.67 (229.40)
CV flange at interface, outer® 86.44 (187.59) | 86.76 (188.16) | 102.00 (215.61) | 109.53 (229.15)
CV flange, bottom, outer 86.42 (187.56) | 86.74 (188.13) | 101.99 (215.58) | 109.51 (229.12)

CV shell, mid-height, inner

81.52 (178.74)

82.09 (179.76)

109.01 (228.21)

121.98 (251.57)

CV shell, mid-height, outer

81.52 (178.74)

82.09 (179.76)

109.00 (228.19)

121.97 (251.55)

CV bottom, outer

81.32 (178.37)

81.71 (179.08)

100.57 (213.02)

109.99 (229.99)

CV bottom, center, inner 81.37 (178.47) | 81.77 (179.18) | 100.73 (213.31) | 110.21 (230.38)
CV bottom, center, outer 81.37(178.47) | 81.77 (179.18) | 100.72 (213.29) | 110.19 (230.34)
Drum liner, plug cavity, outer 97.74 (207.93) | 97.82 (208.07) | 101.65 (214.96) | 103.59 (218.47)
Drum liner, plug cavity, inner 92.91(199.23) { 93.06 (199.50) | 100.40 (212.72) | 104.13 (219.43)
Drum liner, CV flange cavity, outer 87.69 (189.84) | 87.90(190.21) { 98.09 (208.57) | 103.27 (217.43)
Drum liner, CV cavity, mid-height, inner | 81.30 (178.35) | 81.61(178.90) | 96.82(206.27) | 104.13 (219.43)
Drum liner, CV cavity, bottom, inner 81.52(178.74) | 81.86(179.35) | 98.30 (208.94) | 106.56 (223.80)

Borobond4, top, outer

87.36 (189.25)

87.58 (189.64)

98.19 (208.74)

103.57 (218.43)

Borobond4, mid-height, inner

81.30(178.35)

81.61 (178.90)

98.81 (206.26)

104.58 (220.24)

Borobond4, mid-height, outer

81.37 (178.46)

81.66 (178.99)

96.24 (205.23)

103.69 (218.64)

Borobond4, bottom, inner

81.67 (179.01)

81.98 (179.56)

96.73 (206.12)

104.19 (219.55)

Borobondd, bottom, outer 81.78 (179.21) | 82.07(179.72) | 96.11 (205.00) | 103.23 (217.81)
Drum plug liner, bottom, center 111.30 (232.35) | 111.34 (232.42) | 113.25 (235.85) | 114.21 (237.57)
Drum plug liner, top, center 90.70 (195.26) | 90.92 (195.66) | 101.53 (214.76) | 106.87 (224.36)
Drum lid, top, center 117.74 (243.93) | 117.75 (243.96) | 118.50 (245.30) | 118.88 (245.98)
Drum lid, top, outer 107.04 (224.68) | 107.06 (224.71) | 107.94 (226.29) | 108.39 (227.10)

TlZIn|<(x|g|<|a|r|w|=lo|=|o|z|g|r|x|<|~|z|a|=|=|c|a|=|>

Drum, mid-height, outer 91.86 (197.36) | 91.90 (197.41) | 93.42(200.15) | 94.18 (201.53)
Drum bottom, outer 91.00 (195.79) | 91.04 (195.86) | 92.92(199.26) | 93.87 (200.96)
Drum bottom, center 87.21(188.97) | 8731 (189.15) | 92.26 (198.07) | 94.74 (202.54)
* See Fig. 3.1.
® Approximate location of the CV O-rings.
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Table 3.5. ES-3100 shipping container maximum steady-state temperatures with Cat 277-4
(100°F ambient temperature, no insolation)

Node map*

Node coordinates (in.)

Mazximum “quasi steady-state”
temperature (°F)

No. r z 04 W 20W 30W

2 0.000 4.505 100.83 134.54 150.15

4746) 636 3780 255 3.180 21.528 100.75 131.57 146.21
6339 % 351 4.300 21.528 100.71 129.45 142.87
> 474 4.300 37.535 100.46 117.90 125.67

:;:’:1 (494 494 7.325 37.525 100.32 110.87 115.19
6647 - 474 536 7.385 42755 100.21 105.50 107.19
gggg % 3655¢ 9.185 21.528 100.28 107.58 109.92
6369 / > 3780° 9.185 42.755 100.21 105.29 106.89
2;%—/ 3807¢ 0.000 - 0.320 100.43 | - 114.39 120.08
3865°¢ 9.185 0.008 100.32 108.97 111.97

3880 3.178 4.505 100.74 130.48 144.23

3888 4.300 4.505 100.71 128.60 141.42

6574\ /3655 4721 3.500 35275 100.59 124.08 134.90
255 _/: 4740 4.300 35275 100.57 122.92 133.15

351 > 4746° 0.000 | 43.065 100.20 104.99 106.43
6158 0.000 37.579 100.57 123.14 133.42

6339 0.000 42.859 100.25 107.42 110.04

6359° 2.530 36.075 100.80 133.51 148.56

6365° 3.425 36.075 100.79 133.33 148.28

6369 3.750 35.525 100.79 133.27 148.20

6389 ) 6385 3.750 37.175 100.78 132.85 147.58
2332\ : 6389 2.310 5.025 100.97 141.27 160.06
2/ 6398 0.000 4.775 100.96 140.91 159.55
gggg—// 6399 0.000 5.025 100.96 140.94 159.60
sa07 \-3865 6574 2.530 21.528 101.33 157.70 183.56
6647 0.000 36.075 100.80 133.56 148.63

6715 0.000 37.135 100.79 133.40 148.40

® See Figs. 8 through 11 in Appendix 3.6.2 for details of node locations.
b Approximate location of the CV O-ring. '

¢ These nodes are at the accessible surfaces of the package (i.e., the drum, drum lid, and drum bottom plate).
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Table 3.6. ES-3100 shipping container maximum “quasi steady-state” temperatures during
NCT with various content heat loads and Cat 277-4 ~

(100°F ambient temperature, with insolation)

Node coordinates (in.)

Maximum “quasi steady-state”

37.14

Node map® temperature (°F)
No. r z ow 04W | 20W 30W
2 0.000 | 4.505 | 180.59 { 181.23 | 210.15 | 224.69
4146> 536-\ 3780 255 3.180 | 21.528 | 179.33 179.93 | 207.32 | 221.43
6339 351 4300 | 21.53 179.59 | 180.14 | 204.73 | 217.27
L 474 4300 | 3754 | 198.88 | 19920 ] 21272 | 219.58
6158
\ 494 494 | -7.325 | 3753 | 20740 | 207.56 214.4 217.87
6715
6647 ~—474 536 7385 | 4276 | 226.44 | 22649 | 22831 | 229.24
6359 /
gggg % 3655 9.185 | 21.528 | 198.09 | 198.15 | 200.81 | 202.16
6369 / > 3780 9.185 | 42.755 | 22347 | 223.51 | 225.13 | 225.95
4721
4740/_ 3807 0.000 | 0320 | 19048 | 190.70 | 199.84 | 204.43
3865 9.185 | 0.008 | 19587 | 19597 | 199.91 | 201.90
3880 3.178 | 4.505 180.72 | 181.28 | 206.65 | 219.52
3888 4300 | 4.505 | 181.03 | 181.55 | 205.08 | 217.01
6574\ , /3655 4721 3.500 | 35275 | 18945 [ 189.90 | 209.53 | 219.47
1A
255 N > 4740 4300 | 35275 | 190.56 | 190.98 | 209.37 | 218.68
351 4746 | 0.000 | 43.065 | 24386 | 243.89 | 24532 | 246.03
6158 0.000 } 37579 | 19842 | 198.84 | 217.12 | 22632
6339 0.000 | 42.859 | 233.98 | 23406 | 23732 | 23895
6359 | 2.530 | 36.075 | 189.28 | 189.90 | 217.07 | 230.51
6365° | 3.425 | 36.075 | 189.27 | 189.88 | 216.88 | 230.23
6369 3.750 | 35525 | 18923 | 189.85 | 216.79 | 230.12
6389 > 6385 .| 3.750 | 37.175 | 189.39 190.00 | 21657 | 229.72
6399
6393‘\ . 6389 2310 | 5.025 { 17994 | 18070 | 21575 | 23327
2/ 6398 0.000 | 4775 | 17999 | 180.76 | 215.52 | 232.92
3880~
3888 6399 0.000 | 5.025 | 17999 | 180.76 | 215.55 | 232.96
\ 6574 2530 | 21.528 | 17927 | 18035 | 229.19 | 252.87
3807 3865
6647 0.000 | 36.075 | 189.40 | 190.02 | 21724 | 230.72
6715 0.000 189.44 | 190.06 | 217.14 | 230.54

* See Figs. 8 through 11 in Appendix 3.6.2 for details of node locations.

® Approximate location of the CV O-ring.
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3.1.3.2 HAC Temperature Summary Tables

In order to predict the maximum temperature for the packaging components during HAC, a
transient thermal analyses was performed on the finite element model of the ES-3100 shipping container
(undamaged configuration) to simulate HAC as prescribed by 10 CFR 71.73(c)(4). A 30-min fire of
800°C (1475°F) was simulated by applying natural convection and radiant exchange boundary
conditions to all external surfaces of the drum (assuming the drum is in a horizontal orientation) with
content heat loads of 0, 0.4, 20, and 30 W. There are no heat flux boundary conditions simulating
insolation applied to the model before and during the 30-minute fire. The initial temperature distribution
within the package having content heat loads of 0.4, 20, and 30 W is obtained from their respective
steady-state analyses (Table 3.5). The initial temperature distribution within the package having no
content heat load (0 W) is assumed to be at a uniform temperature equal to the ambient temperature of
38°C (100°F). The content heat load is simulated by applying a uniform heat flux to the internal
surfaces of the elements representing the containment vessel.

Following the 30-min fire transient analyses, 48-h cool-down transient thermal analyses are
performed using the temperature distribution at the end of the fire as the initial temperature distribution.
During post-fire cool-down, natural convection and radiant exchange boundary conditions are applied to
all external surfaces of the drum (assuming the drum is in a horizontal orientation). Additionally, cases
are analyzed in which insolation is included during the post-fire cool-down. For the cases in which
insolation is applied to the model during cool-down, insolation is applied during the first 12-h perlod
following the 30-min fire, and then alternated (off, then on) as was done for NCT.

Based on the previous analysis of the ES-3100 package using BoroBond4 (Appendix 3.6.1),
it was noted that using the low-end density of Kaolite 1600 results in higher containment vessel
temperatures than using the high-end density of Kaolite 1600. For this reason, the NCT and HAC
thermal analyses were run using a density of 19.4 1b/ft’. Similarly, the low-end density of the Cat 277-4
material (100 Ib/ft®) was also used in these analyses. However, while using these low-end densities will
result in higher temperatures to the containment vessel, using the high-end densities for these two
materials will result in higher temperature differences from the baseline case. Thus, HAC runs are also
made for heat loads of 0, 0.4, 20, and 30 W using a Kaolite 1600 density of 30 Ib/ft’ and a Cat 277-4
density of 110 Ib/ft. .

The maximum temperatures calculated for the ES-3100 shipping container for HAC are
summarized in Table 3.7 for the analyses using a Kaolite 1600 density of 19.4 Ib/ft’ and a Cat 277-4
density of 100 Ib/ft’. The maximum temperatures calculated for the ES-3100 shipping container for HAC
are summarized in Table 3.8 for the analyses using a Kaolite 1600 density of 30 Ib/ft® and a Cat 277-4
density of 110 1b/ft’. The thermal analyses that use the low-end density values for Kaolite 1600 and
Cat 277-4 achieve the higher package temperatures (se¢ Table 3.7).

3-11
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Table 3.7. ES-3100 shipping container HAC maximum temperatures
(Kaolite 1600 density of 19.4 Ib/ft’ and Cat 277-4 density of 100 1b/ft*)

Node map

ode coordinates (in.)

HAC maximum temperature (°F)

No.

ow

04W

20W

30W

Insolation
during
cool-down?

Insolation
during
cool-down?

Insolation
during
cool-down?

Insolation
during
cool-down?

No®| Yes

No | Yes

No | Yes

No | Yes

474s> '
6339

6168

6716

6647 6359

6386
6366
6369

4721
4740

Lo

6574\
266"}

351

3780

( —494

~—474

\3865

2

0.000

4.505

225.51 232.1

226.2 | 232.8

255.51261.7

269.5 | 275.7

255

3.180

21.528

194.5 | 212.5

1952 ] 213.2

223812413

237.8 1 255.3

351

4300

21.528

195.8 | 211.9

196.4 | 212.5

222.31 2378

234.8 1 2503

474

4.300

37.535

39291 395.0

3932|3954

407.6 | 409.7

414.2 | 416.3

494

7.325

37.525

671.2 | 672.0

6714 672.3

679.1 | 680.0

682.51 683.3

536

7.385

42.755

1380.4 |1380.4

1380.4 |1380.4

1380.9 11380.9

1381.1 {1381.1

3655

9.185

21.528

1457.8 |1457.8

1457.8 |1457.8

1458.0 |1458.0

1458.1 |1458.1

3780

9.185.

42.755

1427.8 |1427.8

1427.9 11427.9

1428.1 |1428.1

1428.2 |1428.2

3807

0.000

0.320

1454.5 |1454.5

1454.5 |11454.5

1454.9 |1454.9

1455.0 |1455.0

3865

9.185

0.008

1470.1 |11470.1

1470.1 {1470.1

1470.1 {1470.1

1470.2 11470.2

3880

3.178

4.505

230.6 | 236.4

231.2 | 237.0

257.11 262.5

269.4 | 274.8

3888

4.300

4.505

236.9 | 241.7

237.51 2423

261.5 | 266.1

27291 277.5

4721

3.500

35.275

2457 252.8

246.2 | 2533

266.8 | 273.8

276.6 | 283.6

4740

4.300

35.275

258.4 | 263.5

258.8 | 264.0

278.1 ] 283.1

287.1 1 292.1

4746

0.000

43.065

1448.0 |1448.0

1448.0 |1448.0

1448.2 |1448.2

1448.3 |1448.3

6158

0.000

37.579

308.7 | 311.6

309.1 | 312.0

32831 331.2

337.3 | 340.2

6339

0.000

42.859

1335.1 [1335.1

1335.2 |1335.2

1336.4 [1336.4

1336.9 |1336.9

6359°

2.530

36.075

236.7 | 247.6

23731 2483

266.2 | 276.6

279.8 | 289.9

6365°*

3.425

36.075

236.6 | 247.6

23731 2483

266.0 | 276.4

279.5 | 289.7

6369

3.750

35.525

236.5 | 247.6

2372 | 2482

265.8 1 276.2

279.3 | 289.5

6385

3.750

37.175

237.3 ] 2482

237.9| 248.8

266.1| 276.4

279.4 | 289.5

6389

2.310

5.025

219.0 | 227.4

219.9| 2282

255.3 ] 263.1

272.2 | 279.9

6398

0.000

4.775

219.7 § 227.9

220.5 | 228.7

255.6'| 263.3

272.5 | 280.0

6399

0.000

5.025

219.7 227.9

220.5 | 228.7

255.6 | 263.3

272.5 | 280.0

6574

2.530

21.528

196.1 | 214.9

1973 | 216.0

246.7 | 263.8

269.9 | 286.5

6647

0.000

36.075

237.2 | 248.0

23791 248.6

266.8 | 277.0

280.4 | 290.4

6715

0.000

37.135

237.4 ] 248.1

238.0 | 248.8

266.8 | 277.0

280.4 | 290.4

* Approximate location of the CV O-ring.

® Baseline case for AT comparisons.
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Table 3.8. ES-3100 shipping container HAC maximum temperatures
(Kaolite 1600 density of 30 Ib/ft* and Cat 277-4 density of 110 Ib/ft})

Node coordinates (in.) HAC maximum temperature (°F)
ow 04 W 20W 30W
Node map Insolation Insolation Insolation Insolgtion
No. r z during during during during
cool-down? | cool-down? | cool-down? | cool-down?
No®| Yes | No | Yes | No | Yes | No | Yes
2 | 0.000| 4.505| 209.9( 218.9| 210.6 | 219.6 | 240.4| 248.8| 254.6 | 262.8
N S¥\ @m0 | 255 | 3.180(21.528] 185.5[ 207.7] 186.1] 208.4] 215.1] 236.6 | 229.3 | 2506
633 351 | 4.30021.528] 185.6| 207.4| 186.2| 208.0| 212.3| 233.3{ 225.0| 245.9
o158 ) 474 | 4300(37.535| 342.9| 345.5| 343.3 | 345.9| 358.1| 360.7 | 365.0| 367.5
6715 494 | 7.325(37.525| 596.3| 597.4| 596.5| 597.6 | 604.7| 605.8 | 608.3 | 609.4
6647 G0 /ﬁ [ 536 | 7.385]42.755 [1366.8 |1366.8 [1366.8 [1366.8 [1367.4 [1367.4 [1367.6 [1367.6
6365—/ 3655 | 9.185{21.528 [1452.8 |1452.8 [1452.8 [1452.8 |1453.0 [1453.0 [1453.1 |1453.1
;;; J > 3780 | 9.185]42.755 [1420.8 [1420.8 [1420.8 [1420.8 [1421.0 [1421.0 {1421.2 [1421.2
3807 | 0.000| 0.320[1449.4 [1449.4 1449.4 |1449.4 [1449.8 [1449.8 [1449.9 |1449.9
3865 | 9.185| 0.008 [1467.3 |1467.3 [1467.3 |1467.3 [1467.4 [1467.4 |1467.4 |1467.4
3880 | 3.178| 4.505| 213.1| 221.4| 213.7] 222.0| 240.0 | 247.9| 252.5] 260.3
3888 | 4.300| 4.505|217.0| 224.4| 217.6 | 225.0| 242.1 249.1 | 253.8| 260.7
AN y 7385 | 471 | 3.500035.275 | 228.0] 237.5| 228.5] 238.0 249.7| 259.0] 259.7| 269.0
§§"1"/ 4 > 4740 | 4.30035.275( 236.5 243.8{ 236.9| 244.3| 256.7| 263.9} 266.0| 273.2
4746 | 0.000 [43.065 [1441.8 [1441.8 [1441.8 |1441.8 [1442.0 [1442.0 [1442.1 |1442.1
6158 | 0.000(37.579| 277.3| 281.8| 277.8 | 282.3| 297.5| 302.0| 306.7| 311.2
6339 | 0.000 [42.859 [1299.5 [1299.5 [1299.6 [1299.6 [1301.1 [1301.1 {1301.7 |1301.7
6359°| 2.530|36.075 | 225.1| 237.3| 225.8 | 237.9| 254.7] 266.1| 268.3 | 279.6
6365°| 3.425|36.075| 225.0| 237.3| 225.7] 237.9] 254.5| 266.0 | 268.1 | 279.3
6369 | 3.750 [35.525] 224.9 237.2| 225.6 | 237.8| 2543 | 265.8 267.9 2792
6399 ﬁ > 6385 | 3.750(37.175] 225.5| 237.6 | 226.2| 238.3 | 254.6| 266.1| 268.0| 279.2
63%8 = 6389 | 2310 5.025| 205.3] 215.9] 206.2| 216.8| 242.0] 251.9] 259.2| 268.9
33;,// 6398 | 0.000| 4.775| 205.8| 216.3 | 206.7] 217.1] 242.2| 252.0] 259.2| 268.8
36881 6399 | 0.000| 5.025| 205.8] 2163 | 206.7] 217.1] 242.2| 252.0 259.3 | 268.8
3607 Nasss | 6574 | 2.530|21.528| 187.8] 209.1] 189.0| 210.2| 238.9| 258.4 | 262.4| 281.3
6647 | 0.00036.075| 225.6| 237.7| 226.3 | 238.3| 255.2| 266.5| 268.9| 280.0
6715 | 0.000137.135| 225.8| 237.8| 226.4| 238.4| 255.2] 266.5| 268.9| 280.0
* Approximate location of the CV O-ring.
‘ b lBaseline case for AT comparisons.
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Table 3.9. Maximum HAC temperatures recorded on the test packages’ interior surfaces

ES-3100 Test Unit
Temperature patch location® 1 2 3 4 5
‘CCFH) °C(FH) °C(FH) . °C(°FH °C(°F)

Top plug bottom 149 (300)  163(325)  177(350)  177(350) 177 (350)
Inner liner

Flange step wall 135(275)  163(325)  135(275) 135(Q275)  135(275)

BoroBond4 step 107 225)  135(275)  107(225) 177 (350)° 121 (250)

Adjacent to CV body wall high 99 (210) 99 (210) 99 (210) 99 (210) 104 (219)

Adjacent to CV body wall middle 99 (210) 93 (199) 116 (241) 93 (199) 99 (210)

Bottom flat portion 104 (219) 99 (210) 99 (210) 127 (261) 110 (230)
Containment boundary

Lid (external top) 116 241)  110(230)  116(241) 127 (261) 127 (261)

Lid (internal) ' 104 (219) 104 (219) 110 (230) 110 (230) 116 (241)

Flange (external) 116 (241)  110(230)  110(230) 116 (241) 121 (250)

Flange (internal) 104 (219)  99(210) 116 (241> 104 (219) 116 (241)

Body wall mid height © 99(210) 88 (190) 99 (210) 82 (180) 93 (199)

Bottom end cap (center) 99 (210) 99 (210) 88(190)  110(230) 99 (210)
Mock-up

Side top 82 (180) 77 (171) 77 (171) 77 (171) 99 (210)

Side middle 77 (171) 77 (171) 77 (171) 77 (171) 93 (199)

Side bottom. 77 (171) 77 (171) 77 (171) 77 (171) 88 (190)

* Refer to figures for exact locations and to Tables 5.3 through 5.7 in ORNL/NTRC-013, Vol. 1 for recorded values.
® Temperature indicating patch may have been damaged due to impact with surrounding structure.

3.1.4 Summary Tables of Maximum Pressures
3.1.4.1 Maximum NCT Pressures

Table 3.10 summarizes the results from Appendix 3.6.4 in which the pressure of the containment
vessel when subjected to the tests and conditions of NCT per 10 CFR 71.71 has been determined for the
most restrictive containment vessel arrangements (CVAs) shipped in the ES-3100. The most restrictive
CVAs are those in which the void volume inside the containment vessel is minimized based on content
volumes and those CVAs that carry the largest mass of items that offgas at the predicted temperatures
during NCT. Several convenience container heights are proposed for shipment (Fig. 1.4). Shipping
configurations will use these containers in any configuration as long as it does not exceed the HEU
weight limit and form and does not exceed the height constraint of the containment vessel. However, in
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Table 3.10. Total pressure inside the containment vessel at 87.81°C (190.06°F) *

CVA n, n, n, n,, n, np Py
(Ib-mole) | (Ib-mole) | (Ib-mole) | (Ib-mole) | (Ib-mole) |(Ib-mole) (psia)
1 3.0855e-04 | 1.0057e-05 | 0.0000E+00 | 0.0000E+00 | 0.0000E+00 |3.1861E-04 17.786
2 3.0826E-04 | 1.0047e-05 | 0.0000E+00 | 0.0000E+00 | 0.0000E+00 |3.1831E-04 17.786
3 3.0227e-04 | 9.8522E-06 | 0.0000E+00 | 0.0000E+00 | 0.0000E+00 [3.1212E-04 17.786
4 2.9252E-04 | 9.5344E-06 | 0.0000E+00 | 0.0000E+00 | 0.0000E+00 |3.0205E-04 17.786
5 1.9163g-05 | 5.8795e-04 | 0.0000E+00 | 0.0000E+00 | 0.0000E+00 |6.0711E-04 17.786
6 2.0206E-04 | 6.5858E-06 | 0.0000E+00 | 0.0000E+00 | 0.0000E+00 |2.0865E-04 17.786
7 5.6450E-06 | 1.7320E-04 | 0.0000E+00 | 0.0000E+00 | 2.2296E-05 |2.0114E-04 20.004
8 This configuration is bounded by CVA #3
9 This configuration is bounded by CVA #4 °
10 This configuration is bounded by CVA #4

* This assumes that the internal convenience cans, polyethylene or Teflon FEP bottles, and Cat 277-4 spacer cans are sealed.

b Although CVA #9 may slightly exceed the height of the combined three 25.4 cm (10 in.) can height (CVA #4), the
open-ended cans and contents produce a larger void volume and thereby lower overall pressure inside the containment
vessel.

‘ order to determine the worst-case shipping configuration, the arrangements that minimize the void
volume inside the containment vessel are analyzed as follows:
1.  one shipment will contain six cans with external dimensions of 10.8 cm
(4.25 in.) diameter by 12.38 cm (4.875 in.) high cans;

2. one shipment will contain five cans with external dimensions of 10.8 cm
(4.25 in.) diameter by 12.38 cm (4.875 in.) high cans and four can spacers;

3.  one shipment will contain three cans with external dimensions of 10.8 cm
(4.25 in.) diameter by 22.23 cm (8.75 in.) high and three can spacers;

4.  one shipment will contain three cans with external dimensions of 10.8 cm
(4.25 in.) diameter by 25.4 cm (10 in.) high;

5.  one shipment will contain six nickel cans with external dimensions of 7.62 cm
(3.00 in.) diameter by 12.07 cm (4.75 in.) high;

6.  one shipment will contain three polyethylene bottles with external dimensions of 12.54 cm
(4.94 in.) diameter by 22.1 cm (8.7 in.) high;

7.  one shipment will contain three teflon bottles with external dimensions of 11.91 cm
(4.69 in.) diameter by 23.88 cm (9.4 in.) high;

8.  one shipment will contain a brazed assembly of two cans with final external dimensions of
10.8 cm (4.25 in.) diameter by 44.46 cm (17.50 in.) high. An empty can with external
dimensions of 10.8 cm (4.25 in.) diameter by 22.23 cm (8.75 in.) high will be placed on top
of the 44.46 cm (17.50 in.) high can;
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9.  one shipment will contain fuel rods, or tubes, or plates greater than 43.18 cm (17.00 in.) in .
length. These items are bundled together and protected on both ends with an open-ended
can with external dimensions of <12.7 cm (5.0 in.) diameter by < 22.23 cm (8.75 in.) high.
Total assembly height will be < 77.47 cm (30.5 in.). If space is available inside the
containment vessel, stainless-steel metal scrubbers will be added on the bottom and top of
this assembly or an empty can will be placed on top of this partially canned assembly; and

10 one shipment will contain three cans brazed together with external dimensions of
4.25-in. diameter by ~30 in. high.

These arrangements are shown in Fig. 1.4. To determine the ES-3100’s maximum normal operating
pressure, the following assumptions have been used in the calculations:

1.  The HEU contents are loaded into convenience cans, and convenience cans are placed
inside the containment vessel at standard temperature (T,,;,) and pressure (P, [25°C (77°F)
and 101.35 kPa (14.7 psia)] with air at a maximum relative humidity of 100%;

2.  Theconvenience cans and bottles are assumed to be sealed to minimize the void volume inside
the containment vessel;

3.  Convenience can and bottle geometry does not change during pressure increase inside
containment vessel;

4.  If metal convenience cans are used, the total amount of polyethylene bagging and lifting
slings is limited to 500 g per containment vessel shipping arrangement;

5.  All offgassing material (polyethylene bagging or bottles, Teflon bottles, silicone pads,
lifting slings) is limited to 1490 g for containment vessel arrangement #7 and 845 g for
containment vessel arrangement #6; and

6.  Containment vessel arrangements that utilize closed convenience cans with a diameter
greater than 10.8 cm (4.25 in.) will not contain any materials that off gas at the
temperatures associated with Normal Conditions of Transport (NCT).

3.1.4.2 Maximum HAC Pressures

Table 3.11 summarizes the results from Appendix 3.6.5 in which the pressure of the
containment vessel when subjected to the tests and conditions of HAC per 10 CFR 71.73 has been
determined for the most restrictive CVAs shipped in the ES-3100. The shipping configurations discussed
in Sect. 3.1.4.1 are evaluated for HAC. To determine the maximum pressure generated inside the
ES-3100’s containment vessel due to HAC conditions, the following assumptions have been used in the
calculations:

1. The initial pressure inside the containment vessel is the maximum normal operating
pressure shown in Table 3.10 for each CVA at ambient temperature;

2.  The convenience cans and bottles are assumed to be sealed in order to minimize the void
volume inside the containment vessel;

3.  Convenience can and bottle geometry does not change during pressure increase inside
containment vessel or because of damage from compliance testing;
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4.  If metal convenience cans are used, the total amount of polyethylene bagging and lifting
slings is limited to 500 g per containment vessel shipping arrangement;

5.  All offgassing material (polyethylene bagging or bottles, Teflon bottles, silicone pads,
lifting slings) is limited to 1490 g for containment vessel arrangement #7 and 845 g for
containment vessel arrangement #6; and

6.  Containment vessel arrangements that utilize closed convenience cans with a diameter
greater than 10.8 cm (4.25 in.) will not contain any materials that off gas at the
temperatures associated with Hypothetical Accident Conditions (HAC).

The above assumptions are very conservative because the convenience cans buckle and deform
significantly under an external pressure differential of one atmosphere as demonstrated during the helium
leak checking. When the convenience cans deform inward under external pressure, additional void
volume is created, thereby reducing the overall pressure inside the containment vessel. However,
quantitative data on this structural deformation of the convenience cans has not been measured, and
repeatability of the deformation is not predictable. Therefore, convenience can geometry is assumed not
to change for the calculation of pressure inside the containment vessel.

Table 3.11. Total pressure inside the containment vessel at 123.85°C (254.93°F) *

CVA Dynor n,, ny,, Dy L Py
(Ib-mole) (Ib-mole) (Ib-mole) (Ib-mole) (Ib-mole) (psia)
1 3.8549g-04 1.3458E-05 3.1529€e-04 0.0000E+00 7.14248-04 43.852
2 3.8514€-04 1.7302E-05 3.1529e-04 0.0000E+00 7.1773g-04 44.108
3 3.7765E-04 1.1535e-05. 3.1529g-04 0.0000E+00 7.0448E-04 44.151
4 3.65478-04 | 7.6901E-06 3.1529g-04 0.0000E+00 6.8845E-04 44.585
5 7.3457e-04 | 0.0000E+00 3.1529g-04 0.0000E+00 1.0499E-03 . 33.827
6 2.5245e-04 | 0.0000E+00 5.3284€-04 0.0000E+00 7.8529E-04 73.625
7 2.4337e-04 | 0.0000E+00 3.1529e-04 2.2296E-05 5.8096E-04 63.545
8 This configuration is bounded by CVA #3
9 This configuration is bounded by CVA #4 .
10 This configuration is bounded by CVA #4

* This assumes that the internal convenience cans, polyethylene or Teflon FEP bottles, and Cat 277-4 spacer cans are sealed.

® Although CVA #9 may slightly exceed the height of the combined three 25.4 ¢cm (10 in.) can height (CVA #4), the
open-ended cans and contents produce a larger void volume and thereby lower overall pressure inside the containment
vessel. :

32 SUMMARY OF THERMAL PROPERTIES OF MATERIALS
3.2.1 Material properties

Thermal properties at various temperatures for the stainless steel used in the fabrication of the
drum, noncombustible cast refractory (Kaolite 1600), noncombustible neutron poison (BoroBond 4 or

Cat 277-4), silicone rubber pads, and air are listed in Table 3.12. Properties used to evaluate thermal
stresses due to differences in coefficient of thermal expansion are listed in Table 3.13.
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3.2.2 Component Specifications

Component specifications are listed in Tables 3.14 and 3.15.

33 GENERAL CONSIDERATIONS

Thermal evaluation of the package design for NCT was performed by analysis. Evaluation of the
package design for HAC was performed by a combination of testing and analysis.

33.1 Evaluation by Analysis

A description of the method and calculations used to perform the thermal and thermal stress
analyses of the package for NCT and HAC is presented in detail in Appendices 3.6.1, 3.6.2 and 3.6.3.

332 Evaluation by Test

Full-scale testing of five ES-3100 test units was conducted in accordance with 10 CFR 71.73 for
HAC. A single full-scale ES-3100 (TU-4) was assembled and subjected to both NCT testing and the
sequential tests specified in 10 CFR 71.73(c). The furnace used for thermal testing was the No. 3 furnace
at Timken Steel Company in Latrobe, Penn., which is a gas-fired furnace. This furnace employs
“pulsed” fire burners, in which the natural gas flow rate is varied based on furnace controller demands,
but the flow of air through the burners is constant, even when no gas is flowing. This ensures a very rich
furnace atmosphere capable of supporting any combustion of package materials of construction.

Oxygen content was not monitored in stack gases of the furnace because it was not anticipated
that any of the package’s materials of construction were combustible. There was some burning of the
silicone pads which are placed between the inner liner and the top plug of the package.

The most significant change to the definition of the HAC thermal test in the current 10 CFR 71 is
the requirement for calculation purposes to base convective heat input on “that value which may be
demonstrated to exist if the package was exposed to the fire specified.” This is not especially significant
for this package because it was tested in the gas-fired furnace with burners placed in an attitude which
produced a strong convective swirl. Careful examination of the thermal test data indicates that the total
heat imparted to the packages was significantly greater than the required total heat specified in
10 CFR 71.73(c)(4).
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Table 3.12. Thermal properties of the materials used in the thermal analysis

Material | Temperature | Thermal sondueivity [ Densty T Specific bt T pnisivie
Stainless steel -279.67 0.443° 0.285* 0.065* 0.22°
-99.67 0.607 - 0.096 -
260.33 0.799 - 0.123 -
620.33 0.953 - 0.133 -
980.33 1.088 - 0.139 -
1340.33 1.223 - 0.146 -
1700.33 1.348 - 0.153 -
2240.33 1.526 = 0.163 -
Kaolite 1600 68 0.0093" 0.011° : 0.2¢ -
212 0.0091 - - -
392 0.0081 - ' - -
572 0.0072 - - -
1112 0.0082 - - -
Neutron poison -31 0.0457¢ 0.0579¢ 0.125° -
(Cat 277-4) 73.4 0.0485 - 0.186 -
140 0.04 - 0.239 -
212 0.0295 - 0.242 -
302 0.0305 = 0.291 -
Neutron poison 25 0.04508 0.06838 0.21608 -
(BoroBond4) 77 0.0576 - - -
100 0.0632 - - -
104 0.0642 - - -
Silicone rubber - 0.0161" 0.047" 0.300% 1.0
Air -9.67 1.074 x 1072 2 4.064 x 10 - 5> " 0.240° -
80.33 1.266 x 1073 - 0.241 -
170.33 1.445 x 1073 - 0.241 -
260.33 1.628 x 1073 - 0:242 -
350.33 1.796 x 1073 - 0.244 -
440.33 1.960 x 1073 - 0.246 -
530.33 2.114x 1073 - 0.248 -
620.33 2.258 x 1073 - 0.251 -
710.33 2.393 x 1073 - 0.254 -
800.33 2.523 x 1073 - 0.257 -
890.33 2.644 x 1072 - 0.260 -
980.33 2.759 x 1073 - 0.263 -
1070.33 2.870 x 1073 - 0.265 -
1160.33 2.985 x 103 - 0.268 -
1250.33 3.096 x 103 - 0.270 -
1340.33 3.212x 107 - 0.273 C -
1520.33 3.443 x 1072 = 0.277 -

* F.P. Incropera and D. P..DeWitt, Fundamentals of Heat and Mass Transfer, 2nd edition, John Wiley & Sons, New York, 1985.

® Hsin Wang, Thermal Conductivity Measurements of Kaolite, ORNL/TM-2003/49 (Appendix 2.10.3).

° Based on a baked density of 19.4 lbm/ft* (0.011 Ibm/in®). Specification JS-YMN3-801580-A003 (Appendix 1.4.4) requires a baked

density of 22.4 + 3 [bm/ft’. Using a lower value for the Kaolite density results in higher temperatures on the containment vessel

because the heat capacity of the Kaolite is minimized-allowing more heat to flow to the containment vessel; therefore, the thermal

analyses are performed using a low-end density of 19.4 Ibm/ft>. The HAC analyses also consider a high-end density of 30 Ibm/ft>.

FAX communication from J. W. Breuer of Thermal Ceramics, Engineering Department, August 11, 1995.

¢ Hsin Wang, Thermophysical Properties of Heat Resistant Shielding Material, ORNL/TM-2004/290 (Appendix 2.10.4). Specific
heat values are presented in MJ/m’-K in ORNL/TM-2004/290-converted to mass-based units using a density of 105 lbm/ft>.

T Based on a cured density of density of 100 Ibm/ft® (0.0579 Ibm/in®). B. F. Smith and G. A. Byington, Mechanical Properties of

277-4, Y/DW-1987, January 19, 2005 (Appendix 2.10.4), presents a range of measured densities between approximately 100 and

110 tbm/ft? for Catalog No. 277-4. Therefore, in order to minimize the heat capacity of the material and allow more heat to be

transferred to the containment vessel, the lower-bound value is used. The HAC analyses also consider a high-end density of

110 Tbm/ft.

E-mail communication with presentation attachment, Jim Hall (Eagle-Picher) to Jerry Byington (BWXT Y-12), 3/12/2004.

THERM 1.2, thermal properties database by R. A. Bailey.

Conservatively modeled as 1.0.

Constant density value evaluated at 100°F.

—-— e o
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Table 3.13. Mechanical properties of the materials used in the static stress analyses .

Modu!us of Poisson’s Coefficient of
Material Tem?oe;;lture Ela;;tslic)ity Ratio (lIl))f;l/s;il?;) ther(lil:la;izx/;z;l;smn
Stainless steel -40 28.6 x 10%° 0.29° 0.285¢ 82x10°°
100 28.14 x 10¢ o — — 8.6 x107°
200 27.6 x 10¢ — — 8.9 x10°®
300 27.0 x 10° — — 9.2 x 107
Kaolite — 29,210° 0.01 . 0.013f 5.04 x107¢8
Neutron absorber ~ -40 1.991 x 106 ® 0.33" 0.0608" 7.056 x 107¢
(Cat 277-4) -4 — — — 7222 x 107
32 — — — 7.222 x 1078
70 0.984 x 10° 0.28 —_— —
100 0.403 x 10° 0.25 — —_
104 — — — 7.000 x 107°°
140 — — — 6.444 x 107
176 — — — 5.778 x 10°¢
212 — — — 5.389 x 10°° ’
248 — — — 5.056 x 107
284 — — — , 4.889 x 10°¢
302 — — — 4.833 x 1076

* ASME Boiler and Pressure Vessel Code, Sect. II, Part D, Subpart 2, Tables TE-1, B column, and TM-1..

® R. A. Bailey, Strain - A Material Database, Lawrence Livermore National Laboratory, 1989.

¢ The Poisson’s Ratio of Kaolite is assumed to be a small value of 0.01 (Appendix 2.10.2).

4 F. P. Incropera and D. P. DeWitt, Fundamentals of Heat and Mass Transfer, 2™ edition, John Wiley & Sons, New York,
1985.

¢ Metallic Materials and Elements for Aerospace Vehicle Structures, MIL-HDBK-5H, May 1986.

T Specification JS-YMN3-801580-A003 (Appendix 1.4.4) requires a baked density of 22.4 + 3 Ibm/ft’.

£ E-mail communication, Ken Moody (Thermal Ceramics, Inc.) to Paul Bales (BWXT Y-12), December 9, 2004.

" B.F. Smith and G. A. Byington, Mechanical Properties of 277-4, Y/DW-1987, January 19, 2005 (Appendix 2.10.4).

' 'W.D. Porter and H. Wang, Thermophysical Properties of Heat Resistant Shielding Material, ORNL/TM-2004/290,
Oak Ridge National Laboratory, Oak Ridge, Tenn., December 2004 (Appendix 2.10.4). Coefficient of thermal expansion
at each temperature taken as the maximum of values for Runs #2, #3, and #5. '
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Table 3.14. Packaging material technical specifications

Component

Specifications

Drum washers

Drum threaded weld studs

Drum hex nuts

Drum lid weldment

Drum weldment

Drum plugs

Drum assembly
1.375 OD x 0.812 ID x 0.25-in. thick, 300 Series stainless steel

%-11 x 74 long, fabricated per ASME SA-193, using Type 304/304L
stainless-steel per ASME 479

%-11 UNC-2B, silicon bronze C65100, ASTM F-467

Modified 30-gal, 16-gauge (MS27683-61) lid, type 304 or 304L stainless
steel; and a 11-gauge thick sheet, type 304 or 304L stainless steel,
ASME SA-240 '

Modified 30-gal, 16-gauge (MS27683-7), type 304 or 304L stainless
steel, ASME SA-240, manufactured per Drawing M2E801580A004
(Appendix 1.4.8)

Nylon plastic plug, Micro Plastic, Inc.

Impact limiter, insulation enclosure, neutron absorber, and drum packing material

Insulation and impact limiter
(not removable)

Neutron absorber

Top plug (removable)
Inner liners
Aluminum tape

Silicone pads

Containment vessel plug

Containment vessel swivel hoist ring

Y/LF-717/Rev 2/ES-3100 HEU SAR/Ch-3/riw/3-06-08

Lightweight cast refractory insulation, Kaolite 1600, 358.8 kg/m’
(22.4 Ib/ft®) density, cast in stainless-steel shells in the drum and top plug

Cat 277-4, 1681.9 +240/-80 kg/m® (105 +15/- 5 1b/ft®) density

Type 304 or 304L stainless steel, ASME SA-240 (body), ASME SA-79
(lifting inserts),

Type 304 or 304L stainless steel, ASME SA-240 (body), ASME SA-79
(modified angle)

Silicone rubber, 22 + 5 Shore A, color black/gray
Containment boundary
Part # 04-2126, Modified VCO threaded plug, brass

3052TS6, Swivel hoist ring, alloy steel (not used for shipment)
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Table 3.14. Packaging material technical specifications

Component Specifications

Containment vessel Method 1: Type TP304L stainless steel ASME SA-312 (welded or
seamless pipe body); type F304L, stainless steel, ASME SA-182 (flange,
and end cap); type 304, stainless steel, ASME SA-479 (sealing lid),
Nitronic 60 SST per ASME SA-479, UNS-S21800 (closure nut)

Method 2: Type F304L stainless ASME SA-182 (body, flange, and end
cap); type 304, stainless steel, ASME SA-479 (sealing lid), Nitronic 60
SST per ASME SA-479, UNS-S21800 (closure nut)

All components per ASME Boiler and Pressure Vessel Code, Sect. 11,
Part D, Table 2A

Containment vessel O-rings Elastomer, ethylene propylene, normal service temperature range of
-40 to 150°C, Specification M 3BA712A14B13F17 in ASTM D-2000,
per OO-PP-986, Rev. D

Containment vessel lid assembly Part # WSM-400-S02, type 302 stainless steel
retaining ring

Containment vessel O-ring lubricant ~ Clear dimethyl siloxane polymer

Containment vessel closure nut Krytox #240AC
lubricant

Containment vessel body dowel pins  0.2501/0.2503 OD x 0.50 long, 18-8 stainless steel
Containment vessel packing material

Convenience cans Stainless steel or tin plated carbon steel with stainless-steel can handles
and nylon coated stainless-steel wire, or passivated nickel

Silicone rubber pads Silicone rubber, 22 +5 Shore A, color black/gray
Spacers Stainless-steel can filled with Cat 277-4
- Bottles ' Polyethylene, glass, or Teflon FEP
Bagging Polyethylene
Metal scrubbers Stainless steel, McMaster Carr Part # 7361T13
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Table 3.15. Component allowable service temperature and pressure

Component

Allowable service
temperature range
OC (OF)

Allowable pressure range
kPa (psia)

Drum assembly

Silicone rubber pads

~40 to 232 (~40 to 450)

Stainless-steel drum and lid ~-40 to 871 (-40 to 1600)* 48.3 (7)
Silicon bronze nuts . -40 to 871 (-40 to 1600)* N/A
Stainless-steel We!shers' -40 to 871 (~40 to 1600)* N/A
Stainless-steel mid liner ~40 to 350 (-40 to 176.7) N/A
Stainless-steel inner liner -40to 350 (-40 to 176.7) N/A
Stainless-steel top plug weldment -40 to 871 (~40 to 1600)*
Kaolite 1600 -40 to 871 (~40 to 1600)* N/A
Cat277-4 -40 to 150 (-40 to 302)" N/A

| NVA

Containment vessel

Stainless-steel body and sealing lid

-40 to 427 (-40 to 800)°

149.62 (21.7) external
699.82 (101.5) internal

Nitronic 60 closure nut

-40 to 427 (~40 to 800)°

149.62 (21.7) external
699.82 (101.5) internal

Stainless-steel retaining ring -40 to 427 (-40 to 800)° N/A
Dowel pins -40 to 427 (-40 to 800)° N/A
Brass VCO fitting (Viton O-rings) -40 to 204 (-40 to 400)? N/A

Ethylene propylene O-rings

~40 to 150 (-40 to 302)"

5.52 x 10° (800) with no backing rings

Containment vessel silicone pads

-40 to 232 (-40 to 450)

N/A

This limit is established by the proximity of the Kaolite 1600 material.

This limit is established by the ASME Boiler and Pressure Vessel Code.

a
®. This limit is established based on criticality limits of moisture loss.
<
d

This limit is provided by the Parker O-Ring Handbook for each material’s continuous service limit.
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Compliance with ASTM E-2230-02, Standard Practice for Thermal Qualification of Type B
Packages for Radioactive Materials (ASTM E-2230-02), was accomplished by the method described in
Sect. 7.3 of this standard. This standard is in general agreement with Paragraph 2.2.1 (“Steady-state
Method of Compliance™) of SG 140.1 entitled Combination Test Analysis/ Method Used to Demonstrate
Compliance to DOE Type B Packaging Thermal Test Requirements (30 Minute Fire Test). The data
from each of the thermal tests, as shown in the test report, show that five of the six
thermocouple-instrumented exterior surfaces of each package reached temperatures well in excess of
800°C (1475°F) during the 30-min thermal testing. Similarly, all other surfaces of the furnace, 1nclud1ng
the support stand, exceeded 800°C (1475 °F) during the timed portion of the thermal test. For the test
specified in the regulations, regardless of the amount of heat input by convection, radiation, or
conduction, the maximum temperature the skin of the package could reach would be 800°C (1475°F).
That is, the source of the heat in the regulatory-specified test is at 800°C (1475°F). Heat can only be
transferred from a hotter source to a colder source. Thus, regardless of the mode of heat transfer, the
greatest temperature a specimen exposed to the 10 CFR 71.73,(c)(4) thermal test can attain is 800°C
(1475°F). The thermal performance of the packaging components as an assembled unit has been
demonstrated through full-scale tests. Actual tests and procedures followed are described in Sect. 4.5 of
ORNL/NTRC-013, Vol. 1. Figures 3.2 through 3.5 show the general testing arrangements.

Since full-scale testing in accordance with 10 CFR 71.73 for HAC was conducted on prototypical
packages. No analyses were conducted to show compliance with the HAC thermal test. However, to
determine the thermal impacts of (1) an internal heat source, (2) application of insolation during cool
down, (3) thermal capacitance differences between test mock-ups and actual contents, and (4) the change
in neutron absorbing material, analyses were conducted and are summarized in Appendices 3.6.1 and
3.6.2. Further discussion of these issues is found in Sect. 3.5.3.

3.3.3 Margins of Safety

Tables 3.16 and 3.17 summarize the results of thermal analysis and testing in accordance with
NCT and HAC regulatory requirements. Margins of safety have not been calculated. However, the
calculated results are compared with the allowable limits for individual components. Based on these

results, the ES-3100 components are well below the allowable limits concerning temperature, stress, and
pressure during transportation.
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Fig. 3.3. Test unit insertion into furnace.
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Table 3.16. Summary of results of evaluation for the ES-3100 under NCT

o Calculated Allowable SARP
Conditions ..
results limit reference
Minimum package temperature, °C (°F) -40 (-40) -40 (;40) Sect. 3.4.1
Maximum drum assembly stress due to cold 61,150 (8,869) 132,379 (19,200)  Appendix 3.6.3
conditions per 10 CFR 71.71(c)(2), kPa (psia)
Minimum containment vessel pressure, kPa (psia) 76.74 (11.13) 0.0 (0.0). Sect. 3.4.1
Maximum drum temperature with 117.72 (243.89)* N/A Appendix 3.6.2
insolation, °C (°F) Sect. 3.4.1
Maximum drum assembly stress due to hot 66,934 (9,708) 132,379 (19,200)  Appendix 3.6.3
conditions per 10 CFR 71.71(c)(1), kPa (psia)
Containment vessel temperature with insolation, 87.81 (190.06)*" 427 (800)° Appendix 3.6.2
°C(°F) Sect. 3.4.1
Maximum O-ring temperature, °C (°F) 87.81 (190.06) 150 (302)° Appendix 3.6.2
Sect. 3.4.1
Maximum containment vessel pressure, kPa (psia)  137.92 (20.004)¢ 801.2 (116.2)° Appendix 3.6.4
Sect. 3.4.2

* Appendix 3.6.2.

® ASME Boiler and Pressure Code, Sect. II, Part D, maximum allowable temperature-for Sect. I11, Div. 1, Subsection NB

vessel.

¢ Maximum O-ring seal life up to 150°C (302°F) for continuous service (Parker O-ring Handbook, Fig. 2-24).

¢ Appendix 3.6.4.
¢ Appendix 2.10.1 allowable limit.

Table 3.17. Summary of results of evaluation under HAC for the ES-3100 shipping
arrangement using bounding case parameters

Condition Results D.es1-gn S
limits references
Maximum adjusted containment vessel 152.22 (306.00) 426.67 (800)*° Sect. 3.5.3

temperature during testing, °C (°F)

Maximum containment vessel pressure during
testing, kPa (psia)

Maximum adjusted O-ring temperature, °C (°F)

507.63 (73.625)°

141.22 (286.20)

8012 (116.2)°

150 (302)*

Appendix 3.6.5
Sect. 3.5.3

Sect. 3.5.3

* ASME Boiler and Pressure Code, Sect. II, Part D, maximum allowable temperature for Sect. III, Div. 1, Subsection NB

vessel.
® Appendix 3.6.5.
¢ Appendix 2.10.1 at 148.89°C (300°F).

¢ Maximum O-ring seal life up to 150°C (302°F) for continuous service (Parker O-ring Handbook, Fig. 2-24).
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34 THERMAL EVALUATION UNDER NORMAL CONDITIONS OF TRANSPORT .
3.4.1 Heatand Cold

The ambient temperature requirement for NCT is 38°C (100°F). The 35.2 kg of HEU shipped
in the ES-3100 package generates a maximum bounding heat load of 0.4 W. The insolation heat flux
stipulated in 10 CFR 71.71(c)(1) was used in the calculations. If the package is exposed to solar
radiation at 38°C (100°F) in still air, the conservatively calculated temperatures at the top of the drum,
on the top surface of the containment vessel, and on the containment vessel near the O-ring sealing
surfaces, are 117.72, 87.81, and 87.72°C (243.89, 190.06, 189.90°F), respectively, for the ES-3100.
Nevertheless, these temperatures are within the service limits of all packaging components, including
the O-rings. The normal service temperature range of the O-rings used in the containment boundary is
~40 to 150°C (-40 to 302°F), in accordance with B&PVC, Sect. IIT; thus, the seal will not be affected by
this maximum normal operating temperature.

Using the temperatures calculated for the conditions of 10 CFR71.71(c)(1), Appendix 3.6.4
predicts that the maximum normal operating pressure inside the containment vessel will be 137.92 kPa
(20.004 psia). The design absolute pressure of the containment vessel is 801.17 kPa (116.2 psia), and the
hydrostatic test pressure is 1135.57 kPa (164.7 psia). Thus, increasing the internal pressure of the
containment vessel to a maximum of 137.92 kPa (20.004 psia) during NCT would have no detrimental
effect. Stresses generated in the containment vessel at this pressure are insignificant compared to the
materials of construction allowable stress. Table 2.20 provides a summary of the pressure and
temperature for the various shipping configurations. As discussed in Sect. 2.6.1.4, the containment
vessel and vessel closure nut stresses for these pressure conditions are below the allowable stress values.

Summarizing 10 CFR 71.43(f), the tests and conditions of NCT shall not substantially reduce the
effectiveness of the packaging to withstand HAC sequential testing. The effectiveness of the ES-3100 to
withstand HAC sequential testing is not diminished through application of the tests and conditions
stipulated in 10 CFR 71.71. The justification for this statement is provided by physical testing of both
the ES-2M and ES-3100 test packages. Due to the similarities in design, fabrication, and material used in
construction of both the ES-2M and the ES-3100 package, the Kaolite 1600 physical characteristics will
hold true for both designs. The integrity of the Kaolite 1600 is not significantly affected by the NCT
vibration and 1.2-m (4-ft) drop tests.

Prior to testing the ES-2M design (a similarly constructed shipping package), each test unit was
radiographed to determine the integrity of the Kaolite 1600 impact and insulation material. Following
casting of the material inside the drum, some three-dimensional curving cracks were seen in some
packages near the top thinner sections from the bottom of the liner to the bottom drum edge. After
vibration testing, radiography of the ES-2M Test Unit-4 showed that the lower half of the impact limiter
was broken into small pieces (Byington 1997). To evaluate these findings, Test Unit-4 was reassembled
and subjected to HAC sequential testing (Byington 1997). After vibration and impact testing, many
three-dimensional curving cracks were seen around the impact areas, and the inner liner was also visibly
deformed. Nevertheless, temperatures at the containment boundary were also similar to other packages
not subjected to vibration testing prior to HAC testing. No inleakage of water was recorded following
immersion. Also, Test Unit-4 of the ES-3100 shipping package was subjected to the full NCT test
battery including vibration.

Following these tests, the containment vessel of the ES-2M Test Unit-4 was removed, and a full

body helium leak check was performed. The test unit passed the leak-tight criteria in accordance with
ANSIN14.5-1997. The containment vessel was then reassembled into the previously tested drum
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assembly and subjected to the complete HAC testing. Based on the success of this unit and the similar
design of the ES-2M, it can be concluded that vibration normally incident to transport does not reduce
the effectiveness of the ES-3100 packaging during HAC testing. The ES-3100 has been tested to
determine the effectiveness of the package following a sequential NCT 1.2-m (4-ft) drop test and HAC
test battery. Throughout all of the vibration and structural testing, the effectiveness of the Kaolite 1600
material as an impact limiter and thermal insulation was not substantially reduced.

Since the components to be shipped have an assumed decay heat load of 0.4 W, a thermal
analysis was conducted for the ES-3100 package with and without full solar insolation. The package was
analyzed using the ABAQUS/Standard computer code, and the finite element geometry was constructed
for each model using MSC.Patran 2004. The predicted temperature, while stored at 38°C (100°F) in the
shade, for the drum lid center and the containment vessel flange near the inner O-ring, is 37.89°C
(100.20°F) and 38.22°C (100.80°F), respectively. The analysis shows that no accessible surface of the
package would have a temperature exceeding 50°C (122°F). Therefore, the requirement of
10 CFR 71.43(g) would be satisfied for either transportation mode (exclusive use or nonexclusive use).

Also, in accordance with 10 CFR 71.71(c)(2), the containment vessel pressure must be calculated
at -40°C (-40°F). Given the initial conditions of temperature, relative humidity, no silicone rubber or
polyethylene bag offgassing, the pressure is calculated as follows:

P,@25°C = P,+P,+P,
where,
P, = 98.15 kPa (14.236 psia) (Appendix 3.6.4)
P, = 3.20 kPa (0.464 psia) (Appendix 3.6.4)
P, = 0 - (no offgassing, Appendix 3.6.4)

At -40°C (-40°F), the partial pressure of the water vapor is conservatively assumed to be zero.
Therefore, the final pressure of the mixture at -40°C (-40°F) is calculated according to the ideal gas law
based solely on the partial pressure of the air.

PV _ PV,
T, T,
where, '
P, = 98.15 kPa (14.236 psia)
T, = 25°C (298.15K)
T, = -40°C (233.15K)

rearranging and solving for P,,

P, = P(T/T)
= (98.15)(233.15/298.15)
P, = 76.76 kPa(11.13 psia).

The cold condition for NCT specified in 10 CFR 71.71 is an ambient temperature in still air and
shade of -40°C (-40°F). The 35.2 kg (77.60 1b) of HEU contents in the ES-3100 package generates a
maximum bounding decay heat load of 0.4 W. However, in accordance with Regulatory Guide 7.8, the
thermal effects of this internal heat source are neglected during evaluation of the package performance at
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-40°C (-40°F). When exposed to this condition, the package component temperatures will stabilize
over time at a temperature approaching -40°C (-40°F). The package has been examined for use at ‘
-40°C (-40°F) (Sect. 2.6.2). No detrimental effects on the package structure or sealing capability result
from this minimum temperature requirement. The normal service temperature range of the O-rings used
in the containment boundary is -40 to 150°C (-40 to 302°F), in accordance with the Parker O-ring
Handbook; thus, the seal will not be affected by this minimum package temperature in accordance with
10 CFR 71.71(c)(2). Leak testing conducted on Test Unit-2 to the leak tight criteria stipulated by

ANSI N14.5-1997 following compliance testing provides justification of the above statements.

3.4.2 Maximum Normal Operating Pressure

The stainless-steel drum and cast refractory system will not pressurize as a result of temperature
increases because of four ventilation holes (0.795 cm [0.313 in.] in diameter) drilled in the drum side
wall 3.81 cm (1.5 in.) from the flanged top and equally spaced around the drum. The holes are filled with
nylon plugs, but they are not hermetically sealed. The inner liner encapsulating the noncombustible
neutron poison (Cat 277-4) will not pressurize as a result of temperature increases because of three
ventilation holes (0.635 cm [0.25 in.] in diameter) and a slot (1.63 cm [0.64 in.] in width and 4.17 cm
[1.64 in.] in length) drilled into this inner liner. These features are covered during transport with
aluminum tape to prevent contamination of the neutron poison. This tape does not represent a hermetic
seal.

The maximum normal operating pressure is defined in 10 CFR 71.4 as the maximum gauge
pressure that would develop in the containment system in a period of one year under the heat conditions
specified in 10 CFR 71.71(c)(1). The internal pressure developed under these conditions in the ES-3100
containment vessel is calculated in Appendix 3.6.4 for the most restrictive containment vessel
configurations. For conservatism, the decay heat of 0.4 W was used for the maximum internal heat load
in evaluating the package for NCT. The maximum calculated internal absolute pressure in the
containment vessel with solar insolation and the bounding case parameters is 137.92 kPa (20.004 psia).
This pressure incorporated the offgassing from the silicone rubber pads, polyethylene bottles, teflon
bottles, and polyethylene bagging and assumes that the containment vessel is assembled at ambient
temperature and pressure at 100% relative humidity. The heat-transfer capability of the packaging is not
degraded due to gap creation caused by differences in the fabrication material’s coefficient of thermal
expansion. Modeling assumed nominal gaps and position based on the engineering drawings of
Appendix 1.4.8.

Little or no hydrogen gas is generated inside the containment vessel due to thermal- or
radiation-induced decomposition of the water vapor, polyethylene bagging and bottles, or teflon bottles.

3.4.3 Maximum Thermal Stresses

The temperature of the package under NCT will vary from a low of -40°C (-40°F) throughout
the package to a maximum of 117.72 and 87.81°C (243.89 and 190.06°F) (Appendix 3.6.2) on the
surface of the drum and the containment vessel, respectively (Sect. 3.4.1). The slow temperature
increase or decrease experienced in normal conditions between these limits will result in an essentially
uniform temperature change throughout the package. All materials of construction are within this
operating temperature range (Table 3.15). Thermal stresses due to differences in thermal expansion are
insignificant, as discussed in Sects. 2.6.1.2 and 2.6.2.

Most of the components of the packaging are completely unrestrained. Therefore, any thermal
stresses in the packaging components as the temperature varies between the extremes listed above will
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have no effect on the ability of the packaging to maintain containment, shielding integrity, and nuclear
subcriticality. The maximum stresses due to pressure under NCT for the containment vessel are given in
Tables 2.21 and 2.22. These values are significantly below the allowable stresses for the packaging
components. The Kaolite 1600 insulation and Cat 277-4 materials are poured and cast in place during
the fabrication of the drum weldment (Drawing M2E801508A002, Appendix 1.4.8). This situation
produces a zero gap between the these materials and the bounding drum and inner liners. Due to
differences in coefficients of thermal expansion, some radial and axial interference is expected due to
thermal growth or contraction of the inner liners. These radial and axial interferences and induced
stresses are calculated in Appendix 3.6.3. The results show that the stresses induced are minimal and do
not reduce the effectiveness of the drum assembly.

The containment vessel, which is Type 304L austenitic (iron-nickel-chromium) stainless steel,
is designed and fabricated in accordance with Sects. Il SubSect. NB and IX of the ASME Boiler and
Pressure Vessel Code (B&PVC Sect. IIl and B&PVC Sect. IX). The two sealing surfaces of each
containment boundary are joined together by torquing the closure nut inside the containment vessel body
t0 162.7 £6.8 N'm (120 £5 Ibf-ft). The O-ring material is ethylene-propylene elastomer.

The design temperature range of the containment vessel is =29 to 148.89°C (~20 to 300°F)
(Appendix 2.10.1). However, the package has been evaluated to -40°C (-40°F) (Sect. 2.6.2). The
thermal properties of the stainless-steel container body, lid, and closure nut are not critical at these
temperatures. The O-ring seal is important for the containment properties of the containment vessel.
The normal service temperature range for the elastomer O-ring is -40 to 150°C (-40 to 302°F) for
continuous service and up to 165°C (329°F) for 72 h (Parker O-ring Handbook). The maximum
adjusted HAC temperature of the ES-3100 containment vessel was based upon the thermal testing results
in the vicinity of the O-rings. The maximum temperature recorded in the vicinity of the ES-3100 O-rings
(241°F) is shown in Table 3.9. As shown in Sect. 3.5.3, the maximum temperature for the containment
vessel at the O-ring location was adjusted for the ES-3100 package to 141.22°C (286.20°F). Hence, no
damage would be expected to the O-rings during HAC.

The test packages were all preheated to above 38°C (100°F) prior to being placed in the furnace,
which was heated to over 800°C (1475°F). As noted in the test report (Appendix 2.10.7), the
temperatures recorded on the containment vessels of all the test units were fairly uniform, both vertically
and circumferentially. The maximum temperature variation on the containment vessels was ~50°F (from
the test temperatures reported in Table 3.9). No damage would be expected on the containment vessel
from thermal stresses resulting from a temperature differential of this magnitude. This conclusion is
based on the guidelines given in B&PVC, Sect. IIl. Thermal stress is defined as a self-balancing stress
produced by a nonuniform distribution of temperature (Paragraph NB-3213.13 of B&PVC, Sect. III).
This paragraph further states that there are two types of thermal stresses: general thermal stress and local
thermal stress. An example of a general stress is that produced by an axial temperature distribution in a
cylindrical shell (Paragraph NB-3213.9). This general stress is further classified (Paragraph NB-3213.9)
as a secondary stress (that is, a normal stress or a shear stress developed by the constraint of adjacent
materials or by self-constraint of the structure). Paragraph NB-3213.9 further states that the basic
characteristic of a secondary stress is that it is self-limiting. Local yielding and minor distortions can
satisfy the conditions that cause the stress to occur, and failure from a single application would not be
expected. An example of a local thermal stress is a small hot spot in the wall of a pressure vessel
(Paragraph NB-3213.13). Local thermal stress is associated with almost complete suppression of the
differential expansion and thus produces no significant distortion. Such stresses are considered only
from a fatigue standpoint. Fatigue will not result from a one-time cyclic event such as an accidental fire.
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Following the thermal test, the volume between the O-rings on the five containment vessels
(Sect. 2.7.4) was then leak tested and met the air leak-rate criterion of 107 ref-cm?/s. Following the
O-ring leak check, the five containment vessels were drilled and tapped for full body helium leak testing.
All five containment vessels passed the leak rate criteria for leaktightness per ANSIN14.5-1997. The
containment vessels were then submerged under a pressure equivalent to 0.9 m (3 ft) of water for 8 h,
with no leakage noted. (Sect. 2.7.5). Visual inspection following testing and disassembly also indicated
that no distortion or damage occurred in the containment vessel wall, sealing lid, closure nut, O-rings, or
sealing surfaces. These tests and observations demonstrate that thermal stresses produced during testing
did not affect the containment capability of the containment vessel.

3.5 HYPOTHETICAL ACCIDENT THERMAL EVALUATION
3.5.1 Inmitial Conditions

Five full-scale packages were tested in the sequence shown in Table 2.19. Each ES-3100 test
package was subjected to the 1.2-m (4-ft) drop test in accordance with 10 CFR 71.71(c)(5) prior to the
sequential HAC tests in accordance with 10 CFR 71.73 (free drop, crush, puncture, thermal, and

. immersion tests). One of these units (Test Unit-4) had previously completed the tests and conditions -
stipulated in 10 CFR 71.71(c)(5) through (c)(10), excluding (¢)(8). Two different mock-up
configurations were used to represent the minimum and maximum proposed shipping weight and to
simulate various center of gravity locations. The structural and thermal interface between the mock-up
component and the containment vessel was designed to match that of the actual hardware proposed for
transport. Based on LS-DYNA-3D drop simulations (Appendix 2.10.2) the five test units with their
associated test weights represent the worst drop orientations for the ES-3100 package. Test Unit-5 used a
near replicate of the lightest weight contents for its mock-up component. NCT free-drop, 9 m (30 ft) free
drop, 9 m (30 ft) crush and puncture tests were made as specified in 10 CFR 71.71(c)(1), and 73(c)(1)
through (c)(3) on all five full-scale test packages prior to thermal testing. The results of this testing are
discussed in Sects. 2.7.1,2.7.2, and 2.7.3. The 1.2-m (4-ft), 9-m (30-ft) drop and crush test orientations
were as follows: two tests with the long axis of drum at an oblique angle of 12° to impact surface; a
center of gravity over the corner of the drum lid; a drop with the long axis of drum parallel with the
impact surface; and a vertical drop on to the drum’s lid. The subsequent 40-in. puncture drops were
made at various orientations as shown in Table 2.19.

Prior to the thermal test, each test unit was preheated to the maximum temperature extreme in
accordance with 10 CFR 71.73(b)(1). Since the containment vessels were initially assembled at
~101.35 kPa (14.7 psia) at 25°C (77°F), the initial internal containment vessel pressure was ~105.70 kPa
(15.33 psia) at 38°C (100°F) using the ideal gas law. In accordance with 10 CFR 71.73(b)(1), the
internal pressure should be that calculated for the maximum normal opérating pressure or 137.92 kPa
(20.004 psia). This slight pressure differential has little or no effect on the thermal test results. The
maximum decay heat load of the contents is calculated to be 0.4 W based on 35.2 kg of HEU. Analysis
of the ES-3100 package after thermal HAC tests both with and without the decay heat load has been
performed. The maximum projected temperature differential between the two packages following furnace
exposure, as calculated in Appendix 3.6.2, would be 0.4°C (0.7°F) at the top center of the containment
vessel lid , 0.4°C (0.7°F) at the containment vessel flange near the O-rings, 0.45°C (0.8°F) at the
containment vessel bottom center, and 0.6°C (1.1°F) at the containment vessel mid body. These
temperature differentials are representative for both the Kaolite 1600 densities evaluated.
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3.5.2 Fire Test Conditions

Full-scale testing in accordance with 10 CFR 71.73 for HAC was conducted on prototypical
packages. Therefore, no analyses were conducted to show compliance with the HAC thermal test.
However, analyses were conducted and are discussed in Sect. 3.5.3 to determine the thermal impacts of
an internal heat source, application of insolation during cool down, location of crush plate impact on test
unit, and thermal capacitance differences between test hardware and proposed shipping hardware.

Full-scale testing of five ES-3100 test units was conducted in accordance with
10 CFR 71.73(c)(4) for HAC. A single full-scale ES-3100 test unit (TU-4) was assembled and subjected
to both NCT and to the sequential tests specified in 10 CFR 71.73(c). The furnace used for thermal
testing was the No. 3 Furnace at Timken Steel Company in Latrobe, Penn., which is a gas-fired furnace.
Oxygen content in stack gases from the furnace were not monitored because it was not anticipated that
any of the package’s materials of construction were combustible. There was some burning of the silicone
pads which are placed between the inner liners and the top plugs of the packages. However, it should be
noted that this furnace employs “pulsed” fire burners. This type of burner is unique in that the natural
gas flow rate is varied based on furnace controller demands, but the flow of air through the burners is
constant, even when no gas is flowing, thereby ensuring a very rich furnace atmosphere capable of
supporting any combustion of package materials of construction.

The most significant change to the definition of the HAC thermal test in the current 10 CFR 71 is
the requirement for calculation purposes to base convective heat input on “that value which may be
demonstrated to exist if the package was exposed to the fire specified.” This is not especially significant
for this package because it was tested in the gas-fired furnace with burners placed in an attitude which
produced a strong convective swirl. Careful examination of the thermal test data indicates that the total
heat imparted to the packages was significantly greater than the required total heat specified in
10 CFR 71.73(c)(4). Compliance with ASTM E-2230-02, Standard Practice for Thermal Qualification
of Type B Packages for Radioactive Materials, was accomplished by the method described in Sect. 7.3 of
this standard. This standard is in general agreement with Paragraph 2.2.1 (“Steady-state Method of
Compliance™) of SG 140.1 entitled Combination Test Analysis/ Method Used to Demonstrate
Compliance to DOE Type B Packaging Thermal Test Requirements (30 Minute Fire Test).

Prior to the beginning of the thermal test, the furnace was characterized for temperature and heat
recovery times. The support stand was welded to a large steel plate which had been placed on the floor
of the furnace prior to heating. This steel plate acted as the radiating surface at the bottom of the furnace,
as well as providing the ability to hold the test stand rigidly in place. Before heating the furnace, workers
practiced loading and unloading test packages from the cold furnace to ensure that the furnace door
would not remain open >90 s during each loading. In fact, the maximum time the door was open during
any loading was 64 s. As discussed in Test Report of the ES-3100 Package (Appendix 2.10.7), six
thermocouples were affixed to the drum assembly’s exterior surface. Metal retainer clips were welded to
the exterior surface to hold the thérmocouples in place. The thermocouple tips were inserted underneath
the metal clips, and the wire was wrapped around the metal clip. To eliminate any radiant heat exchange
between the thermocouples and the furnace walls, the tips and metal clips were covered with a ceramic
coating. Three thermocouples were mounted on each of the walls of the furnace, as well as on the
furnace floor, on the furnace door, and three thermocouples were mounted on the test stand.

A minimum of 24 h prior to the beginning of all testing, the furnace was turned on with a
set-point temperature of 871°C (1600°F). Following each test, the furnace set point was adjusted to

871°C (1600°F) for at least 45 min prior to the beginning of the next test. The furnace control data
recorder ran continuously for the entire duration of the preheat cycle test. Each test unit was preheated to
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over 38°C (100°F) by placing the packages in an environmental chamber. The environmental chamber
was heated by a torpedo-type kerosene space heater controlled by a mechanical bulb thermostat with a
control range of 38 to 93°C (100 to 200°F). The environmental chamber is a welded steel frame with
fiberglass insulation panels. It was heated from the bottom with four floor register vents located around
the perimeter and a 20.32-cm (8-in.)-diam manual dampened center venting stove pipe.

The set point temperature of the environmental chamber was monitored and adjusted for
the duration of the preheat cycle. Initially, the thermostat was set to 66°C (150°F) for ~23 h. The
thermostat set point was then reduced to 43°C (110°F) for the remainder of the preheat cycle (24 h).
All packages were preheated for at least 47 h. No test package was loaded into the furnace until 15 of the
18 thermocouples monitoring the furnace had a reading of 800°C (1475°F) or higher. All packages were
placed in the preheated furnace on the support stand with the long axis positioned horizontally, and the
package lid facing toward a furnace side wall. During the testing of each package, the thermocouple
temperature data recorder was set to record every 15 s.

These packages were exposed to the radiation environment for a minimum of 30 min after
all functioning furnace thermocouples and at least five of the six test package exterior surface
thermocouples reached a temperature of 800°C (1475 F). During the testing, the package thermocouple
temperature data were recorded every 15 s.

After each test, the furnace was allowed to reheat for a minimum of 45 min after obtaining the
set point temperature before testing the next unit. The furnace control temperature data recorder ran
continuously for the duration of the preheat. No test package was loaded into the furnace until all
functioning thermocouples on the furnace walls and support stand had again reached a temperature of
800°C (1475°F) or higher.

All units were tested in a horizontal attitude with the top end of the package facing to the right
side wall of the furnace and the 0° mark on the drum facing the floor of the furnace. The data from each
of the thermal tests, as shown in the test report, show that at least four of the six external drum
thermocouples reached temperatures well in excess of 800°C (1475°F) and remained above 800°C
(1475°F) during the 30-min thermal testing. Similarly, all other surfaces of the furnace, including the
support stand, exceeded 800°C (1475 °F) during the timed portion of the thermal test. For the test
specified in the regulations, regardless of the amount of heat input by convection, radiation, or
conduction, the maximum temperature the skin of the package could reach would be 800°C (1475°F).
That is, the source of the heat in the regulatory specified test is at 800°C (1475°F). Heat can only be
transferred from a hotter source to a colder source. Thus, regardless of the mode of heat transfer, the
greatest temperature a specimen exposed to the 10 CFR 71.73,(c)(4) thermal test can attain is 800°C
(1475°F). Therefore, the fact that these test packages attained temperatures well in excess of 800°C
(1475°F) is an excellent indication that the thermal tests performed not only met the requirements of
10 CFR 71.73(c)(4) but actually exceeded them markedly. The results of these tests are provided in the
test report (Appendix 2.10.7).

Each test package was removed from the furnace and placed in an area where it was not exposed
to artificial cooling. As the furnace door was opened for each test unit, flaming or smoking was visible at
the tamper indicating device (TID) holes in the drum/lid interface. Flaming continued on some of the
packages for a short duration; the longest flame duration was 22 min after removal from the furnace.
Smoke was also visible from each of the packages and continued after flames were no longer visible.

The packages continued to smoke between 12 and 60 min after removal from the furnace. All the
packages were allowed to cool naturally to room temperature. The post-thermal testing weights of each
unit are summarized in Table 3.18. The drums were disassembled, and the damage was photographed.
Each package was visually inspected, and the condition of the package and any observations were
recorded.
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‘ Table 3.18. ES-3100 test package weights before and after 10 CFR 71.73(c)(4)

HAC thermal testing
Pre-test*® Post-test*® Thermal test BoroBond4 Water weight Water loss
Test Unit weight weight weight loss original weight® in BoroBond4¢ percent®
kg (Ib) kg (Ib) kg (Ib) kg (Ib) kg (Ib) (%)
1 202.3 (446) 202.3 (446) 0.0 (0) 20.7 (45.64) 4.91 (10.82) 0.00
2 202.8 (447)  202.8 (447) 0.000) = 205(45.19)  4.86(10.72) 0.00
3 203.7 (449)  203.2 (448) 0.45 (1) 20.5 (45.19) 4.87 (10.74) 9.31
4 201.8 (445)  201.4 (444) 0.45 (1) 20.4 (44.97) 4.84 (10.66) 9.38
5 157.4 (347)  156.9 (346) 0.45 (1) 20.6 (4542)  4.89(10.77) 9.29

 Data from ORNL/NTRC-013.

® Weight of BoroBond4 and water obtained from casting data. (ES-3100 Weldments 2004)

° This weight is based on TGA measurements and calculation showing that the minimum water percent is 23.71%.
¢ All weight loss attributed to loss of water in BoroBond4.

3.5.3 Maximum Temperatures and Pressure

The five test unit’s previously subjected to both NCT and HAC drop testing were thermal tested
in accordance with 10 CFR 71.73(c)(4). To determine the maximum temperatures reached during
thermal testing, temperature indicating patches were placed at various locations throughout the test
package at assembly. The temperature range for each patch used is identified in Table 3.19. When the

‘ temperature of an indicator was reached, the color would change to black (i.e., blackout temperature).
The range of possible blackout temperatures of the patches was from 51.67 to 260°C (125 to 500°F).
For Test Units-1 through -5, Table 3.19 defines the number and location of the temperature indicating
patches.

Since the structural and thermal interface between the various mock-ups and containment vessels
is the same as the actual hardware, the use of steel mock-ups to simulate the conténts is not expected to
affect the results of the thermal test significantly. The total maximum weight of the test packages ranged
from 157.4 kg (347 Ib) to 203.7 kg (449 1b). The ES-3100 package has a nominal gross shipping weight
that ranges from 146.88 kg (323.79 1b) to 187.81 kg (414.05 1b) for the minimum and maximum weight
containment vessel configurations shown in Table 2.8, respectively. However, the effect on temperature
is evaluated in the following paragraphs due to thermal capacitance differences between the mock-up and
the actual contents. '
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Table 3.19. Thermax temperature indicating patches for test units

Patch Location Internal External Tempiratlzre range | Test rep(:rt
surface surface C(°F) figure
Inner liner of drum assembly 17 (Full Range) |52-260 (125-500) 5.30
Top plug weldment 4 (Full Range) |52-260 (125-500) 531
Containment vessel body flange [ 8 (4B & 4C) 8 (4B & 4C) “B” 77-127 (171-261) 598
“C” 132-182 (270-360) )

Containment vessel body 5(B) “B” 77-127 (171-261) 5.28
(end cap and cylinder)
Containment vessel sealing lid 4 (B) 4 (B) “B” 77-127 (171-261) 5.29
Test mock-up components 6 (B) “B” 77-127 (171-261) | 5.26 & 5.27

# ORNL/NTRC-013, Volume 1.

As previously stated, temperature indicators (patches) were placed on the surface of each
containment vessel, inner liner, and mock-up component. The blackout temperatures that occurred
during thermal testing are recorded for each test unit; the maximum blackout temperatures are listed in
Table 3.9. A maximum blackout temperature of 116°C (241°F) was recorded in the vicinity of the
O-rings on the containment vessel of Test Unit-5. As discussed below, this temperature will be
conservatively adjusted to correlate the test conditions to shipping conditions with decay heat and solar
insolation. The blackout temperatures are increased to account for (1) the temperature interval between
blackout dots; (2) the ambient temperature of the package prior to insertion into the furnace; (3) the
temperature increase due to the effects of applying solar insolation during post-HAC thermal test cool
down; (4) the temperature increase due to the decay heat load of the actual contents being shipped,;

(5) effects of crushing at different locations along the body of the shipping package; (6) thermal
capacitance difference in the proposed contents and hardware used during testing; (7) temperature
difference occurring when using Borobond4 and Cat 277-4; and (8) temperature difference resulting
from variations in Kaolite 1600 and Cat 277-4 material densities.

The initial adjustment for the blackout reading is an increase of 6.11°C (11.0°F) from the patch
that blacked out. The highest blackout reading indicates that the actual temperature is somewhere
between the highest temperature indicated and the next higher temperature.

The second adjustment compensates for thermal testing at package soak temperatures less than
the maximum temperature of 38°C (100°F). In the case of the ES-3100 package, each test unit was
thermally soaked to over 38°C (100°F) prior to insertion into the furnace. Therefore, there is no
temperature adjustment required.

The third adjustment is a temperature increase to represent the effect of insolation heat flux on
the package immediately following the conclusion of the thermal HAC test. Analyses of the ES-3100
package after thermal HAC tests both with and without insolation have been performed. Results from
these analyses indicate an increase of ~5.94°C (10.7°F) at the containment vessel top (node 6715),
~6.06°C (10.9°F) at the containment vessel O-ring (node 6359), ~10.44°C (18.8°F) at the containment
vessel mid body (Node 6574), and ~4.56°C (8.2°F) at the containment vessel bottom (node 6399), as
a result of applying insolation following HAC thermal testing. These increases are extracted from
Tables 3.7 and 3.8. The most pronounced effect of applying the insolation heat flux was that it increased
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the time required to cool the package to NCT type conditions. Nevertheless, the influence of insolation
is included in the adjustments to the blackout temperatures.

The fourth temperature adjustment considered is the temperature increase due to the decay heat
load of the actual contents being shipped. A maximum decay heat load of 0.4 W is calculated as the
bounding case for 35.2 kg of HEU. HAC analysis of the ES-3100 package both with and without the
decay heat load has been performed, with the results shown in Tables 3.7 and 3.8. The maximum
projected temperature increase during HAC due to a 0.4-W heat source, as calculated in Appendix 3.6.2,
would be ~0.39°C (0.7°F) at the containment vessel’s top (node 6715), ~0.39°C (0.7°F) at the
containment vessel’s O-ring (node 6359), ~0.6°C (1.1°F) at the containment vessel’s mid body
(node 6574), and ~0.45°C (0.8 °F) at the containment vessel bottom (node 6399).

The fifth temperature adjustment considered is the temperature increase to the containment
vessel based on the location of impact from the 500 kg (1100 Ib) crush plate. Based on the differences in
location of the crush plate between Test Units-1 and -2, crushing the shipping package with the center of
gravity of the plate directly above the containment vessel flange increases the containment vessel
temperature on average ~6.11°C (11°F).

The sixth adjustment compensates for the shipment of only 3 kg of HEU rather than the steel
mock-ups. The higher content weight was used for testing to cover the possibility of shipping larger
components without retesting. The larger content weight gave conservative structural deformation test
results to the drum assembly than would the actual shipping weight. One effect, however, of using the
larger test mass could be to reduce the containment vessel’s temperature rise during the thermal test
because the mock-up acts like a heat sink. In order to eliminate this temperature adjustment, a mock-up
of the lightest proposed shipment was used in Test Unit-5. The structural and thermal interface between
the mock-up components and the containment vessel was designed to match that of the actual shipping
hardware, thereby providing the same conductive heat path for thermal testing. As shown by the test
results, both the containment vessel and mock-up components of Test Unit-5 recorded higher
temperatures than the other test units. This supports the theory that the heavier mock-ups act as heat
sinks for the containment vessel. Therefore, by testing the 3.6-kg (8-1b) mock-up representing the
lightest assembly to be shipped, a more accurate prediction of actual temperatures reached during thermal
testing was achieved. No further temperature adjustments due to differences in mock-up weight are
needed.

The seventh temperature adjustment compensates for conducting the HAC compliance tests with
BoroBond4 and substituting Cat 277-4 for the production shipping containers. This adjustment is
determined by using an undamaged package and subjecting it to a thermal environment representative of
that required by 10 CFR 71.73(c)(4). Based on the analytical results shown in Appendix 3.6.2, the
containment vessel in a package using Cat 277-4 would be from 2.5°F to 8.°F coolet than a package with
BoroBond4. Conservatively, the temperatures will not be adjusted due to the neutron poison change.

The eighth and final temperature adjustment compensates for material density variation in the
Kaolite 1600 and Cat 277-4 material during HAC compliance tests. Again, this temperature adjustment
was predicted for an undamaged package using the finite element method. Based on the analytical results
shown in Appendix 3.6.2 (Tables 3.7 and 3.8), the containment vessel temperature was predicted to be
~6.4°C (11.6°F) higher at the containment vessel’s top (node 6715), ~6.4°C (11.6°F) higher at the
containment vessel’s O-ring (node 6359), ~4.6°C (8.3 °F) higher at the containment vessel’s mid body,
and ~7.72°C (13.9°F) at the containment vessel’s bottom (node 6399) when the lower density values for
Kaolite 1600 and the neutron poison were used. Since actual compliance testing was conducted with
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these densities on the high side, the above adjustments must be added to the containment vessel
temperatures.

Table 3.20 summarizes the numerous temperature adjustments needed for the containment
vessel.

Table 3.20. Predicted temperature adjustments (°F) for containment vessel due to HAC

Analytical Temperature Adjustments Total Temp
Node * .
1 2 3 4 5 6 7 8 Adjustment
6715 11.00 0.00 10.70 0.70 11.00 0.00 0.00 11.60 45.00
6359 11.00 0.00 10.90 0.70 11.00 0.00 0.00 11.60 45.20
6574 11.00 0.00 18.80 | 1.10 11.00 . 0.00 0.00 8.30 50.20
6399 11.00 0.00 8.20 0.80 11.00 0.00 0.00 13.90 44.90

2 See Figs. 8 through 11 in Appendix 3.6.2 for details of node locations.

Table 3.21 shows the results of adding the eight temperature adjustments previously discussed to-
the black-out temperatures for the containment vessel with the 3.6-kg (8-1b) mock-up (Test Unit-5).
These adjusted temperatures would not adversely affect the stainless-steel components or the O-ring
materials of the containment vessel.

Table 3.21. Predicted temperatures of the containment vessel due to HAC (°F)

Analytical temperature Maximum blackout temperature Final predicted CV
Node * adjustments on Test Unit-5 temperature
(°F) (°F) CF)
6715 45.00 261 306.00
6359 45.20 241 286.20
6574 50.20 199 249.20
6399 44.90 ‘ 210 254.90

2 See Figs. 8 through 11 in Appendix 3.6.2 for details of node locations.

To determine the maximum pressure inside the containment vessel as a result of thermal testing,
the average adjusted gas temperature must be calculated based on the above results. The approach used
is to divide the containment vessel volume into three distinct equal regions and then average the three
together. The first volume is represented by the gas adjacent to the containment vessel lid and flange
region and the top convenience can. Based on the temperature recorded near the O-rings [116.11°C
(241°F)] and the temperature recorded on the external surface of the convenience can [98.89°C
(210°F)], the average temperature of the gas in this region is 107.50°C (225.50°F). Using the
temperature adjustment of 25.11°C (45.20°F) for this region, the adjusted average temperature in the
first region is 132.61°C (270.70°F). The second volume is represented by the gas adjacent to the second
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convenience can from the top. Based on the temperature recorded on the containment vessel wall and
convenience can [92.78°C (199°F)], the average temperature of gas in this region is 92.78°C (199°F).
Using the temperature adjustment of 27.89°C (50.20°F) for this region, the adjusted average temperature
in the second region is 120.67°C (249.20°F). The third and final volume is represented by the gas
adjacent to the bottom convenience can. Again based on the convenience can temperature [87.78°C
(190°F)] and the containment vessel end cap temperature [98.89°C (210°F)], the average temperature of
gas in this region is 93.33°C (200°F). Using the temperature adjustment of 24.94°C (44.90°F) for this
region, the adjusted average temperature in the third region is 118.28°C (244.90°F). Averaging these
three temperatures, an average adjusted gas temperature of 123.85°C (254.93°F) is determined for the
containment vessel.

As shown in Appendix 3.6.5, the maximum adjusted average gas temperature and pressure in the
" containment vessel during accident conditions was calculated to be 123.85°C (254.93 °F), and
507.63 kPa (73.625 psia), respectively.

The maximum adjusted temperature on the surface of the containment vessel, adjacent to the
O-rings, was 141.22°C (286.20°F). This is well within the design range for the packaging. The full
body helium leak test on all test units following thermal testing meets the “leaktight” criteria in
accordance with ANSIN14.5-1997. Visual inspection following testing and unloading indicated that no -
distortion or damage occurred in the containment vessel wall, sealing lid, closure nut, O-rings, or sealing
surfaces. No water was visible inside the containment vessel following the 0.9-m (3-ft) water immersion
test or the 15-m (50-ft) water immersion test on Test Unit-6.

The ES-3100 package satisfies the requirements of 10 CFR 71.73 for transport of the 35.2-kg
(77.60-1b) arrangements shown in Table 2.8. Section 2.7 has additional details to support this
conclusion.

3.5.4 Accident Conditions for Fissile Material Packages for Air Transport
The expanded fire test conditions specified in 10 CFR 71.55(f)(1)(iv) for fissile material package

designs for air transportation was not conducted. The issue of subcriticality is addressed in Section 6
with content mass limits as addressed in Section 1 for air transport.
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3.6 APPENDICES

Appendix Description

3.6.1 THERMAL EVALUATION OF THE ES-3100 SHIPPING CONTAINER FOR NCT

AND HAC (CONCEPTUAL DESIGN WITH BOROBOND4 NEUTRON ABSORBER)

3.6.2 THERMAL EVALUATION OF THE ES-3100 SHIPPING CONTAINER FOR NCT
AND HAC (FINAL DESIGN WITH CATALOG 277-4 NEUTRON ABSORBER)

3.63 THERMAL STRESS EVALUATION OF THE ES-3100 SHIPPING CONTAINER
DRUM BODY ASSEMBLY FOR NCT (FINAL DESIGN WITH CATALOG 277-4
NEUTRON ABSORBER)

3.6.4 CONTAINMENT VESSEL PRESSURE DUE TO NORMAL CONDITIONS OF

TRANSPORT FOR THE PROPOSED CONTENTS

3.6.5 CONTAINMENT VESSEL PRESSURE DUE TO HYPOTHETICAL ACCIDENT
: CONDITIONS FOR THE PROPOSED CONTENTS

3.6.6 SILICONE RUBBER THERMAL PROPERTIES FROM THERM 1.2 DATABASE
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‘ Appendix 3.6.1

THERMAL EVALUATION OF THE ES-3100 SHIPPING CONTAINER FOR NCT AND HAC
(CONCEPTUAL DESIGN WITH BOROBOND4 NEUTRON ABSORBER)

3-43

Y/LF-717/Rev 2/ES-3100 HEU SAR/Ch-3/rlw/3-06-08



3-44

Y/LF-717/Rev 2/ES-3100 HEU SAR/Ch-3/rlw/3-06-08



Appendix 3.6.1

THERMAL EVALUATION OF THE ES-3100 SHIPPING CONTAINER FOR NCT AND HAC
(CONCEPTUAL DESIGN WITH BORBOND4 NEUTRON ABSORBER)

INTRODUCTION

Thermal analyses of the ES-3100 shipping container are performed to determine the temperature
distribution within the packaging during Normal Conditions of Transport (NCT) as specified in

10 CFR 71.71(c)(1)." Transient thermal analyses are performed by treating the problem as a cyclic
transient with the incident heat flux due to solar radiation applied and not applied in alternating 12-hour
periods.

Additionally, thermal analyses of the ES-3100 shipping container are performed to determine the thermal
response of the packaging to Hypothetical Accident Conditions (HAC) as specified in

10 CFR 71.73(c)(4).l") Since physical testing of the ES-3100 shipping container will be conducted with
no internal heat source or insolation during cool-down, temperature increases due to internal heat loads of
0.4, 20, and 30 W as well as temperature increases due to the application of insolation during cool-down

following the HAC fire are calculated. Although earlier revisions of 10 CFR 71 specifically state that -

insolation does not need to be evaluated before, during, or after HAC, the current version of 10 CFR 71
and associated guidance are unclear regarding the need for consideration following HAC testing. Since
the Nuclear Regulatory Commission (NRC) has taken the position that insolation must be considered and
evaluated following fire testing, analyses are conducted to determine the effect of insolation following the
HAC fire on the ES-3100 shipping container. The predicted temperature increases may be used to adjust
physical test data for those loads not included in the tests.

FINITE ELEMENT MODEL DESCRIPTION

A two-dimensional axisymmetric (r-z) finite element model of the ES-3100 shipping container is
constructed using MSC.Patran (2004, Version 12.0.044)® for evaluation for NCT. The actual contents of
the ES-3100 shipping container are not specifically modeled—instead, the content source heat load (if
desired) is modeled by applying a uniform heat flux to the inner surfaces of the containment vessel. This
is a conservative approach in that package temperatures will not be reduced in a transient analysis by the
heat capacity of the contents. A schematic of the finite element model is presented in Figure 1. The
model consists of five materials: stainless steel (drum, liners, and containment vessel), Kaolite,
Borobondd4, silicone rubber, and air in the gaps between the drum liner and containment vessel and
between the drum liner and top plug. Thermal properties of the materials used in the analysis are
presented in Table 1. ‘ ' '

Heat is transferred to the model from the contents (i.e., decay heat of the contents) via heat flux boundary
conditions applied to the inner surface of the elements representing the containment vessel. Additionally,
solar heat fluxes are applied to the model during NCT and HAC post-fire cool-down via heat flux
boundary conditions. The heat applied to the model via the boundary conditions is transferred through
the model via conduction and thermal radiation. Heat is rejected from the external surfaces of the model
via natural convection and thermal radiation boundary conditions.
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Figure 1. MSC.Patran axisymmetric finite element model of the ES-3100 shipping container.
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Table 1. Thermal properties of the materials used in the thermal analysis.

. Temperature Thermal conductivi Densi Specific heat .
Material R (Btwh-in.—°F) Y (lbm/h:.};) (Bow/lbm-F) Emissivity
-279.67 0.443@ 0.285® 0.065® 0.22®
-99.67 0.607 ; - 0.096 -
260.33 0.799 - 0.123 -
. 620.33 0.953 - 0.133 -
Stainless steel 980.33 1.088 - 0.139 -
1340.33 1223 . - 0.146 -
170033 1.348 - 0.153 -
224033 1.526 - 0.163 -
68 0.0093® 0.011@ 0.29 -
212 0.0091 - - -
Kaolite 1600 392 0.0081 - - -
572 0.0072 - - -
1112 0.0082 - - -
25 0.0450® 0.0683® 0.21609 -
77 0.0576 - - -
Borobond4 100 : 0.0632 - - . -
104 0.0642 - - -
_Silicone rubber - 0.01619 0.047® 0.300® 1.0%
-9.67 1.074x10°® 4.064x10°@®0 0.240@ -
80.33 1.266x10° - 0.241 ‘ -
170.33 1.445x1073 - 0.241 , -
260.33 1.628x107 - 0.242 -
350.33 1.796x1073 - 0.244 -
440.33 1.960x1073 - 0.246 -
530.33 2.114x1073 - 0.248 -
620.33 2.258x1073 - 0.251 -
Air 710.33 2.393x1073 - 0.254 -
800.33 2.523%x1073 - 0.257 -
890.33 2.644x1073 - 0.260 -
980.33 2.759x1073 - 0.263 -
1070.33 2.870%1073 - 0.265 -
1160.33 2.985x103 - 0.268 -
1250.33 3.096x107 - 0.270 -
1340.33 3.212x1073 - 0.273 -
1520.33 3.443x107 - 0.277 —

Notes: (a) F.P.Incropera and D. P. DeWitt, Fundamentals of Heat and Mass Transfer, 2nd edition, John Wiley & Sons, New York, 1985.

(b) Hsin Wang, Thermal Conductivity Measurements of Kaolite, ORNL/TM-2003/49.

(c) Based on a baked density of 19.4 Ibm/f® (0.011 Ibm/in®). Specification JS-YMN3-801580-A003 requires a baked density of .
224+ 3 Ibn/fY’. Using a lower value for the Kaolite density results in higher temperatures on the containment vessel because the
heat capacity of the Kaolite is minimized—allowing more heat to flow to the containment vessel; therefore, the thermal analyses
are performed using a low-end density of 19.4 Ibm/ft’. The HAC analyses also consider a high-end density of 30 lbm/ft".

(d) FAX communication from J. W. Breuer of Thermal Ceramics, Engineering Department, August 11, 1995.

() W.D. Porter and H. Wang, Thermophyical Properties of Heat Resistant Shielding Material, ORNL/TM-2004/290, ORNL, Dec.
2004. Sp;zciﬁc heat values are presented in MJ/m*-K in ORNL/TM-2004/290—converted to mass-based units using a density of
105 Ibm/ft.

(f) Data via email from Jim Hall (Eagle-Picher) to Jerry Byington (BWXT Y-12), March 12, 2004.

(g) THERM 1.2, thermal properties database by R. A. Bailey.

(h) Conservatively modeled as 1.0.

(i) Constant density value evaluated at 100°F.

3-47

Y/LF-717/Rev 2/ES-3100 HEU SAR/Ch-3/rlw/3-06-08



MODELED HEAT TRANSFER MECHANISMS

The heat transfer mechanisms included in the thermal model such as thermal radiation, natural
convection, and insolation (solar heat flux) are described in detail in the following sections.

Heat Transfer Between Package Exterior and Ambient
The heat transfer between the exterior of the package and the ambient (or fire) is modeled as a

combination of radiant heat transfer and natural convection. The heat transfer due to radiant exchange
with the environment is calculated as:**!

. 4 4
q' radZGFe (Ts _Ta ), (1)
where o Stefan-Boltzmann constant,
F. = overall exchange factor,
Ts = container outer surface temperature (absolute), and
T. = ambient or fire temperature (absolute).

The overall interchange factor is calculated as:®

|
F.= . A (1 , )
g, A&
where g, = emissivity of package surface,
A, = surface area of the package,
A; = surface area of the surroundings, and
g5 = emissivity of surroundings.

For NCT and the cool-down period following the HAC fire, the area of the surroundings is assumed to be
much larger than the surface area of the package; therefore, Eq. 2 reduces to:

F.~¢_. 3)

An emissivity value of 0.22,") which is typical of clean stainless steel, is assumed for the outer surfaces of
the drum during NCT and during the cool-down period following the HAC fire. In reality, the outer '
surfaces of the drum will have a much higher emissivity following the HAC fire; therefore, this
assumption is conservative.

During the HAC fire, the area of the surroundings is assumed to be approximately equal to the surface
area of the drum; therefore, Eq. 2 reduces to:
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F=| ——|. “
1 1
—+—-1

€, &

During the HAC 30-minute fire, an emissivity of 0.8 is assumed for the drum, and an emissivity of 0.9 is
assumed for the fire per the guidance of 10 CFR 71.74(c)(4)."! This results in an overall exchange factor
of 0.7347 during the HAC fire using Eq. 4.

The natural convection heat transfer from the package surface to the ambient air is calculated as:

q"convection = h (Ts - Ta ) (5)
where, h = natural convection heat transfer coefficient,
Ts = container outer surface temperature, and
T, = ambient or fire temperature.

During the NCT transient thermal analyses and the steady-state thermal analyses (used to obtain the
starting temperature distribution in the package for NCT and HAC when a content heat load is present),
the shipping container is assumed to be in an upright (vertical) orientation. The toI.[) of the drum is
modeled as a heated horizontal flat plate facing up using the following correlation:"!

k
h =(ﬂ C,Ra“, (6)
where, k = thermal conductivity of air,
L = characteristic length (= D/4 per Ref. 5),
D = diameter of the package,
Ra = Rayleigh number,
C: = constant (see Table 2), and

C, = constant (see Table 2).

The Rayleigh number in Eq. 6 is defined as:

_gpATL
va

Ra , @)

where, acceleration of gravity,
coefficient of thermal expansion,
temperature difference,
kinematic viscosity [p/p],
absolute viscosity,

thermal diffusivity [k/(p C,)],

= density of air, and

Cp, = specific heat of air.

If

g
B
AT
v
U
o
P

!

‘ " The properties of air used in the natural convection calculations are presented in Table 3.
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Table 2. Coefficients for natural convection correlations.

Coefficient Rayleigh Number Range Value
C 2.6x10* <Ra< 1.0x10 0.54
! 1.0x10” <Ra < 3.0x10" 0.15
c 2.6x10* <Ra<1.0x107 0.25
2 1.0x107 <Ra < 3.0x10%° 13
c Ra < 1.0x10° 0.680
3 Ra> 1.0x10° 0.825
c Ra < 1.0x10° 0.670
4 Ra>1.0x10° 0.387
C Ra<1.0x10° 0.25
3 Ra> 1.0x10° 1/6
c Ra < 1.0x10° 4/9
6 Ra> 1.0x10° 8/27
c Ra < 1.0x10° 1
7 Ra> 1.0x10° 2
c 1.0x10* <Ra < 1.0x10° 0.53
8 1.0x10° <Ra < 1.0x10"? 0.13
c 1.0x10* <Ra < 1.0x10°. 0.25
9 1.0x10° <Ra < 1.0x10" K 1/3

Source: MSC.Patran Thermal User’s Guide, Volume 1: Thermal/Hydraulic Analysis, MSC.Software
Corporation,Santa Ana, CA 92702, 2003.

Table 3. Properties of air used in natural convection calculations.

Thermal . . Absolute Coefficient of thermal
Templczrature Conductivity ]ien“gy Spi‘;ll(ﬁc heat viscocity expansion
X (W/m-K) (kg/m’) (J/kg-K) (N-s/m?) S
250 22.3x107 1.3947 1006 159.6x10°” 4.00x107
300 26.3%107 1.1614 1007 184.6x107 3.33x10°
350 30.0x107 0.9950 1009 208.2x107 2.86x10°
400 33.8x107 0.8711 1014 230.1x107 2.50x10°
450 37.3x107 0.7740 1021 250.7x107 2.22x10°
500 40.7x10° 0.6964 1030 270.1x107 2.00%107
550 43.9x107 0.6329 1040 288.4x107 1.82x107
600 46.9x107 0.5804 1051 305.8x10°7 1.67x107
650 49.7x107 0.5356 1063 322.5%107 1.54x107
700 52.4x10° 0.4975 1075 338.8x107 1.43x10°
750 54.9x107 0.4643 1087 . 354.6x107 1.33x107
800 57.3x10° 0.4354 1099 369.8x10°7 1.25x10°
850 59.6x10° 0.4097 1110 384.3x107 1.18x107
900 62.0x10° 0.3868 1121 398.1x107 1.11x10°
950 64.3x10° 0.3666 1131 411.3%x107 1.05x10”
1000 66.7x10° 0.3482 1141 424.4x107 1.00x10>
1100 71.5%107 0.3166 1159 449.0x107 9.09x10™
Source: F.P. Incropera and D. P. DeWitt, Fundamentals of Heat and Mass Transfer, 2™ ed., John Wiley & Sons, New York,
1985.
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’ During the NCT transient thermal analyses and the steady-state thermal analyses, the sides of the drum
are modeled as a vertical flat plate using the following correlation:’’

s ] —_ C7
Cs
h:[ﬁ] Coo—aRa” | ®)
L 9/16\“6
{ 0.492}
1+ ——
Pr
where L = characteristic length = the drum height,

C; = constant (see Table 2),
C4 = constant (see Table 2),
- Cs = constant (see Table 2),
C¢ = constant (see Table 2),

C; = constant (see Table 2), and

Pr = Prandtl number [(C, xp)k].

The bottom of the drum is conservatively modeled as adiabatic during the NCT transient analyses and the
steady-state analyses.

During the HAC 30-minute fire and the post-fire cool-down, the shipping container is assumed to be in a
‘horizontal orientation (as it is during furnace testing). As such, the top and bottom of the drum are

‘ modeled as vertical flat plates using Eq. 8 having a characteristic length, L, equivalent to the drum
diameter, and the sides of the drum are modeled as a horizontal cylinder using the following correlation:!

k C

h=| = [C;Ra"™, 9

(Dj sa . ©)
where D = diameter of the package,
Cs = constant (see Table 2), and

Cy = constant (see Table 2).

Insolation

- The following insolation (incident solar radiation) data is required for NCT per 10 CFR 71.71(c)(1):!).

Form and location of surface Total insolation for a 12-hour period
(cal/cm?)
Flat surfaces transported horizontally
Base None
Other surfaces 800
Flat surfaces not transported horizontally 200
Curved surfaces 400

The total insolation values specified in the previous table are for a 12-hour period. For analytical
‘ purposes, these values are “time-averaged” over the entire 12-hour period (i.e., divided by 12).
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Therefore, the incident solar heat fluxes (q"sar, ;) used in the analyses for NCT and cool-down following
the HAC fire are as follows:

During NCT, the drum is in an upright (vertical) orientation; therefore, the following heat fluxes are
applied to the external surfaces of the drum to represent insolation:

Top Qs =775 3W /m2, (10)
Sides Q"soar =387.7W/m?, (11)
Bottom ’ q"solar,i =0. ( 1 2)

During the cool-down period following the HAC 30-minute fire, the drum is assumed to be in a
horizontal orientation; therefore, the following heat fluxes are applied to the external surfaces of the drum
to represent insolation:

Top Qsotar,; =193.83 W/ m?, (13)
Sides Q"soar,i =387.7TW/m?, (14)
Bottom Q"sotar,i =193.83W/m?. (15)

The insolation is applied as a square-wave function (i.e., alternating on and off in 12-hour periods) in the
thermal analysis. The heat flux values presented in Eqs. 10—15 represent the insolation absorbed by the
package surface since a drum absorptivity of 1.0 was conservatively assumed. An analytical study has
been performed on a similar shipping package that investigated three methods of applying the
insolation.®! The three methods consisted of 1) performing a steady-state analysis assuming the
insolation is applied continuously by distributing the heat flux evenly throughout a 24-hour period,

2) performing a transient analysis assuming the insolation is represented by a step function (i.e., applied
and then not applied in 12-hour cycles, and 3) performing a transient analysis where the incident
insolation is represented by a sinusoidal function that varies throughout the day. The results of the study
indicate that the method used in applying the insolation has a significant effect on the temperatures of the
outermost portions of the package. However, since the total insolation over any 24-hour period is the
same for all cases, internal package temperatures are relatively unaffected by the way in which the
insolation is applied. Since containment vessel O-ring temperatures are of primary concern in this report,
the step function method for applying the insolation is suitable.

Heat Transfer Across Gaps in the Package

Heat transfer across all gaps in the package is modeled by a combination of radiant exchange and
conduction.” Natural convection heat transfer is not included across the gaps in the model. Scoping
studies performed for a similar shipping package indicate that the heat transfer due to natural convection
in relatively small gaps is approximately a factor of 6 times less than the heat transfer due to radiant
exchange.” These calculations assumed a temperature difference of 5°C across the gap. Based on these
previous calculations, the effect of neglecting the natural convection in the gap regions is minimal.
P/VIEWFACTOR! was used to calculate the view factors in all enclosures.
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Content Heat Load

In order to simulate the decay heat generated by the ES-3100 shipping container contents, a uniform heat
flux is applied to the inner surfaces of the elements representing the containment vessel in the model.
Content heat loads of 0.4, 20, and 30 W as well as no content heat load are investigated in this report.
The uniform heat flux (q"source) for a given content heat load is calculated using the following equation:

9" source = o Q , (16)
2(“ i )+ (D, YH)
where Q = content heat load,
D; = inside diameter of the containment vessel (0.12802 m),
H = height of the containment vessel cavity (0.78867 m).

Using Eq. 16, a content heat load of 0.4 W results in a uniform heat flux of 1.1664 W/m?, a content heat
load of 20 W results in a uniform heat flux of 58.32 W/m?, and a content heat load of 30 W results in a
uniform heat flux of 87.48 W/m?2,

DISCUSSION OF ANALYTICAL RESULTS

All thermal analyses discussed in this report were performed using MSC.Patran Thermal (2004 Version
12.0.044)"™ on an Intel Pentium 4-based Microsoft Windows 2000 computer. Temperatures are
monitored at selected locations in the model as shown in Figure 2.

Steady-state Conditions Analyses Results

Steady-state thermal analyses are performed on the finite element model of the ES-3100 shipping
container for three cases having content heat loads of 0.4, 20, and 30 W. The temperature distribution
results from these analyses are used as the starting temperature distribution within the model when
performing the transient thermal analyses for NCT and the HAC 30-minute fire. The boundary conditions
for these steady-state analyses include a combination of thermal radiation exchange and natural
convection applied to the top and sides of the drum using an ambient temperature of 37.8°C (100°F). The
bottom of the drum is modeled as an adiabatic surface (i.e., no heat transfer). Additionally, the content
heat load is simulated by applying a uniform heat flux to the internal surfaces of the elements representing
the containment vessel. The calculated steady-state temperature distribution with the model of the
ES-3100 shipping container for content heat loads of 0.4, 20, and 30 W is presented in Table 4.
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Figure 2. MSC.Patran axisymmetric finite element model of the ES-3100 shipping container—nodal
locations of interest (elements representing air not shown for clarity).
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Table 4. ES-3100 shipping container steady-state temperatures (37.8°C ambient temperature, no insolation).

Steady-state temperature, °C (°F)

@ H
Node Location 0AW 20 W 0W
CV lid, top, center 38.09 (100.56) | 56.06 (132.90) | 64.65(148.37)
CV lid, bottom, center 38.09 (100.56) | 56.16 (133.08) | 64.79 (148.63)
CV lid, top, outer 38.09 (100.55) | 55.82(132.47) | 64.30 (147.73)
CV flange at interface, inner™ 38.09 (100.57) | 56.17 (133.10) | 64.81 (148.66)
CV flange at interface, outer™ 38.09 (100.56) | 56.06 (132.90) | 64.65 (148.37)
CV flange, bottom, outer 38.09 (100.56) | 56.05 (132.88) | 64.63 (148.34)
CV shell, mid-height, inner 38.36 (101.04) | 69.36 (156.85) | 83.91(183.04)
CV shell, mid-height, outer 38.36(101.04) | 69.35(156.83) | 83.90(183.01)
CV bottom, outer 38.18 (100.72) | 59.56 (139.20) | 69.97 (157.94)
CV bottom, center, inner 38.18 (100.72) | 59.65(139.38) | 70.11(158.20)
CV bottom, center, outer 38.18 (100.72) 59.64 (139.35) 70.09 (158.17)

Drum liner, plug cavity, outer

37.85 (100.13)

43.26 (109.87)

45.31 (114.46)

Drum liner, plug cavity, inner

37.91 (100.25)

46.93 (116.47)

51.29 (124.33)

Drum liner, CV flange cavity, outer 37.97(100.34) | 49.87 (121.77) 55.70 (132.26)
Drum liner, CV cavity, mid-height, inner 38.07 (100.52) 55.08 (131.15) 63.53 (146.36)
Drum liner, CV cavity, bottom, inner 38.12 (100.62) 56.87 (134.37) 66.02 (150.83),
Borobond4, top, outer 37.97 (100.35) 50.31 (122.55) 56.35 (133.43)
Borobond4, mid-height, inner 38.07 (100.52) 55.08 (131.14) 63.53 (146.35)
Borobond4, mid-height, outer 38.12 (100.50) 54.45 (130.02) 62.59 (144.66)
Borobond4, bottom, inner 38.08 (100.55) 54.95 (130.91) 63.21 (145.79)
Borobond4, bottom, outer 38.07 (100.52) 54.16 (129.48) 62.05 (143.69)
Drum plug liner, bottom, center 37.82 (100.07) 41.36 (106.46) 42.96 (109.34)
Drum plug liner, top, center 37.98 (100.37) 50.51 (122.93) 56.59 (133.87)
Drum lid, top, center 37.79 (100.03) 39.82 (103.67) 40.67 (105.20)
Drum lid, top, outer 37.79 (100.03) 40.08 (104.14) 41.06 (105.90)
Drum, mid-height, outer 37.84 (100.11) | 41.60(106.88) 43.26 (109.86)

Drum bottom, outer

37.85 (100.13)

41.94 (107.50)

43.76 (110.76)

Bz |n]=[x|g|<|c]m|u|m|o|v|o|2|Z e (=« |~ |z |o|=|mo|a|w|>

Drum bottom, center

37.91 (100.23)

45.14 (113.25)

48.51 (119.33)

Notes: (a) See Figure 2.

(b) Approximate location of the CV O-ring.

Normal Conditions of Transport Analyses Results

Transient thermal analyses are performed on the finite element model of the ES-3100 shipping container
to simulate NCT with content heat loads of-0, 0.4, 20, and 30 W. The insolation required for NCT per
10 CFR 71.71(c)(1)™ is applied to the top and sides of the drum in alternating 12-hour periods (i.e.,

12 hours on and 12 hours off) with the drum bottom remaining adiabatic during the transient thermal
analysis. An ambient temperature of 37.8°C (100°F) as stipulated in 10 CFR 71 is used in the NCT
analysis. The initial temperature distribution within the package for the NCT transients was determined
from steady-state analyses (with radiation and natural convection boundary conditions applied to the top
and sides of the drum) for each internal heat load. For the case with no internal heat source (0 W), the
initial temperature distribution within the package was assumed to be at a uniform 37.8°C (100°F).

The transient thermal analyses simulate a five-day period of cyclic solar loading with 12 hours of
insolation being applied at the beginning of each day (i.e., onset of sunrise) followed by 12 hours in
which there is no insolation to end the day (i.e., onset of sunset). This five-day period allows for “quasi
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steady-state” conditions to be reached. While the temperature of a particular node within the model
changes with respect to time in the transient analyses, the maximum temperature that node reaches from
day-to-day does not change once a “quasi steady-state” condition is reached. In particular, the maximum
temperature of the key location on the containment vessel (i.e., at the O-ring) on day 5 is within 0.01°C of
the maximum temperature of the same location on day 4.

The maximum temperatures of several locations within the model are summarized in Table 5 and Table 6
for content heat loads of 0, 0.4, 20, and 30 W and Kaolite densities of 30 (maximum density) and

19.4 [bm/ft’ (minimum derisity), respectively. The maximum temperatures reported in Table 5 and
Table 6 represent “quasi steady-state.” Temperature-history plots of several locations within the model
are also depicted graphically in Figure 3 through Figure 10 for various content heat loads and Kaolite
density. Additionally, temperature contours of the model at sunrise (0 hours) and sunset (12 hours) for
day 5 of the transient are presented in Figure 11 through Figure 18 for various content heat loads and
Kaolite density. The elements representing the air between the drum liner and containment vessel and
between the drum liner and top plug liner are not shown in the temperature contours presented in these
figures so that the containment vessel temperature contours can be more easily viewed.

The maximum temperature in the model occurs at the top center of the drum lid. This maximum
temperature is 118.01°C (244.42°F), 118.03°C (244.45°F), 118.77°C (245.79°F), and 119.15°C
(246.47°F) for content heat loads of 0, 0.4, 20, and 30 W, respectively, and occurs at sunset in each case
(see Table 6, Kaolite density of 19.4 Ibm/ft’). The maximum temperature at the containment vessel
O-ring is 88.25°C (190.84°F), 88.56°C (191.41°F), 103.87°C (218.96°F), and 111.42°C (232.55°F) for
content heat loads of 0, 0.4, 20, and 30 W, respectively, and occurs at approximately 1 hour after sunset in
each case (see Table 6, Kaolite density of 19.4 Ibm/ft’).
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Table 5. Maximum “quasi steady-state” temperatures during NCT for the ES-3100 shipping container with
various content heat loads (see Figure 2 for node locations)—Kaolite density of 30 Ibm/ft’.

Node® Location Maximum “quasi steady-state” temperature, °C (°F)
ow 04W 20W 30W
A | CVid, top, center 86.56 (187.81) | 86.88(188.38) | 102.98 (215.74) | 109.59 (229.26)
B CV lid, bottom, center 86.56 (187.80) | 86.88(188.38) | 102.16 (215.90) | 109.71 (229.47)
C CV lid, top, outer 86.54 (187.78) | 86.86(188.34) | 101.89 (215.41) | 109.31 (228.75)
D CV flange at interface, inner™® 86.47 (187.64) | 86.79(188.21) | 102.09 (215.77) | 109.67 (229.40)
E CV flange at interface, outer™ 86.44 (187.59) | 86.76 (188.16) | 102.00 (215.61) | 109.53 (229.15)
F CV flange, bottom, outer 86.42 (187.56) | 86.74 (188.13) | 101.99 (215.58) | 109.51 (229.12)
G | CV shell, mid-height, inner 81.52(178.74) | 82.09(179.76) | 109.01 (228.21) | 121.98 (251.57)
H | CV shell, mid-height, outer 81.52(178.74) | 82.09(179.76) | 109.00 (228.19) | 121.97 (251.55)
I CV bottom, outer 81.32(17837) | 81.71(179.08) | 100.57 (213.02) | 109.99 (229.99)
J CV bottom, center, inner '81.37(178.47) | 81.77(179.18) | 100.73 (213.31) | 110.21 (230.38)
K | CV bottom, center, outer 8137 (17847) | 81.77(179.18) | 100.72 (21329 | 110.19 (230.34)
L Drum liner, plug cavity, outer 97.74 (207.93) | 97.82(208.07) | 101.65(214.96) | 103.59 (218.47)
M | Drum liner, plug cavity, inner 92.91(199.23) | 93.06(199.50) | 100.40 (212.72) | 104.13 (219.43)
‘ N | Drum liner, CV flange cavity, outer | 87.69 (189.84) | 87.90(190.21) | 98.09 (208.57) | 103.27 (217.43)
0 ﬁn“gr“ liner, CV cavity, mid-height, | ¢, 3 17835 | 81.61(178.90) | 96.82(20627) | 104.13 219.43)
P Drum liner, CV cavity, bottom, inner | 81.52(178.74) | 81.86(179.35) | 98.30(208.94) | 106.56(223.80)
Q | Borobondd, top, outer. 87.36(189.25) | 87.58(189.64) | 98.19(208.74) | 103.57 (218.43)
R | Borobond4, mid-height, inner 81.30 (178.35) | 81.61(178.90) | 98.81(206.26) | 104.58 (220.24)
S Borobond4, mid-height, outer 81.37(178.46) | 81.66(178.99) | 96.24 (205.23) | 103.69 (218.64)
T Borobond4, bottom, inner 81.67(179.01) | 81.98(179.56) | 96.73 (206.12) | 104.19 (219.55)
U | Borobond4, bottom, outer 81.78 (179.21) | 82.07(179.72) | 96.11(205.00) | 103.23 (217.81)
V | Drum plug liner, bottom, center 111.30 (232.35) | 111.34 (232.42) | 113.25 (235.85) | 114.21 (237.57)
W | Drum plug liner, top, center 90.70 (195.26) | 90.92(195.66) | 101.53 (214.76) | 106.87 (224.36)
X | Drum lid, top, center 117.74 (243.93) | 117.75 (243.96) | 118.50 (245.30) | 118.88 (245.98)
Y Drum lid, top, outer 107.04 (224.68) | 107.06 (224.71) | 107.94 (226.29) | 108.39 (227.10)
Z Drum, mid-height, outer 91.86 (197.36) | 91.90(197.41) | 93.42(200.15) | 94.18 (201.53)
AA | Drum bottom, outer 91.00 (195.79) | 91.04(195.86) | 92.92(199.26) | 93.87 (200.96)
BB | Drum bottom, center 87.21(188.97) | 87.31(189.15) | 92.26 (198.07) | 94.74 (202.54)
Notes:  (a) See Figure 2.

(b) Approximate location of the CV O-ring.

Y/LF-717/Rev 2/ES-3100 HEU SAR/Ch-3/rlw/3-06-08

3-57




Table 6. Maximum “quasi steady-state” temperatures during NCT for the ES-3100 shipping container with
various content heat loads (see Figure 2 for node locations)—Kaolite density of 19.4 Ibm/ft’.

Maximum “quasi steady-state” temperature, °C (°F)

Node® Location
0w 04 W 20 W 30W
CV lid, top, center 88.30 (190.95) | 88.62(191.52) | 103.84 (218.91) | 111.35 (232.42)
CV lid, bottom, center 88.28 (190.90) | 88.60 (191.48) | 103.90 (219.03) | 111.45 (232.62)
CV lid, top, outer 88.32 (190.97) | 88.63 (191.54) | 103.61 (218.50) | 111.00( 231.80)
CV flange at interface, inner® 88.24 (190.83) | 88.56 (191.41) | 103.87 (218.96) | 111.42 (232.55)
CV flange at interface, outer®™ 88.25 (190.84) | 88.56 (191.41) | 103.77 (218.78) | 111.27 (232.28)
CV flange, bottom, outer 88.24 (190.82) | 88.55(191.39) | 103.75 (218.75) | 111.25 (232.24)
CV shell, mid-height, inner 83.04 (181.47) | 83.61(182.50) | 110.50 (230.89) | 123.46 (254.23)
CV shell, mid-height, outer 83.04 (181.47) | 83.61(182.50) | 110.49 (230.88) | 123.45 (254.21)
CV bottom, outer 83.36 (182.04) | 83.75(182.74) | 102.58 (216.64) | 111.99 (233.59)
CV bottom, center, inner 88.37(182.07) | 83.76 (182.77) | 102.70 (216.86) | 112.17 (233.91)
CV bottom, center, outer 88.37 (181.07) | 83.76 (182.77) | 102.69 (216.84) | 112.15 (233.87)
Drum liner, plug cavity, outer 98.72 (209.70) | 98.80 (209.85) | 102.63 (216.73) | 104.58 (220.24)
Drum liner, plug cavity, inner 94.43 (201.97) | 94.58 (202.24) | 101.92 (215.46) | 105.65 (222.16)
Drum liner, CV flange cavity, outer 89.43 (192.97) | 89.63(193.34) | 99.83 (211.70) | 105.01 (221.02)
3;‘:;‘ liner, CV cavity, mid-height, | o3 1) 151 62) | 8343 (182.18) | 98.63 (209.54) | 106.40 (223.52)
Drum liner, CV cavity, bottom, inner | 83.62(182.52) | 83.96(183.13) | 100.36 (212.65) | 108.60 (227.48)

Borobond4, top, outer 88.82 (191.88) | 89.04 (192.27) | 99.65(211.38) | 105.04 (221.07)
Borobond4, mid-height, inner 83.12 (181.62) | 83.43(182.18) | 98.63(209.53) | 106.39 (223.51)
Borobond4, mid-height, outer 83.03 (181.46) | 83.33(182.00) | 97.91(208.23) | 105.36 (221.65)

SIZINni<ix|g|<|c|n|ulm|lo|v| o |2|8|e|r|«|~z|a|=|u|lo|la|w|>

Borobond4, bottom, inner 83.55(182.39) | 83.85(182.93) | 98.58(209.45) | 106.03 (222.86)
Borobond4, bottom, outer 83.51(182.31) | 83.80(182.83) | 97.82(208.07) | 104.90 (238.82)
Drum plug liner, bottom, center | 112,01 (233.62) | 112.05 (233.69) | 113.95 (237.11) | 114.90 (238.82)
Drum plug liner, top, center 92.09(197.77) | 9231(198.16) | 102.93 (217.27) | 108.26 (226.87)
Drum lid, top, center 118.01 (244.42) | 118.03 (244.45) | 118.77 (245.79) | 119.15 (246.47)
Drum lid, top, outer 107.33 (225.19) | 107.34 (225.22) | 108.22 (226.80) | 108.67 (227.60) -
Drum, mid-height, outer 92.27(198.08) | 92.30(198.14) | 93.81(200.86) | 94.58(202.24)
Drum bottom, outer 91.70 (197.06) | 91.74(197.13) | 93.61(200.49) | 94.54 (202.18)
Drum bottom, center 88.82(191.88) | 88.93(192.07) | 93.84(200.91) | 96.30(205.35)

Notes:

(a) See Figure 2.

(b) Approximate location of the CV O-ring.
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Figure 3. Transient temperatures of the ES-3100 shipping container for NCT (no content heat load) Kaolite
density of 30 Ibm/ft’ (see Figure 2 for node locations).
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Figure 4. Transient temperatures of the ES-3100 shipping container for NCT (0.4 W content heat load)
Kaolite density of 30 Ibm/ft’ (see Figure 2 for node locations).
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Figure 5. Transient temperatures of the ES-3100 shipping container for NCT (20 W content heat load)

Kaolite density of 30 Ibm/ft’ (see Figure 2 for node locations).
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Figure 6. Transient temperatures of the ES-3100 shipping container for NCT (30 W content heat

load)Kaolite density of 30 Ibm/ft’ (see Figure 2 for node locations).
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Figure 7. Transient temperatures of the ES-3100 shipping container for NCT (no content heat load) Kaolite
density of 19.4 Ibm/ft’ (see Figure 2 for node locations).
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Figure 8. Transient temperatures of the ES-3100 shipping container for NCT (0.4 W content heat load)
Kaolite density of 19.4 Ibm/ft’ (see Figure 2 for node locations).
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Figure 9. Transient temperatures of the ES-3100 shipping container for NCT (20 W content heat load)
Kaolite density of 19.4 Ibm/ft’ (see Figure 2 for node locations).
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Figure 10. Transient temperatures of the ES-3100 shipping container for NCT (30 W content heat load)

Kaolite density of 19.4 Ibm/ft’ (see Figure 2 for node locations).
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Figure 11. Temperature distribution in the ES-3100 shipping container for NCT (no content heat load)—
Kaolite density of 30 Ibm/ft’—day 5 of transient analysis (elements representing air not shown for clarity).
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Figure 12. Temperature distribution in the ES-3100 shipping container for NCT (0.4 W content heat load)—
Kaolite density of 30 Ibm/ft’—day 5 of transient analysis (elements representing air not shown for clarity).
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Figure 13. Temperature distribution in the ES-3100 shipping container for NCT (20 W content heat load)—
Kaolite density of 30 Ibm/ft’—day 5 of transient analysis (elements representing air not shown for clarity).
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Figure 14. Temperature distribution in the ES-3100 shipping container for NCT (30 W content heat load)—
Kaolite density of 30 Ibm/ft’—day 5 of transient analysis (elements representing air not shown for clarity).
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Figure 15. Temperature distribution in the ES-3100 shipping container for NCT (no content heat load)—
Kaolite density of 19.4 Ibm/ft'—day 5 of transient analysis (elements representing air not shown for clarity).
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Figure 16. Temperature distribution in the ES-3100 shipping container for NCT (0.4 W content heat load)—
Kaolite density of 19.4 Ibm/ft’—day 5 of transient analysis (elements representing air not shown for clarity).
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Figure 17. Temperature distribution in the ES-3100 shipping container for NCT (20 W content heat load)—
Kaolite density of 19.4 Ibm/ft’—day 5 of transient analysis (elements representing air not shown for clarity).
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Figure 18. Temperature distribution in the ES-3100 shipping container for NCT (30 W content heat load)—
Kaolite density of 19.4 Ibm/ft’—day 5 of transient analysis (elements representing air not shown for clarity).
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Hypothetical Accident Conditions Analyses Results

Transient thermal analyses are performed on the finite element model of the ES-3100 shipping container
(undamaged configuration) to simulate HAC as prescribed by 10 CFR 71.73(c)(4).! A 30-minute fire of
800°C (1472°F) is simulated by applying natural convection and radiant exchange boundary conditions to
all external surfaces of the drum (assuming the drum is in a horizontal orientation) with content heat loads
of 0, 0.4, 20, and 30 W and Kaolite densities of 30 (maximum density) and 19.4 Ibny/ft? (minimum
density). No heat flux boundary conditions simulating insolation are applied to the model during the
30-minute fire. The initial temperature distribution within the package having content heat loads of 0.4,
20, and 30 W is obtained from their respective steady-state analyses. The initial temperature distribution
within the package having no content heat load (0 W) is assumed to be at a uniform temperature equal to
the ambient temperature of 37.8°C (100°F).

Following the 30-minute fire transient analyses, 48-hour cool-down transient thermal analyses are
performed using the temperature distribution at the end of the fire as the initial temperature distribution.
During post-fire cool-down, natural convection and radiant exchange boundary conditions are applied to
all external surfaces of the drum (assuming the drum is in a horizontal orientation). Additionally, cases
are analyzed in which insolation is included during the post-fire cool-down. For the cases in which
insolation is applied to the model during cool-down, insolation is applied during the first 12-hour period
following the 30-minute fire, then alternated (off, then on) as was done for NCT. ’

The maximum temperatures calculated for the ES-3100 ship?ing container for HAC are summarized in
Table 7 for the analyses using a Kaolite density of 30 lbm/ft” and Table 8 for the analyses using a Kaolite
density of 19.4 1bm/ft*. Temperature-history plots of several locations within the model are also depicted
graphically in Figure 19 through Figure 22 for content heat loads of 0, 0.4, 20, and 30 W and a Kaolite
density of 19.4 Ibm/ft’ (the graphs for the cases having a Kaolite density of 30 Ibm/ft’ are not shown
because of their similarity to the presented graphs).
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Table 7. ES-3100 shipping container HAC maximum temperatures—Kaolite density of 30 Ibm/ft’.

Content Iﬁsolation Ma)((imum temperature, °C () @
heatload | durin o | NodeE® | NodoHP | nogepe | Nodeqw | NodeS® i yode®
W) cool-do%vn Ng(:le lﬁi( ) cv ﬂapge at C(\:nsig?ll CV bottom Borobo?ld4 Bozgﬁ(()ir-ld4 Borobond4
O-ring elevation) (center) (top) elevation) (bottom)
No® 109.61 109.34 92.21 99.71 118.48 90.42 102.07
0 (229.29) (228.81) (197.98) (211.47) (245.26) (194.76) (215.73)
Yes 116.91 116.74 104.22 106.13 122.46 103.28 107.63
(242.43) (242.12) (219.59) (223.04) (252.43) (217.90) (225.73)
No 109.93 109.66 92.78 100.11 118.69 90.73 102.38
0.4 (229.87) (229.38) (199.00) (212.19) (245.64) (195.31) (216.29)
' Yes 117.22 117.05 104.77 106.52 122.67 103.58 107.93
(243.00) (242.68) (220.58) (223.74) (252.81) (218.45) (226.28)
No 126.14 125.85 120.27 119.75 130.06 106.49 117.92
20 (259.05) (258.53) (248.48) (247.56) (266.11) (223.67) (244.25)
Yes 133.07 132.85 131.38 125.90 134.05 118.96 123.31
(271.52) (271.17) (268.48) (258.91) (273.28) (246.13) (253.95)
No 134.00 133.69 133.41 129.43 135.69 114.38 125.62
30 (273.20) (272.56) (272.14) (264.97) (276.23) (237.89) (258.11)
. Yes 140.79 140.58 144.22 135.47 139.68. 126.76 130.95 .
(285.42) (285.05) (291.59) (275.85) (283.42) (260.17) (267.71)
Notes: (a) See Figure 2 for node locations.

(b) Baseline case for AT comparisons.

Table 8. ES-3100 shipping container HAC maximum temperatures—Kaolite density of 19.4 Ibm/ft’.

Content Insolation Ma)((i)mum temperature, °C (°F) o)
heatload | during | yogoqm | NedeE® | TRIEL | Nodek® | NodeQ® | BT | NodeT®
(W) cool-down CV lid CV flange at (mid- CV bottom Borobond4 (mid- Borobond4
O-ring elevation) (center) (top) elevation) (bottom)
No® 114.95 114.69 95.48 105.98 129.89 93.95 109.65
0 (238.92) (238.43) (203.86) (222.77) (265.79) (201.11) (229.36)
Yes 121.44 121.27 106.43 111.02 132.73 105.10 113.62
(250.60) (250.28) (223.58) (231.83) (270.92) (221.19) (236.51)
No 115.27 115.00 96.04 106.37 130.09 94.25 109.95
0.4 (239.49) (239.00) (204.87) (223.47) (266.17) (201.65) (229.91)
' Yes 121.75 121.58 106.97 111.41 132.94 105.41 113.92
(251.16) (250.85) (224.57) (232.53) (271.30) (221.73) (237.06)
No 131.51 131.22 123.43 126.00 141.29 109.98 125.44
20 (268.71) (268.19) (254.17) (258.80) (286.32) (229.96) (257.80)
Yes © 137.69 137.49 133.54 130.83 144.13 120.84 129.33
(279.84) (279.48) (272.37) (267.49) (291.44) (249.51) (264.79)
No 139.39 139.08 136.53 135.66 146.82 117.85 133.11
30 (282.90) (282.25) (277.75) (276.19) (296.28) (244.14) (271.60)
Yes 145.45 145.24 146.35 140.42 149.67 128.65 136.97
(293.82) (293.44) (295.43) (284.75) (301.41) (263.57) (278.55)
‘Notes: (a) See Figure 2 for node locations.
(b) Baseline case for AT comparisons.
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Figure 20. ES-3100 shipping container transient temperatures for HAC (0.4 W content heat load)
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Figure 22. ES-3100 shipping container transient temperatures for HAC (30 W content heat load)
Kaolite density of 19.4 Ibm/ft’ (see Figure 2 for node locations).
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. Appendix 3.6.2

THERMAL EVALUATION OF THE ES-3100 SHIPPING CONTAINER FOR NCT AND HAC
(FINAL DESIGN WITH CATALOG 277-4 NEUTRON ABSORBER)
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Appendix 3.6.2

THERMAL EVALUATION OF THE ES-3100 SHIPPING CONTAINER FOR NCT AND HAC
(FINAL DESIGN WITH CATALOG 277-4 NEUTRON ABSORBER)

INTRODUCTION

Thermal analyses of the ES-3100 shipping container are performed to determine the temperature
distribution within the packaging during Normal Conditions of Transport (NCT) as specified in

10 CER 71.71(c)(1)."} Transient thermal analyses are performed by treating the problem as a cyclic
transient with the incident heat flux due to solar radiation applied and not applied in alternating 12-hour
periods.

Additionally, thermal analyses of the ES-3100 shipping container are performed to determine the thermal
response of the packaging to Hypothetical Accident Conditions (HAC) as specified in

10 CFR 71.73(c)(4).!"" Since physical testing of the ES-3100 shipping container was conducted with no
internal heat source or insolation during cool-down," temperature increases due to internal heat loads of
0.4, 20, and 30 W as well as temperature increases due to the application of insolation during cool-down
following the HAC fire are calculated. Although earlier revisions of 10 CFR 71 specifically state that
insolation does not need to be evaluated before, during, or after HAC, the current version of 10 CFR 71
and associated guidance are unclear regarding the need for consideration following HAC testing. Since
the Nuclear Regulatory Commission (NRC) has taken the position that insolation must be considered and
evaluated following fire testing, analyses are conducted to determine the effect of insolation following the
HAC fire on the ES-3100 shipping container. The predicted temperature increases may be used to adjust
physical test data for those loads not included in the physical tests.

FINITE ELEMENT MODEL DESCRIPTION

A two-dimensional axisymmetric finite element model of the ES-3100 shipping container is constructed
using MSC.Patran®! and imported as an orphaned mesh into ABAQUS/CAE™! for application of
boundary conditions, interactions, and loads. The model is constructed of DCAX4 (four-node linear
axisymmetric heat transfer quadrilateral) and DCAX3 (3-node linear axisymmetric heat transfer
triangular) elements for evaluation for NCT and HAC. The actual contents of the ES-3100 shipping
container are not specifically modeled—instead, the content source heat load (if desired) is modeled by
applying a uniform heat flux to the inner surfaces of the containment vessel. This is a conservative
approach in that package temperatures will not be reduced in a transient analysis by the heat capacity of
the contents. A schematic of the finite element model is presented in Figure 1 with details of the upper
and lower portions of the model shown in Figure 2 and Figure 3, respectively. The model consists of five

‘materials: stainless steel (drum, liners, and containment vessel), Kaolite, neutron absorber, silicone

rubber, and air in the gaps between the drum liner and containment vessel and between the drum liner and
top plug. Degree-of-freedom “ties” are made at the interfaces of the different material regions in order to
allow the heat to flow through the model. Thermal properties of the materials used in the analysis are
presented in Table 1.

Heat is transferred to the model from the contents (i.e., decay heat of the contents) via heat flux boundary
conditions applied to the inner surface of the elements representing the containment vessel. Additionally,
solar heat fluxes are applied to the model during NCT and HAC post-fire cool-down via heat flux
boundary conditions. The heat applied to the model via the boundary conditions is transferred through
the model via conduction and thermal radiation. Heat is rejected from the external surfaces of the model
via natural convection and thermal radiation boundary conditions.
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Figure 1. MSC.Patran axisymmetric finite element model of the ES-3100 shipping container.
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Figure 2. MSC.Patran axisymmetric finite element model of the ES-3100 shipping container
(upper portion detail).
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Figure 3. MSC.Patran axisymmetric finite element model of the ES-3100 shipping container
(lower portion detail).
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- Table 1. Thermal properties of the materials used in the thermal analyses.

. Temperature Thermal Conductivi Densi Specific heat ..
Material r) (Btwh-in.-°F) v (lbm/ir?;) (Btu/lbm.F) Emissivity
-279.67 0.443@ 0.285@ 0.065® 0.22®
-99.67 0.607 - 0.096 -
260.33 0.799 - 0.123 -
. 620.33 0.953 - 0.133 -
Stainless steel 980.33 1.088 - 0.139 -
1340.33 1.223 - 0.146 -
1700.33 1.348 - 0.153 -
2240.33 1.526 - 0.163 -
68 0.0093® 0.011@ 0.29 -
212 0.0091 - - -
Kaolite 1600 392 0.0081 - - -
572 0.0072 - - -
1112 0.0082 - - -
31 0.0457© 0.05799 0.1259 -
Neutron absorber 73.4 0.0485 - 0.186 -
(Catalog 140 0.0400 - 0.239 -
No. 277-4) 212 0.0295 . - . 0242 -
302 0.0305 - 0.291 -
Silicone rubber - 0.0161® 0.047® 0.300® 1.0®
-9.67 1.074x107°®@ 4.064x10°@0 0.240® -
80.33 1.266x103 - 0.241 -
170.33 1.445%107 - 0.241 -
260.33 1.628x10 - 0.242 -
35033 ) 1.796x1073 - 0.244 -
440.33 1.960x10 - 0.246 -
530.33 2.114x1073 - 0.248 -
620.33 2.258x107 - 0.251 -
Air 710.33 2.393x107 - 0.254 -
800.33 2.523x107 - 0.257 -
890.33 2.644x10° - 0.260 -
980.33 2.759%1073 - 0.263 -
1070.33 2.870x107 - 0.265 -
1160.33 2.985x1073 - 0.268 -
1250.33 3.096x107 _ - 0.270 -
1340.33 3.212x1073 - 0.273 -
1520.33 3.443x1073 - 0.277 -

Notes:  (a) F.P.Incropera and D. P. DeWitt, Fundamentals of Heat and Mass Transfer, 2nd edition, John Wiley & Sons, New York, 1985.

(b) Hsin Wang, Thermal Conductivity Measurements of Kaolite, ORNL/TM-2003/49.

(c) Based on a baked density of 19.4 Ibm/ft* (0.011 Ibnvin®). Specification JS-YMN3-801580-A003 requires a baked density of
22.4 +3 Ibm/fY’. Using a lower value for, the Kaolite density results in higher temperatures on the containment vessel because the
heat capacity of the Kaolite is minimized—allowing more heat to flow to the containment vessel; therefore, the thermal anatyses
are performed using a low-end density of 19.4 lbm/f’. The HAC analyses also consider a high-end density of 30 lbm/ft’.

(d) FAX communication from J. W. Breuer of Thermal Ceramics, Engineering Department, August 11, 1995. .

(&) W.D. Porter and H. Wang, Thermophyical Properties of Heat Resistant Shielding Material, ORNL/TM-2004/290, ORNL, Dec.
2004. Spgsciﬁc heat values are presented in MJ/m’-K in ORNL/TM-2004/290—converted to mass-based units using a density of
105 bm/ft’.

() Based on a cured density of density of 100 Ibm/f’ (0.0579 Ibm/in®). B. F. Smith and G. A, Byington, Mechanical Properties of
277-4, YIDW-1987, January 19, 2005presents a range of measured densities between approximately 100 and 110 tbm/ft® for
Catalog No. 277-4. Therefore, in order to minimize the heat capacity of the material and allow more heat to be transferred to the
containment vessel, the lower-bound value is used. The HAC analyses also consider a high-end density of 110 Ibm/ft’.

(g) THERM 1.2, thermal properties database by R. A. Bailey.

(h) Conservatively modeled as 1.0.

(i) Constant density value evaluated at 100°F.
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MODELED HEAT TRANSFER MECHANISMS

The heat transfer mechanisms included in the thermal model such, as thermal radiation, natural
convection, and insolation (solar heat flux) are described in detail in the following sections.

Heat Transfer Between Package Exterior and Ambient
The heat transfer between the exterior of the package and the ambient (or fire) is modeled as a

combination of radiant heat transfer and natural convection. The heat transfer due to radiant exchange
with the environment is calculated as:!!

4 4
q"rad :GFe (Ts _Ta )’ (1)
where o = Stefan-Boltzmann constant,
F. = overall exchange factor,
Ts = container outer surface temperature (absolute), and
T, = ambient or fire temperature (absolute).

The overall interchange factor is calculated as:!!

F = ©)

[~ A b
L+_p(i_1]
g, A&

where g = emissivity of package surface,
A, = surface area of the package,
A; = surface area of the surroundings, and
g5 = emissivity of surroundings.

For NCT and the cool-down period following the HAC fire, the area of the surroundings is assumed to be
much larger than the surface area of the package; therefore, Eq. 2 reduces to:

E =~¢_. 3)

e P

An emissivity value of 0.22,'9 which is typical of clean stainless steel, is assumed for the outer surfaces of
the drum during NCT and during the cool-down period following the HAC fire. In reality, the outer
surfaces of the drum will have a much higher emissivity following the HAC fire; therefore, this
assumption is conservative.

During the HAC fire, the area of the surroundings is assumed to be approximately equal to the surface
area of the drum; therefore, Eq. 2 reduces to:

Fol— 1 | (4)
¢ 1 1
—+—-1
g, &
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During the HAC 30-minute fire, an emissivity of 0.8 is assumed for the drum, and an emissivity of 0.9 is
assumed for the fire per the guidance of 10 CFR 71.74(c)(4)."! This results in an overall exchange factor
of 0.7347 during the HAC fire using Eq. 4.

The natural convection heat transfer from the package surface to the ambient air is calculated as:

q"convection = h (Ts - Ta ) . (5)
where h = natural convection heat transfer coefficient,
Ts = container outer surface temperature, and
T, = ambient or fire temperature.

During the NCT transient thermal analyses and the steady-state thermal analyses (used to obtain the
starting temperature distribution in the package for NCT and HAC when a content heat load is present),
the shipping container is assumed to be in an upright (vertical) orientation. The top of the drum is
modeled as a heated horizontal flat plate facing up using the following correlation:'"

h=(%) C,Ra%, _ (6)

where = thermal conductivity of air,
characteristic length (= D/4 per Ref. 6),
diameter of the package,

Rayleigh number,

constant (see Table 2), and

C, = constant (see Table 2).

oo x
I

op
]

The Réyleigh number in Eq. 6 is defined as:

3
Ra-8BATL N
va

where = acceleration of gravity,

" coefficient of thermal expansion,
T = temperature difference,
kinematic viscosity [p/p],
absolute viscosity,

thermal diffusivity [k/(p Cp)],’
density of air, and

C, = specific heat of air.

]

g
p
A
v
n
o
p

The properties of air used in the natural convection calculations are presented in Table 3.
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Table 2. Coefficients for natural convection correlations.

Coefficient Rayleigh Number Range Value
c, 1074 <Ra< 10171 0.54
10’<Ra< 10 0.15
c 10 <Ra<10’ 0.25
2 10’ <Ra< 10" 1/3
c Ra< 10’ 0.680
3 Ra>10° 0.825
c Ra<10’ 0.670
4 Ra>10° . 0.387
C Ra< 10’ 0.25
5 Ra>10° 1/6
c Ra <10’ 4/9
6 Ra>10° 8/27
c, Ra< 102 1
Ra> 10 2

Source: F.P.Incropera and D. P. DeWitt, Fundamentals of Heat and Mass Transfer, 2nd ed., John
Wiley & Sons, New York, 1985.

Table 3. Properties of air used in natural convection calculations.

Thermal Kinematic Thermal

Temperatire | Conductivity | porsiy | SPECHICHEAt) yiceogity | piffusivity | e
(°F) (Btwh-in.-°F) (Ibm/in.”) (Btw/lbm-°F) (in.%/h) (in.2/h) Number
-9.67 1.074x103 5.039x107 0.240 6.384x10! 8.872x10" 0.720
80.33 1.266x107 4.196x10° 0.241 8.867x10! 1.255%10° 0.707
170.33 1.445x10° 3.595%107 0.241 1.167x107 1.668x107 0.700
260.33 1.628x10° 3.147x10° 0.242 1.474x10* 2.137x10° 0.690
350.33 1.796x107 2.796x107 0.244 1.807x10% 2.634x10° 0.686
440.33 1.960x107 2.516x107 0.246 2.164x107 3.164x10° 0.684
530.33 2.114x107 2.286%10° 0.248 2.543x10° 3.722x10° 0.683
620.33 2.258x107 2.097x10° 0.251 2.940x10° 4.291x10° 0.685
710.33 2.393x107 1.935%10° 0.254 3.360x10* 4.871x10° 0.690
800.33 2.523x107 1.797x10” 0.257 3.800x10%7 | 5.468x10° 0.695
890.33 2.644x107 1.677x10° 0.260 4.261x10° 6.082x10* 0.702
980.33 2.759x107 1.573x10° 0.263 4.739x10° 6.696x10> 0.709
1070.33 2.870x107 1.480x10° 0.265 5.234x10? 7.310x10% 0.716
1160.33 2.985%107 1.397x10° 0.268 5.742x10%2 | 7.979x10? 0.720 .
1250.33 3.096x107 1.324x10° 0.270 6.261x10? 8.649x107 0.723
1340.33 3.212x10° 1.258x10° 0.273 6.802x107 9.374x102 0.726
1520.33 3.443x10° 1.144x10” 0.277 7.912x10? 1.088x10° 0.728
Source: F. P. Incropera and D. P. DeWitt, Fundamentals of Heat and Mass Transfer, 2™ ed., John Wiley & Sons, New York,
1985.
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. During the NCT transient thermal analyses and the steady-state thermal analyses, the sides of the drum
are modeled as a vertical flat plate using the following correlation:*!

B TC7
Cs
h=[5J Cpo—aRa” | ®)
9/16\"
AL {0.492}
1+ ——
Pr
where L = characteristic length = the drum height,
C; = constant (see Table 2),
Cs = constant (see Table 2),
Cs = constant (see Table 2),
Cs = constant (see Table 2),
C; = constant (see Table 2), and
Pr = Prandtl number.

The bottom of the drum is conservatively modeled as adiabatic during the NCT transient analyses and the
steady-state analyses.

During the HAC 30-minute fire and the post-fire cool-down, the shipping container is assumed to be in a
horizontal orientation (as it is during furnace testing). As such, the top and bottom of the drum are

‘ modeled as vertical flat plates using Eq. 8 having a characteristic length, L, equivalent to the drum
diameter, and the sides of the drum are modeled as a horizontal cylinder using the following correlation
(10° <Ra < 10"%):1

1/6 .
h=(5J 0.60+—287Ra , ~ ©

9/16\8/27
[0.559
I+ ——
| Pr

where D = diameter of the package,

The calculated natural convection film coefficients used in the thermal analyses of the ES-3100 are
presented graphically in Figure 4 and Figure 5 for NCT and HAC, respectively.
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Insolation

The following insolation (incident solar radiation) data is .required for NCT per 10 CFR 71.71(c)(1):™

Form and location of surface tonl msolatuzl:at]‘(/);%}hour petiod
Flat surfaces transported horizontally
Base None
Other surfaces 800
Flat surfaces not transported horizontally 200
Curved surfaces 400

The total insolation values specified in the previous table are for a 12-hour period. For analytical
purposes, these values are “time-averaged” over the entire 12-hour period (i.e., divided by 12).
Therefore, the incident solar heat fluxes (q"sar;) used in the analyses for NCT and cool-down following
the HAC fire are as follows: !

During NCT, the drum is in an upright (vertical) orientation; therefore, the following heat fluxes are
applied to the external surfaces of the drum to represent insolation:

Top qQ"opar,i =1.7074 Btu/h —in?, (10)
Sides q"solar,i =0.8537Btu/h —in.?, (11)
Bottom Q"soar,i =0 - (12)

During the cool-down period following the HAC 30-minute fire, the drum is assumed to be in a
horizontal orientation; therefore, the following heat fluxes are applied to the external surfaces of the drum
to represent insolation:

Top q" o ; =0.4269Btu /h —in2, (13)
Sides q"sor; =0.8537Btu/h —in2, (14)
Bottom q" s =0.4269Btu/h —in? . (15)

The insolation is applied as a square-wave function (i.e., alternating on and off in 12-hour periods) in the
thermal analysis. The heat flux values presented in Eqs. 10—15 represent the insolation absorbed by the
package surface since a drum absorptivity of 1.0 was conservatively assumed. An analytical study has
been performed on a similar shipping package that investigated three methods of applying the
insolation.”’ The three methods consisted of 1) performing a steady-state analysis assuming the
insolation is applied continuously by distributing the heat flux evenly throughout a 24-hour period,

2) performing a transient analysis assuming the insolation is represented by a step function (i.e., applied
and then not applied in 12-hour cycles, and 3) performing a transient analysis where the incident
insolation is represented by a sinusoidal function that varies throughout the day. The results of the study
indicate that the method used in applying the insolation has a significant effect on the temperatures of the
outermost portions of the package. However, since the total insolation over any 24-hour period is the
same for all cases, internal package temperatures are relatively unaffected by the way in which the
insolation is applied. Since the containment vessel O-ring temperatures are of primary concern in this
evaluation, the step function method for applying the insolation is suitable.
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Heat Transfer Across Gaps in the Package

Heat transfer across all gaps in the package is modeled by a combination of radiant exchange and
conduction. Natural convection heat transfer is not included across the gaps in the model. Scoping
studies performed for a similar shipping package indicate that the heat transfer due to natural convection
in relativel?' small gaps is approximately a factor of 6 times less than the heat transfer due to radiant
exchange.”! These calculations assumed a temperature difference of 9°F across the gap. Based on these
previous calculations, the effect of neglecting the natural convection in the gap regions is minimal. The
emissivity values used in the analysis for all internal radiating surfaces in the model are presented in
Table 1.

Radiant exchange across gaps is modeled using the cavity radiation feature of ABAQUS/Standard.®! For
each cavity (or enclosure), radiation surfaces are defined as shown in Figure 6 and Figure 7.

E181— E'ISZ——\ YEWG ©

Figure 6. Radiation cavity surface definitions (top portion of the model).
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Figure 7. Radiation cavity surface definitions (bottom portion of the model).

As shown in Figure 6 and Figure 7, the various gaps in the model are divided into five separate cavities
(designated ‘E1’° through ‘ES5’ in the figures) with between three and five surfaces (designated ‘S1’
through ‘S5’ in the figures) in each cavity for radiation calculations. Because the gap between the CV lid
and top pad is small in relation to its characteristic length, radiation exchange is modeled using the gap
radiation feature in ABAQUS/Standard with a view factor of 1.0 assigned. As a result, a shell element
(type DSAX]1) is defined in the model with the radiation surface E3S4 (see Figure 6) superimposed to
close off cavity 3. The DSAXI1 element is assigned the properties of air, and surface E354 is assigned a
small emissivity value of 0.01 since it is an imaginary surface used to close the cavity.

Content Heat Load .

In order to simulate the decay heat generated by the ES-3100 shipping container contents, a uniform heat
flux is applied to the element edges representing the inner surface of the containment vessel in the model.
Content heat loads of 0, 0.4, 20, and 30 W are investigated in this report. The uniform heat flux (q"source)
for a given content heat load is calculated using the following equation:

Qx3.4123

q"source = 2 2
2{ﬁ]+n(Di)(H)

4

(16)
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where, Q
Dy
H

content heat load (W),
inside diameter of the containment vessel (5.06 in.),
height of the containment vessel cavity (31.00 in.).

Using Eq. 16, a content heat load of 0.4 W results in a uniform heat flux of 2.5608x10” Btw/h-in.2, a
content heat load of 20 W results in a uniform heat flux of 0.12804 Btu/h-in.2, and a content heat load of
30 W results in a uniform heat flux of 0.19206 Btu/h-in.2.

DISCUSSION OF ANALYTICAL RESULTS

All thermal analyses discussed in this report were performed using ABAQUS/Standard™ on an Intel
Pentium 4-based Microsoft Windows 2000 computer. Temperatures are monitored at selected locations
in the model as shown in Figure 8 through Figure 11.

Steady-state Conditions Analyses Results

Steady-state thermal analyses are performed on the finite element model of the ES-3100 shipping
container for three cases having content heat loads of 0.4, 20, and 30 W. The temperature distribution
results from these analyses are used as the starting temperature distributions within the model when
performing the transient thermal analyses for NCT and the HAC 30-minute fire. The boundary conditions
for these steady-state analyses include a combination of thermal radiation exchange and natural
convection applied to the top and sides of the drum using an ambient temperature of 100°F. The bottom
of the drum is modeled as an adiabatic surface (i.e., no heat transfer). Additionally, the content heat load . ,
is simulated by applying a uniform heat flux to the surfaces of the elements representing the inner surface

of the containment vessel. The calculated steady-state temperature distribution within the model of the
ES-3100 shipping container for content heat loads of 0.4, 20, and 30 W is presented in Table 4.

As presented in Table 4, the maximum accessible surface temperature of the package when exposed to an
ambient temperature of 100°F in the shade is 100.43°F (38.02°C), 114.39°F (45.77°C), and 120.08°F
(48.93°C) for content heat loads of 0.4, 20, and 30 W, respectively.

Normal Conditions of Transport Analyses Results

Transient thermal analyses are performed on the finite element model of the ES-3100 shipping container
to simulate NCT with content heat loads of 0, 0.4, 20, and 30 W. The insolation required for NCT per
10 CFR 71.71(c)(1)" is applied to the top and sides of the drum in alternating 12-hour periods (i.e.,

12 hours on and 12 houirs off) with the drum bottom remaining adiabatic during the transient thermal’
analysis. An ambient temperature of 100°F as stipulated in 10 CFR 71 is used in the NCT analysis. The
initial temperature distribution within the package for the NCT transients was determined from steady-
state analyses (with radiation and natural convection boundary conditions applied to the top and sides of
the drum) for each internal heat load. For the case with no internal heat source (0 W), the initial
temperature distribution within the package was assumed to be at a uniform 100°F. As with the steady-
state analyses discussed previously, applying a uniform heat flux to the internal surfaces of the elements
representing the containment vessel simulates the content heat load.

insolation being applied at the beginning of each day (i.e., sunrise) followed by 12 hours in which there is

The transient thermal analyses simulate a five-day period- of cyclic solar loading with 12 hours of .
no insolation to end the day (i.e., sunset). This five-day period allows for “quasi steady-state” conditions
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to be reached. While the temperature of a particular node within the model changes with respect to time
in the transient analyses, the maximum temperature that node reaches from day-to-day does not change
once a “quasi steady-state” condition is reached. In particular, the maximum temperature of the key
location on the containment vessel (i.e., at the O-ring) on day 5 is within 0.004°F of the maximum
temperature of the same location on day 4.

The maximum temperatures of several locations within the model are summarized in Table 5 for content
heat loads of 0, 0.4, 20, and 30 W. The maximum temperatures reported in Table 5 represent “quasi
steady-state” conditions. Temperature-history plots of several locations within the model are also
depicted graphically in Figure 12 through Figure 15 for various content heat loads. Additionally,
temperature contours of the model at sunrise (0 hours), sunset (12 hours), and 68 to 70 minutes after
sunset for a typical day (after the package temperatures reach “quasi steady-state”) of the transient are
presented in Figure 16 through Figure 19 for various content heat loads. The temperature contours at 68
to 70 minutes after sunset are presented because the temperature of the CV flange (i.e., O-ring location)
peaks at this time. The elements representing the air between the drum liner and containment vessel and
between the drum liner and top plug liner are not shown in the temperature contours presented in these
figures so that the containment vessel temperature contours can be more easily viewed.

The maximum temperature in the model occurs at the top center of the drum lid in most instances. The
drum lid maximum temperature is 243.86°F (117.70°C), 243.89°F (117.72°C), 245.32°F (118.51°C), and
246.03°F (118.91°C) for content heat loads of 0, 0.4, 20, and 30 W, respectively, and occurs at sunset in
each case (see Table 5). For the case with a content heat load of 30 W, the maximum temperature in the
model occurs in the sidewall of the CV approximately 80 minutes after sunset and is 252.87°F
(122.71°C). The maximum temperature at the containment vessel O-ring is 189.28°F (87.38°C),
189.90°F (87.72°C), 217.07°F (102.82°C), and 230.51°F (110.28°C) for content heat loads of 0, 0.4, 20,
and 30 W, respectively, and occurs at approximately 68 to 70 minutes after sunset in each case (see
Table 5).
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Figure 8. ABAQUS axisymmetric finite element model of the ES-3100 shipping container—
nodal locations of interest (elements representing air not shown for clarity).
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Figure 9. ABAQUS axisymmetric finite element model of the ES-3100 shipping container—nodal
locations of interest (elements representing air not shown for clarity), upper portion detail.
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Node r(in) | z(in)
258 3.180 | 21.528
351 4.300 | 21.528

3655 9.185 | 21.528

8574 2530 ] 21.528

L

3666

3rd chime from the top

Figure 10. ABAQUS axisymmetric finite element model of the ES-3100 shipping container—nodal
locations of interest (elements representing air not shown for clarity), middle portion detail.
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Figure 11. ABAQUS axisymmetric finite element model of the ES-3100 shipping container—nodal
locations of interest (elements representing air not shown for clarity), lower portion detail.
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Table 4. ES-3100 shipping container steady-state temperatures (100°F ambient temperature,
no insolation).

Maximum steady-state

Node map ® ", Node coordinates (in.) temperature (°F)
No. r z 04W | 20W [ 30W
4746 536~ 2 0.000 | 4.505 | 100.83 | 134.54 [ 150.15
\ 3780
6339 255 3.180 | 21.528 | 100.75 | 131.57 | 146.21
351 4300 | 21.528 | 100.71 | 129.45 | 142.87
6158 ! asa 474 4300 | 37.535 | 10046 | 117.90 | 12567
6715~ ' 494 7.325 | 37.535 | 100.32 | 110.87 | 115.19
6647 380 o 536 | 7.385 | 42.755 | 10021 | 105.50 | 107.19
23';2% 3655® | 9.185 | 21.528 | 10028 | 107.58 | 109.92
332 4 ) 3780® | 9.185 | 42.755 | 100.21 | 105.29 | 106.89
4740 3807® | 0.000 | 0320 | 10043 | 114.39 | 120.08
3865® | 9.185 | 0.008 | 10032 | 108.97 | 111.97
3880 | 3.178 | 4.505 | 100.74 | 13048 | 14423
3888 | 4300 | 4.505 | 100.71 | 128.60 | 141.42
6574\ | -aess 4721 | 3.500 | 35275 | 100.59 | 124.08 | 134.90
255_/j/ 4740 | 4300 | 35275 | 100.57 | 122.92 | 133.15
351 P 4746® | 0.000 | 43.065 | 100.20 | 104.99 | 106.43
6158 | 0.000 | 37.579 | 100.57 | 123.14 | 133.42
6339 | 0.000 | 42.859 | 100.25 | 107.42 | 110.04
6359© | 2530 | 36.075 | 100.80 | 133.51 | 148.56
6365© | 3.425 | 36.075 | 100.79 | 133.33 | 148.28
6369 | 3.750 | 35.525 | 100.79 | 133.27 | 148.20
6385 | 3.750 | 37.175 | 100.78 | 132.85 | 147.58
6200 ‘ml > 6389 | 2310 | 5.025 | 10097 | 141.27 | 160.06
6398—y— 6398 | 0.000 | 4.775 | 100.96 | 14091 | 159.55
2/ 6399 | 0.000 | 5.025 | 100.96 | 140.94 | 159.60
3333/ 6574 | 2.530 | 21.528 | 101.33 | 157.70 | 183.56 |
N 6647 | 0.000 | 36.075 | 100.80 | 133.56 | 148.63
3807 3888 6715 | 0.000 | 37.135 | 100.79 | 133.40 | 148.40

Notes: (a) See Figure 8 through Figure 11 for details of node locations.
(b) These are nodes at the accessible surfaces of the package (i.e., the drum, drum lid, and drum bottom plate).

(c) Approximate location of the CV O-ring.
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Table 5. ES-3100 shipping container maximum “quasi steady-state” temperatures during NCT with various
content heat loads.

Maximum “quasi steady-state”

Node map (@ Node coordinates (in.) temperature (°F)
No. r z OW | 04W | 20W | 30W
4745 2 0.000 | 4.505 | 180.59 | 181.23 | 210.15 | 224.69
. 56\ B 3780
Y 255 3.180 | 21.528 | 179.33 | 179.93 | 207.32 | 221.43
351 4300 | 21.528 | 179.59 | 180.14 | 204.73 | 217.27
6158 w04 474 4300 | 37.535 | 198.88 | 199.20 | 212.72 | 219.58
6715 e 494 7325 | 37.535 | 207.40 | 207.56 | 214.40 | 217.87
6647 5350 /ff 536 7385 | 42.755 | 226.44 | 226.49 | 22831 | 229.24
6385
5365% 3655 | 9.185 | 21.528 | 198.09 | 198.15 | 200.81 | 202.16
if: % > 3780 | 9.185 | 42.755 | 223.47 | 223.51 | 225.13 | 225.95
4740 3807 | 0.000 | 0320 | 19048 | 190.70 | 199.84 | 204.43
3865 | 9.185 /| 0.008 | 195.87 | 195.97 | 199.91 | 201.90
3880 | 3.178 | 4.505 | 180.72 | 181.28 | 206.65 | 219.52
3888 | 4.300 | 4.505 | 181.03 | 181.55 | 205.08 | 217.01
6574\ | -sess 4721 | 3.500 | 35275 | 189.45 | 189.90 | 209.53 | 219.47
/;/ 4740 | 4300 | 35275 | 190.56 | 190.98 | 209.37 | 218.68
255_
351 ) 4746 | 0.000 | 43.065 | 243.86 | 243.89 | 24532 | 246.03
6158 | 0.000 | 37.579 | 19842 | 198.84 | 217.12 | 226.32
6339 | 0.000 | 42.859 | 233.98 | 234.06 | 237.32 | 238.95
6359® | 2530 | 36.075 | 189.28 | 189.90 | 217.07 | 230.51
6365® | 3.425 | 36.075 | 18927 | 189.88 | 216.88 | 230.23
6369 | 3.750 | 35.525 | 189.23 | 189.85 | 216.79 | 230.12
6385 | 3.750 | 37.175 | 189.39 | 190.00 | 216.57 | 229.72
6399 6339} > 6389 | 2310 | 5.025 | 179.94 | 180.70 | 215.75 | 23327
6398y — 6398 | 0.000 | 4.775 | 179.99 | 180.76 | 215.52 | 232.92
2i 6399 | 0.000 | 5.025 | 179.99 | 180.76 | 215.55 | 232.96
3880
3888 6574 | 2.530 | 21.528 | 17927 | 180.35 | 229.19 | 252.87
N 6647 | 0.000 | 36.075 | 189.40 | 190.02 | 217.24 | 230.72
3807 38686 -
6715 | 0.000 | 37.135 | 189.44 | 190.06 | 217.14 | 230.54

Notes: (a) See Figure 8 through Figure 11 for details of node locations.
(b) Approximate location of the CV O-ring.
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——— Node 6359 (CV flange @ O-ring) —— Node 6574 (CV mid-height) —— Node 6399 (CV botiom, center)
—— Node 4721 (Neutron absorber, top) ——— Node 4746 (Drum lid, center) ——— Node 3655 (Drum, mid-height)
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Figure 12. Transient temperatures of the ES-3100 shipping container for NCT (no content
heat load) see Figure 8 through Figure 11 for node locations.
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~——Node 6359 (CV flange @ O-ring) —— Node 6574 (CV mid-height) ——— Node 8399 (CV bottom, center)

—— Node 4721 (Neutron absorber, top) —- Node 4746 (Drum lid, center) ~—— Node 3655 (Drum, mid-height)
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Figure 13. Transient temperatures of the ES-3100 shipping container for NCT (0.4 W content
heat load) see Figure 8 through Figure 11 for node locations.
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- Node 6359 (CV flange @ O-ring) —— Node 8574 (CV mid-height) ——Node 6399 (CV bottom, center)

——— Node 4721 (Neutron absorber, top) ~——— Node 4746 (Drum lid, center) e Node 3655 (Drum, mid-height)
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Figure 14. Transient temperatures of the ES-3100 shipping container for NCT (20 W content
heat load) see Figure 8 through Figure 11 for node locations.
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——Node 6359 (CV flange @ O-ring) —— Node 6574 (CV mid-height) —— Node 6399 (CV bottom, center)
~—— Node 4721 (Neutron absorber, top) ~——— Node 4746 (Drum lid, center) ——— Node 3655 (Drum, mid-height)

Time (hours)

Figure 15. Transient temperatures of the ES-3100 shipping container for NCT (30 W content
heat load) see Figure 8 through Figure 11 for node locations.
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Figure 16. Temperature distribution in the ES-3100 shipping container for NCT (no content heat load)
typical day of transient analysis (elements representing air not shown for clarity).
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Figure 17. Temperature distribution in the ES-3100 shipping container for NCT (0.4 W content heat load)
typical day of transient analysis (elements representing air not shown for clarity).
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Figure 18. Temperature distribution in the ES-3100 shipping container for NCT (20 W content heat load)
typical day of transient analysis (elements representing air not shown for clarity).
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Figure 19. Temperature distribution in the ES-3100 shipping container for NCT (30 W content heat load)
typical day of transient analysis (elements representing air not shown for clarity).
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Hypothetical Accident Conditions Analyses Results | .

Transient thermal analyses are performed on the finite element model of the ES-3100 shipping container
(undamaged configuration) to simulate HAC as prescribed by 10 CFR 71.73(c)4)." A 30-minute fire of
1475°F (800°C) is simulated by applying natural convection and radiant exchange boundary conditions to
all external surfaces of the drum (assuming the drum is in a horizontal orientation) with content heat loads
of 0, 0.4, 20, and 30 W. There are no heat flux boundary conditions simulating insolation applied to the
model before and during the 30-minute fire. The initial temperature distribution within the package
having content heat loads of 0.4, 20, and 30 W is obtained from their respective steady-state analyses.
The initial temperature distribution within the package having no content heat load (0 W) is assumed to
be at a uniform temperature equal to the ambient temperature of 100°F (37.8°C). As with the steady-state
analyses discussed previously, applying a uniform heat flux to the internal surfaces of the elements
representing the containment vessel simulates the content heat load.

Following the 30-minute fire transient analyses, 48-hour cool-down transient thermal analyses are
performed using the temperature distribution at the end of the fire as the initial temperature distribution.
During post-fire cool-down, natural convection and radiant exchange boundary conditions are applied to
all external surfaces of the drum (assuming the drum is in a horizontal orientation). Additionally, cases
are analyzed in which insolation is included during the post-fire cool-down. For the cases in which
insolation is applied to the model during cool-down, insolation is applied during the first 12-hour period
following the 30-minute fire, then alternated (off, then on) as was done for NCT.

Based on previous analyses of a similar package™ (see Appendix 3.6.1), it was noted that using the low-
end density of Kaolite results in higher containment vessel temperatures than using the high-end density
of Kaolite. For this reason, the NCT and HAC thermal analyses were run using a density of 19.4 Ibm/ft’
(see Table 1). Similarly, the low-end density of the neutron absorber (100 Ibm/ft’) was also used in these
analyses. However, while using these low-end densities will result in higher temperatures to the
containment vessel, using the high-end densities for these two materials will result in higher temperature
differences from the baseline HAC case. Thus, runs are also made for heat loads of 0, 0.4, 20, and 30 W
using a Kaolite density of 30 Ibm/ft’ and a neutron absorber density of 110 Ibm/ft’.

The maximum temperatures calculated for the ES-3100 shipping container for HAC are summarized in
Table 6 for the analyses using a Kaolite density of 19.4 Ibm/ft’ and a neutron absorber density of

100 Ibm/ft’. The maximum temperatures calculated for the ES-3100 shipping container for HAC are
summarized in Table 7 for the analyses using a Kaolite density of 30 Ibm/ft’ and a neutron absorber
density of 110 Ibm/ft’. The thermal analyses that use the low-end density values for Kaolite and the
neutron absorber achieve the higher package temperatures (see Table 6). Temperature-history plots of
several locations within the model are also depicted graphically in Figure 20 through Figure 23 for
content heat loads of 0, 0.4, 20, and 30 W for the analyses using a Kaolite density of 19.4 Ibm/ft’ and a
neutron absorber density of 100 Ibm/ft’. ’ ‘

The HAC thermal analyses presented in this report are performed using a finite element model that
represents an undamaged ES-3100 shipping container. While the cumulative damage from NCT and
HAC drop tests, crush tests, and puncture tests, must be considered when evaluating the performance of
the package to HAC, the temperature differences (i.e., adjustments) calculated from the data presented in
Table 6 and Table 7 are of value when combined with the physical test data when making this assessment.
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Table 6. ES-3100 shipping container HAC maximum temperatures (Kaolite density of 19.4 Ibm/ft’ and
neutron absorber density of 100 Ibny/ft*).

Node coordinates (in.)

HAC maximum temperature (°F)

oW 0.4 W 20W 30W
Node map ® No. r z Insolation during | Insolation during | Insolation during | Insolation during
cool-down? cool-down? cool-down? cool-down?
No® Yes No Yes No Yes No Yes

aTae 6%\ o 700 2 0.000 | 4505 | 2255 | 2321 | 2262 | 2328 | 2555 | 2617 | 2695 | 2757

6339 255 | 3.180 | 21528 | 1945 | 2125 | 1952 | 2132 | 2238 | 2413 | 237.8 | 2553

351 | 4300 | 21528 | 1958 | 2119 | 1964 | 2125 | 2223 | 2378 | 2348 | 2503

6168 / 4os | 474 | 4300 | 37535 | 3929 | 3950 | 3932 | 3954 | 407.6 | 4097 | 4142 | 4163

6715 | g |49 | 7325 | 37535 | 6712 | 6720 | 6714 | 6723 | 6791 | 6800 | 6825 | 6833

6647 s ///7 536 | 7385 | 42755 | 1380.4 | 13804 | 13804 | 1380.4 | 13809 | 13809 | 1381.1 | 1381.1

%% 3655 | 9.185 | 21.528 | 1457.8 | 1457.8 | 1457.8 | 1457.8 | 14580 | 1458.0 | 1458.1 | 1458.1

e % > 3780 | 9.185 | 42755 | 1427.8 | 1427.8 | 1427.9°| 14279 | 1428.1 | 1428.1 | 14282 | 14282

4740 3807 | 0.000 | 0320 | 14545 | 14545 | 1454.5 | 1454.5 | 14549 | 14549 | 1455.0 | 1455.0

3865 | 9.185 | 0.008 | 1470.1 | 1470.1 | 1470.1 | 1470.1 | 1470.1 | 1470.1 | 14702 | 1470.2

3880 | 3.178 | 4.505 | 2306 | 2364 | 2312 | 237.0 | 2571 | 2625 | 2694 | 2748

3888 | 4300 | 4505 | 2369 | 2417 | 2375 | 2423 | 2615 | 2661 | 2729 | 2775

6574\ 65 | 4721 | 3500 | 35275 | 2457 | 2528 | 2462 | 2533 | 2668 | 2738 | 2766 | 2836

s /j/ 4 4740 | 4300 | 35275 | 2584 | 2635 | 2588 | 2640 | 2781 | 2831 | 2871 | 2921

381 > 4746 | 0.000 | 43.065 | 1448.0 | 1448.0 | 1448.0 | 1448.0 | 14482 | 14482 | 14483 | 14483

6158 | 0.000 | 37.579 | 3087 | 311.6 | 309.1 | 3120 | 3283 | 3312 | 3373 | 3402

6339 | 0.000 | 42.859 | 1335.1 | 1335.1 | 13352 | 13352 | 13364 | 13364 | 13369 | 13369

6359¢ | 2530 | 36075 | 2367 | 2476 | 2373 | 2483 | 2662 | 2766 | 2798 | 2899

6365 | 3425 | 36075 | 2366 | 2476 | 2373 | 2483 | 2660 | 2764 | 2795 | 2897

6369 | 3.750 | 35525 | 2365 | 247.6 | 2372 | 2482 | 2658 | 2762 | 2793 | 2895

6385 | 3750 | 37.175 | 2373 | 2482 | 2379 | 2488 | 266.1 | 2764 | 2794 | 2895

a8 1 > 63890 | 2310 | 5.025 | 2190 { 2274 | 2199 | 2282 | 2553 | 2631 | 2722 | 2799

6398 6398 | 0000 | 4775 | 219.7 | 2279 | 2205 | 2287 | 2556 | 2633 | 2725 | 280.0

2/ 6399 | 0000 | 5025 | 2197 | 2279 | 2205 | 2287 | 2556 | 2633 | 2725 | 2800

§g‘§3i 6574 | 2530 | 21528 | 196.1 | 2149 | 1973 | 2160 | 2467 | 2638 | 2699 | 2865

N 6647 | 0000 | 36.075 | 2372 | 2480 | 2379 | 2486 | 2668 | 2770 | 2804 | 2904

3807 365 176715 | 0.000 | 37.135 | 2374 | 2481 | 2380 | 2488 | 2668 | 2770 | 2804 | 2904
Notes:  (a) See Figure 8 through Figure 11 for details of node locations.

(b) Baseline case for AT comparisons.

(c) Approximate location of the CV O-ring.
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Table 7. ES-3100 shipping container HAC maximum temperatures (Kaolite density of 30 Ibm/ft’ and neutron
absorber density of 110 Ibm/ft*).

Node coordinates (in.)

HAC maximum temperature (°F)

oW 0.4 W 20 W 30 W
Node map @ No. r z Insolation during | Insolation during | Insolation during | Insolation during
cool-down? cool-down? cool-down? cool-down?
No® Yes No Yes No Yes No Yes
4746 5\ o o 2 0.000 | 4505 | 2099 | 2189 | 2106 | 2196 | 2404 | 2488 | 2546 | 2628
6339 255 | 3.180 | 21.528 | 1855 | 2077 | 1861 | 2084 | 2151 | 2366 | 2293 | 2506
351 | 4300 | 21.528 | 1856 | 2074 | 1862 | 2080 | 2123 | 2333 | 2250 | 2459
8158 oa 474 | 4300 | 37.535 | 3429 | 3455 | 3433 | 3459 | 358.1 | 3607 | 365.0 | 3675
6715 \ s 494 7325 | 37535 | 5963 | 597.4 | 5965 | 597.6 | 604.7 | 6058 | 6083 | 609.4
6647 30 /ﬁ 536 | 7385 | 42.755 | 1366.8 | 1366.8 | 1366.8 | 1366.8 | 13674 | 1367.4 | 1367.6 | 1367.6
% 3655 | 9.185 | 21.528 | 14528 | 1452.8 | 1452.8 | 14528 | 1453.0 | 1453.0 | 1453.1 | 1453.1
721 j ) 3780 | 9.185 | 42755 | 14208 | 14208 | 14208 | 142038 | 14210 | 14210 | 14212 | 14212
4740 3807 | 0.000 | 0320 | 14494 | 1449.4 | 14494 | 14494 | 1449.8 | 1449.8 | 1449.9 | 14499
3865 | 9.185 | 0.008 | 14673 | 14673 | 14673 | 14673 | 14674 | 14674 | 14674 | 14674
3880 | 3.178 | 4505 | 213.1 | 2214 | 2137 | 2220 | 2400 | 2479 | 2525 | 2603
3888 | 4300 | 4505 | 2170 | 2244 | 2176 | 2250 | 2421 | 2491 | 2538 | 2607
6674\ | -sess 4721 | 3.500 | 35275 | 2280 | 2375 | 2285 | 238.0 | 2497 | 259.0 | 259.7 | 269.0
- /j/ 4740 | 4300 | 35275 | 2365 | 2438 | 2369 | 2443 | 2567 | 2639 | 2660 | 2732
361 > 4746 | 0.000 | 43.065 | 1441.8 | 1441.8 | 1441.8 | 14418 | 1442.0 | 1442.0 | 14421 | 144211
6158 | 0000 | 37.579 | 2773 | 2818 | 277.8 | 2823 | 2975 | 3020 | 3067 | 3112
6339 | 0.000 | 42.859 | 12995 | 1299.5 | 1299.6 | 1299.6 | 1301.1 | 1301.1 | 1301.7 | 1301.7
63599 | 2530 | 36.075 | 2251 | 2373 | 2258 | 2379 | 2547 | 2661 | 2683 | 2796
6365@ | 3.425 | 36075 | 2250 | 2373 | 2257 | 2379 | 2545 | 2660 | 268.1 | 2793
6369 | 3.750 | 35.525 | 2249 | 2372 | 2256 | 2378 | 2543 | 2658 | 267.9 | 2792
6385 | 3750 | 37.175 | 2255 | 2376 | 2262 | 2383 | 2546 | 266.1 | 268.0 | 2792
o35 1 > 6389 | 2310 | 5.025 | 2053 | 2159 | 2062 | 2168 | 2420 | 2519 | 2592 | 2689
6398 6398 | 0000 | 4775 | 2058 | 2163 | 2067 | 217.1 | 2422 | 2520 | 2592 | 26838
2/ 6399 | 0000 | 5025 | 2058 | 2163 | 2067 | 2171 | 2422 | 2520 | 2593 | 268.8
ggj 6574 | 2530 | 21528 | 1878 | 209.1 | 189.0 | 2102 | 2389 | 2584 | 2624 | 2813
R\ 6647 | 0.000 | 36.075 | 2256 | 2377 | 2263 | 2383 | 2552 | 266.5 | 268.9 | 280.0
3807 %5 176715 | 0.000 | 37.135 | 2258 | 2378 | 2264 | 2384 | 2552 | 2665 | 2689 | 2800

Notes: (a) See Figure 8 through Figure 11 for details of node locations.

(b) Baseline case for AT comparisons.

(c) Approximate location of the CV O-ring.
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(b) Insolation during post-fire cool-down.
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Figure 20. ES-3100 shipping container transient temperatures for HAC—no content heat load and lower
bound Kaolite and neutron absorber densities (see Figure 8 through Figure 11 for node locations).
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[~——Node 6359 (CV flange @ O-ring) —— Node 8574 (CV mid-height) —— Node 6399 (CV bottom, center) —M‘O‘IMMIW.hp)[

163
-1 149

135

121

{D.) aunjesedwe]

107
93

-

e X
66
52

L St

-

Time (hours)

(b) Insolation during post-fire cool-down.

Figure 21. ES-3100 shipping container transient temperatures for HAC, 0.4 W content heat load and lower

bound Kaolite and neutron absorber densities (see Figure 8 for through Figure 11 for node locations).
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Figure 22. ES-3100 shipping container transient temperatures for HAC, 20 W content heat load and lower
bound Kaolite and neutron absorber densities (see Figure 8 through Figure 11 for node locations).
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(b) Insolation during post-fire cool-down.

Figure 23. ES-3100 shipping container transient temperatures for HAC, 30 W content heat load and lower

bound Kaolite and neutron absorber densities (see Figure 8 through Figure 11 for node locations)
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. Appendix 3.6.3

THERMAL STRESS EVALUATION OF THE ES-3100 SHIPPING CONTAINER
DRUM BODY ASSEMBLY FOR NCT (FINAL DESIGN
WITH CATALOG 277-4 NEUTRON ABSORBER)
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Appendix 3.6.3

THERMAL STRESS EVALUATION OF THE ES-3100 SHIPPING CONTAINER DRUM BODY
ASSEMBLY FOR NCT (FINAL DESIGN WITH CATALOG 277-4 NEUTRON ABSORBER)

INTRODUCTION

Static stress analyses of the ES-3100 shipping container are performed to determine the maximum
thermal stresses within the packaging when exposed to Normal Conditions of Transport (NCT) as
specified in 10 CFR 71.71(c)(1). Transient thermal analyses were previously performed® (see
Appendix 3.6.2) on the ES-3100 shipping container to determine its response to NCT. The thermal
analyses treat the problem as a cyclic transient with the incident heat flux due to solar radiation applied
and not applied in alternating 12-hour periods. The calculated temperature distributions within the drum
body assembly for NCT at various times are then mapped onto the structural model, and static analyses
are performed for each time step in the thermal analyses.

FINITE ELEMENT MODEL DESCRIPTION

A two-dimensional axisymmetric finite element model of the ES-3100 shipping container is constructed
using MSC Patran” and imported as an orphaned mesh into ABAQUS/CAE!"! for application of
boundary conditions, interactions, and loads. The model is constructed of CAX4I (four-node bilinear
axisymmetric quadrilateral, incompatible mode) elements for stress evaluation. These elements are
chosen because they can accurately capture bending stresses with only one element through the thickness
of a structure. A schematic of the finite element model is presented in Figure 1 with details of the upper
and lower portions of the model shown in Figure 2 and Figure 3, respectively. The model consists of
three materials: stainless steel (drum, drum bottom plate, and drum liner weldment), Kaolite, and neutron
absorber. Details of the model are discussed in the following sections.

Surface-to-surface contact interactions are modeled between contacting surfaces in the static stress model.
These interactions are shown graphically in Figure 2 and Figure 3. For all interactions, the tangential
behavior is modeled as “frictionless” while the normal behavior is modeled as “hard contact.” For the
interactions modeled between the bottom of the neutron absorber and the drum liner and between the
drum Kaolite bottom and the drum bottom plate, the contacting surfaces are not allowed to separate after
contact is made:

The radial degree-of-freedom (U,) of each node along the centerline of the model is fixed to simulate
symmetry. Additionally, the axial degree-of-freedom (U,) of one node on the drum bottom plate is fixed.

The temperatures calculated for NCT in Appendix 3.6.2 are stored in the ‘“NCT.fil’ file for each of the
content head loads analyzed. The temperature distribution for each time of interest is mapped onto the
static stress model using the ‘*Temperature’ keyword. The specific times of interest from the
transient thermal analyses are at each increment in the final day/night cycle (after “quasi steady-state” is
reached).

The mechanical properties of the materials used in the static stress analyses are presented in Table 1. The
modulus of elasticity of Kaolite presented in Table 1 is calculated from the first two points of the
compressive stress-strain assuming a Poisson’s ratio of 0.01.°!
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Drum

Drum Liner

Drum Flange

Drum Bottom Plate

Drum Kaolite

Neutron Absorber

i

Figure 1. MSC.Patran axisymmetric finite element model of the ES-3100 shipping container
drum body assembly.
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Drum Flange

Merged Nodes

S Suﬂaco-To-Suﬁco Contact
{Allow separation after contact)

- Surface-To-Surface Contact
{No separation after contact)

Drum Liner

Neutron
Absorber

Drum Kaolite

Figure 2. MSC.Patran axisymmetric finite element model of the ES-3100 shipping container
drum body assembly (upper portion detail).
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- Merged Nodes

== Surface-To-Surface Contact
(Allow separation after contact)

- Surface-To-Surface Contact
(No separation after contact)

> Fixed radial degree-of-freedom
4 Fixed axial degree-of-freedom

Neutron
Absorber

= @
Kaolite

Drum Bottom Plate

Figure 3. MSC.Patran axisymmetric finite element model of the ES-3100 shipping container
drum body assembly (lower portion detail).
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Table 1. Mechanical properties of the materials used in the static stress analyses.

Modulus of Coefficient of
. Temperature L S Density thermal
Material o elasticity Poisson’s ratio . 3 .
(°F) (psi) (Ibm/in") expansion
(in./in./°F)
-40 28.6x10°® 029® 0.285© 8.2x10°®
. 0 .14x10° - - 6x10°¢
Stainless Steel 100 28.14 106 8.6 €
200 27.6x10 - - 8.9x10
300 27.0x10° — — 9.2x10°
Kaolite —~ 29,2109 0.019 0.0139 5.04x10°®@
-40 1.991x10°® 0.33® 0.0608 ® 7.056x10°®
-4 - - - 7.222x10°
32 - - - 7.222x10°°
70 0.984x10° 0.28 - ~
100 0.403x10° 0.25 - -
104 - - - 7.000x10°
Neutron Absorber
140 - - - 6.444x10°
176 - - - 5.778x10°°
212 - - - 5.389x10°°
248 - - - 5.056x10°°
284 - - - 4.889x10°°
302 - - - 4.833x10°¢
Notes:  (a) ASME Boiler and Pressure Vessel Code, Sect. II, Part D, Subpart 2, Tables TE-1, B column, and TM-1.
(b) R. A:Bailey, Strain— A Material Database, Lawrence Livermore National Laboratory, 1989.
(c) F.P.Incropera and D. P. DeWitt, Fundamentals of Heat and Mass Transfer, 2nd edition, John Wiley & Sons, New York, 1985.
() K.D.Handy, Impact Analysis of ES3100 Design Concepts Using Borobond, DAC-EA-801699-A001, BWXT Y-12, Oct. 2004
The Poisson’s ratio of Kaolite is assumed to be a small value of 0.1,
(e) Metallic Materials and Elements for Aerospace Vehicle Structures, MIL-HDBK-5E, May 1986.
(f) Specification JS-YMN3-801580-A003 requires a baked density of 22.4 + 3 Ibm/ft’.
(g) E-mail communication, Ken Moody (Thermal Ceramics, Inc.) to Paul Bales (BWXT Y-12), 12/9/04.
(h) B.F. Smith and G. A. Byington, Mechanical Properties of 277-4, Y/DW-1987, January 19, 2005.
(i) W.D. Porter and H. Wang, Thermophysical Properties of Heat Resistant Shielding Material, ORNL/TM-2004/290, ORNL,

Dec. 2004. Coefficient of thermal expansion at each temperature taken as the maximum of values for Runs #2, #3, and #5.

DISCUSSION OF ANALYTICAL RESULTS

All static stress analyses discussed in this report were performed using ABAQUS/Standard™ on an Intel
Pentium 4-based Microsoft Windows 2000 computer. These analyses are sequential-coupled
thermal/structural analyses. ' ‘

As previously stated, the nodal temperature results for the final day/night cycle of the transient thermal
analyses of the ES-3100 shipping container were stored in results files (NCT.fil) for each content heat
load analyzed. Because automatic time-stepping was used in the transient thermal analyses, the number
of increments stored in each ‘NCT.fil’ file differs for each content heat load analyzed. The static stress
analyses of the ES-3100 are performed for each time increment analyzed in the thermal analyses for the
final day/night cycle during NCT by copying the ‘NCT.fil’ and ‘NCT.prt’ files from the thermal analysis
of interest to the directory where the stress analysis is being performed and entering the ‘*Temperature’
keyword with the proper syntax for the time of interest. For example, for a content heat load of 0.4 W,
the thermal stresses for time = 14.127 hours after sunrise (2.127 hours after sunset) on the final day/night
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cycle (i.e., step = 11, increment = 29) are analyzed by entering the following keyword syntax via the
keyword editor in ABAQUS/CAE:

*Temperature, file=NCT, bstep=11l, binc=29%, estep=11, einc=29

A separate static analysis is performed for each time step in the final day/night cycle of each thermal
analysis for each content heat load.

The results of the static stress analyses for content heat loads of 0.4, 20, and 30 W are presented in
Figure 4 through Figure 6. The stresses presented in these figures are the maximum nodal Mises stresses
of each component at each point in time—as such, they don’t necessarily occur at the same node location
during the duration of the time period analyzed. The x-axes (i.e., time) are scaled in these figures such
that the onset of sunrise on the final day/night cycle from the thermal analyses begins at time = 0 hours.
Additionally, the stress (Mises) contours of the components of the finite element model are shown at
various times in Figure 7 through Figure 11 for the case with a content heat load of 0.4 W. The time
chosen for each stress contour plot coincides with the time that particular component reaches its
maximum stress during the day/night cycle. The stress contours for the other heat loads investigated are
similar to the 0.4 W case.

In addition to the static stress analyses performed for NCT, a static stress analysis is performed for
exposure of the package to a -40°F ambient temperature (i.e., cold condition). A transient thermal
analysis (24 hours in duration) is performed on the ES-3100 thermal model described in Appendix 3.6.2
to obtain the temperature distribution within the drum body assembly for exposure to cold conditions
(see Appendix C for details). The package is assumed to be at an initial uniform temperature of 77°F, and
no content heat load is applied. The natural convection coefficients (applied to the top and sides of the
drum) are calculated for a -40°F ambient as described in Appendix 3.6.2 and are shown in Figure 12. A
schematic of the thermal model showing several node locations for which the temperatures are tracked is
presented in Figure 13. The transient temperatures calculated for cold conditions are presented in
Figure 14 for several node locations. The maximum thermal stresses are presented in Figure 15 for this
cold condition. Additionally, stress contours of the drum liner weldment, drum, and drum bottom plate
are presented in Figure 16 through Figure 18 for the cold conditions at various times.
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a typical NCT day/night cycle—0.4 W content heat load.

Figure 4. Thermal stresses (Mises) in the ES-3100 shipping container drum body assembly during

Y/LF-717/Rev 2/ES-3100 HEU SAR/Ch-3/rlw/3-06-08




—— Drum Botiom Plate (Max=6,934 psi)

—— Drum Liner Weldment (Max=12,404 psi) — Drum (Max=7,916 psi)
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—— Drum Bottom Plate (Max=7,183 psi)
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—— Neutron Absorber (Max=300 psi)
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S, Mises
(Ave. Crit.: 75%)

+9.708e+03
+8.899

Figure 7. Drum/drum liner weldment Mises stresses (psi) during NCT at t = 14.127 hours
(+2.127 hours after sunset)}—0.4 W content heat load.
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S, Mises
(Ave. Crit.: 75%)
+8.223e+03

+4.304e+01

Figure 8. Drum/drum liner weldment Mises stresses (psi) during NCT at t = 4.724 hours
(+4.724 hours after sunrise)—0.4 W content heat load.
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3, Hises
(Ave. Crit.: 75%)

+5.502
+9.813e+00

Figure 9. Drum/drum bottom plate Mises stresses (psi) during NCT at t = 12.814 hours
(+0.814 hours after sunset)}—0.4 W content heat load.
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S, Mises
{Ave. Crit.: 75%)

+2.007e+02
+1.888e+02

+6.953e+01
+5.761e+01

Figure 10. Neutron absorber Mises stresses (psi) during NCT at t = 12.867 hours
(+0.867 hours after sunset)—0.4 W content heat load.
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S, Mises
{Ave. Crit.: 75%)

Figure 11. Drum Kaolite Mises stresses (psi) during NCT at t = 3.992 hours
(+3.992 hours after sunrise)}—0.4 W content heat load.
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Figure 12. Natural convection film coefficients applied to the drum surfaces during cold conditions.
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Figure 13. ABAQUS axisymmetric finite element thermal model of the ES-3100 shipping container—
nodal locations of interest (elements representing air not shown for clarity).
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~——— Node 6399 (CV bottom, center)
- Node 3655 (Drum, mid-height)

~——Node 6359 (CV flange @ O-ring) —— Node 6574 (CV mid-height)
—— Node 4721 (Neutron absorber, top) —— Node 4746 (Drum lid, center)
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S, Hises
(Ave. Crit.: 75%)

Figure 16. Drum/drum liner weldment Mises stresses (psi) during cold conditions at t = 1.698 hours—
no content heat load.
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5, Mises
f{Ave. Crit.: 75%)

Figure 17. Drum Mises stresses (psi) during cold conditions at t = 0.726 hours — no content heat load.
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S, Mises
(Ave. Crit.: 75%)

Figure 18. Drum bottom plate Mises stresses (psi) during cold conditions at t = 1.115 hours—
no content heat load.
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Appendix 3.6.4

CONTAINMENT VESSEL PRESSURE DUE TO
NORMAL CONDITIONS OF TRANSPORT FOR THE PROPOSED CONTENTS

The following calculations determine the pressure of the containment vessel when subjected to

the tests and conditions of Normal Condition of Transport per 10 CFR 71.71 for the most restrictive
convenience can arrangements shipped in the ES-3100. The following packaging arrangements are
evaluated for shipment:

L
Z;

10.

one shipment will contain six cans with external dimensions of 4.25-in. diameter by 4.875-in. high;

one shipment will contain five cans with external dimensions of 4.25-in. diameter by 4.875-in. h1gh
and three can spacers, top can will be empty;

one shipment will contain three cans with external dimension of 4.25-in. diameter by 8.75-in. high
and two can spacers;

one shipment will contain three cans with external dimension of 4.25-in. diameter by 10-in. high;
and

one shipment will contain six cans with external dimension of 3.00-in. diameter by 4.75-in. high;

one shipment will contain three polyethylene bottles with external dimensions of 4.94-in. diameter
by 8.7-in. high;

. one shipment will contain three Teflon FEP bottles with external dimensions of 4.69-in. diameter by

9.4-in. high;

one shipment will contain a brazed assembly of two cans with final external dimensions of 4.25 in.
diameter by 17.50 in. high. An empty can with external dimensions of 4.25 in. diameter by 8.75 in.
high will be placed on top of the 17.50 in. high can;

one shipment will contain fuel rods, or tubes, or plates greater than 17.00 in. in length. These items
are bundled together and protected on both ends with an open-ended can with external dimensions
of <5.0 in. diameter by < 8.75 in. high. Total assembly height will be <30.5 in. If space is available
inside the containment vessel, stainless-steel metal scrubbers will be added on the bottom and top of
this assembly or an empty convenience can will be placed on top of the assembly; and ’

one shipment will contain three cans brazed together with external dimensions of 4.25-in. diameter
by ~30 in. high.

To determine this pressure, the following assumptions have been made:

1.

2.

®

The HEU contents are loaded into convenience cans which are placed inside the ES-3100
containment vessel at standard temperature (T,,,;,) and pressure (P,) [25°C (77°F) and 101.35 kPa
(14.7 psia)] with air at a maximum relative humidity of 100%.

The convenience cans are assumed to be sealed, which minimizes the void volume inside the
containment vessel.

Polyethylene bagging of contents and/or convenience cans is limited to 500 g per containment
vessel shipping arrangement.
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4. If metal convenience cans are used, the total amount of polyethylene bagging and lifting slings is
limited to 500 g per containment vessel shipping arrangement.

5. All offgassing material (polyethylene bagging or bottles, Teflon bottles, silicone pads, lifting slings)
is limited to 1490 g for containment vessel arrangement #7 and 845 g for containment vessel
arrangement #6.

Applying Dalton’s law concerning a mixture of gases, the properties of each component are
considered as though each component exists separately at the volume and temperature of the mixture.
Therefore, the molar quantities of each constituent inside the containment vessel (i.e., dry air, water
vapor, polyethylene bagging, and silicone rubber) must be calculated individually.

To calculate these molar properties, the void volume of the containment vessel must be
determined. The volume inside an empty ES-3100 containment vessel was determined from Algor finite
element software to be 637.18 in.* (10,441.51 cm®).

L Molar quantity determination for dry air and water vapor

According to Fundamentals of Classical Thermodynamics,

“Relative humidity (®) is defined as the ratio of the mole fraction in the mixture to the mole
fraction of vapor in a saturated mixture at the same temperature and total pressure.”

Since the vapor is considered an ideal gas, the definition reduces to the ratio of the partial
pressure of the vapor (P,) as it exists in the mixture to the saturation pressure of the vapor (P,) at the
same temperature.

Therefore,
()] = P,/P,.

From the above equation and interpolating the values given in Table A.1.1 of Fundamentals of Classical
Thermodynamics, the partial pressure of the water vapor at saturation is:

P, = 1.0 (0.464) psia,
P, = 0.464 psia.

The partial pressure of the dry air (P,) in the volume:

P, = BBy
14.7 - 0.464
14.236 psia.

From the ideal gas law, the number of water vapor moles and dry air moles in the void volume (Vy) for
each containment vessel arrangement (CVA) is calculated as follows:

. P,-V, ) P, V,
o R, Top 12° * R, Tpp- 12
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. To determine the number of moles, the void volume of the air mixture must be determined. The void
volume (Vy) in the containment vessel for each CVA is calculated as follows:

Vy = Veev = Ve = Vs~ Ve~ Ves - Vaen,
where
Veey =  volume inside an empty containment vessel,
Vg =  silicone pad volume,
Vs =  polyethylene bagging or lifting sling volume,
Vee =  external volume of the convenience cans or bottles,
Ves =  external volume of the can spacers,
Veu =  external volume of the convenience can handles.

A summary for each CVA is shown in Table 1.

Table 1. Containment vessel void volume for each CVA

VA Viey [Va'[ Ve [ Voo [ Ve [V | Wy
@) | @) @Y | (0’ | (@nd) |@nd)| @nd)
1 | Six 4.875-in.-high cans ‘ 637.18 | 9.35 | 30.51 | 380.47 | 0.00 | 1.02 | 215.83
Seven silicone pads
Six can handles

2 | Five 4.875-high cans 637.18 | 12.03 | 30.51 | 317.06 | 60.60 | 1.36 | 215.62
Nine silicone pads
Three Cat 277-4 spacers

Eight can handles
‘ 3 | Three 8.75-in.- high cans 637.18 | 8.02 | 30.51 | 345.96 | 40.40 | 0.85 | 211.44
Two Cat 277-4 spacers
Six silicone pads
Five can handles
4 | Three 10-in.-high cans 637.18 | 5.35 | 30.51 | 396.20 | 0.00 | 0.51 | 204.62

Four silicone pads
Three can handles

Six 4.75 in.-high nickel cans 637.18 | 0.00 | 30.51 | 194.38 | 0.00 | 1.02 | 411.27
Three 4.94 in. OD polyethylene bottles 637.18 | 0.00 | 30.51 | 465.33 | 0.00 | 0.00 | 141.34
Three 4.69 in. OD Teflon FEP bottles 637.18 | 0.00 | 30.51 | 485.52 | 0.00 | 0.00 | 121.15

One 17.5-in.-high can loaded
One 8.75-in.-high can empty
Three silicone pads

Two can handles

9 | Two open-ended cans

One empty convenience can
with height < 8.75-in. This configuration is bounded by CVA #4 °
Three silicone pads
Two can handles

==l RN - RV

This configuration is bounded by CVA #3

10| Three 10 in. cans brazed together
Two silicone pads This configuration is bounded by CVA #4
One can handle

* This assumes that the internal convenience cans, polyethylene or Teflon FEP bottles, and Cat 277-4 spacer cans are sealed.
® Although CVA #9 may slightly exceed the height of the combined three 25.4 cm (10 in.) can height (CVA #4), the
’ open-ended cans and contents produce a larger void volume and thereby lower overall pressure inside the containment
vessel.
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Using the above molar equations, the number of moles for water vapor and dry air in the vessel

for each CVA is summarized in Table 2.

Table 2. Water vapor and dry air molar summary for each CVA

CVA P, by X R. T m, m,
(psia) (psia) (in.%) (ft-1b/lIb-mole-R) ®) (Ib-mole) (Ib-mole)
1 14.236 0.464 215.83 1545.32 537 1.0057e-05 | 3.0855e-04
2 14.236 0.464 215.63 1545.32 537 1.0047e-05 | 3.0826€E-04
3or8 14.236 0.464 211.44 1545.32 537 9.8522e-06 | 3.0227E-04
4,9,0r 10 14.236 0.464 204.62 1545.32 537 9.5344e-06 | 2.9252E-04
5 14.236 0.464 411.27 1545.32 537 1.9163E-05 | 5.8795E-04
6 14.236 0.464 141.34 1545.32 537 6.5858E-06 | 2.0206E-04
7 14.236 0.464 121.15 1545.32 537 5.6450E-06 | 1.7320E-04
IL Molar quantity determination due to offgassing for each containment vessel arrangement

The maximum temperature calculated for the containment vessel is 87.81°C (190.06°F). This
temperature is assumed to be constant throughout the containment vessel and contents. Therefore, the
polyethylene bags, polyethylene bottles, Teflon FEP bottles, and silicone rubber can pads are assumed to
be at this temperature.

Using the above calculated results and the specific gas generation of polyethylene bags and
silicone rubber pad measurements at temperatures up to 170°C (338°F) conducted by the Y-12
Development Division, the amount of gas (V,, and V,,,) generated due to offgassing of the polyethylene
bags and bottles, and silicone rubber can pads at any temperature is estimated by first determining the
offgassing volume per unit mass at temperature and multiplying that by the total mass of the bags and can
supports inside the containment vessel. Based on testing at a temperature of 93.33°C (200°F), no
recordable offgassing occurred in the polyethylene bags and bottles, or silicone rubber pad material as
documented in Y/DZ-2585, Rev. 2 (Appendix 2.10.4). The data showed that the Teflon FEP material
offgassing volume per unit mass (V) was conservatively assumed to be 0.25 cm*/g@STP
(Appendix 2.10.9). These values are used to determine the offgassing volumes as shown below:

Vo = W, x0.0/16.387 (in.’)  (offgassing volume of silicone rubber pads)

Vio = W, x 0.0/16.387 (in.?)  (offgassing volume of polyethylene bags and bottles
or lifting sling)

Vi = W, x 0.25/16.387 (in.?) (offgassing volume of Teflon bottles)

From the ideal gas law, the number of gas moles in the volume at standard temperature and pressure is as
follows:

Pv‘Vi
BT -12

n, =

A summary of the results obtained using the above equations for each containment vessel
arrangement is presented in Tables 3, 4, and 5.
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Table 3. Molar quantity of gas generated due to the silicone rubber pad offgassing

C¥a Vé‘s (i‘l’ll:g) (pI;iva) (ft-lb/lblfnmole-R) 1{1’6" (lb-l:ﬁ"ole)
1 186.74 0.00 14.7 1545.32 537 0.0000E+00
2 240.09 0.00 14.7 1545.32 537 0.0000E+00
3or8 160.06 0.00 14.7 1545.32 537 0.0000E+00
4,9,0or10 | 106.71 0.00 14.7 1545.32 537 0.0000E+00
5 0.00 0.00 14.7 1545.32 537 0.0000E+00
6 0.00 0.00 14.7 1545.32 537 0.0000E+00
7 0.00 0.00 14.7 1545.32 537 0.0000E+00

Table 4. Molar quantity of gas generated due to the polyethylene bag, sling and bottle offgassing

CVA W, _vbo Py R, Toamb Dy,
(2 (in.%) (psia) (ft-1b/Ib-mole-R) R) (Ib-mole)
1 500.00 0.00 14.7 1545.32 537 0.0000E+00
2 500.00 0.00 14.7 1545.32 537 0.0000E+00
3or8 500.00 0.00 14.7 1545.32 537 0.0000E+00
4,9,0r 10 |500.00 0.00 14.7 1545.32 537 0.0000E+00
5 500.00 0.00 14.7 1545.32 537 0.0000E+00
6 845.00 0.00 14.7 1545.32 537 0.0000E-+00
7 500.00 0.00 14.7 1545.32 537 0.0000e+00
Table 5. Molar quantity of gas generated due to the Teflon bottle offgassing
CVA W Vi Py R, Toub Dy
(3] (in.%) (psia) (ft-1b/Ib-mole-R)| ®) (Ib-mole)
7 990.00 15.10 14.7 1545.32 537 2.2296E-05
III. Total pressure due to offgassing and NCT temperatures inside the containment vessel

The total pressure of the mixture at 87.81°C (190.06°F), P, for each containment vessel
arrangement is the sum of each of the previously calculated molar quantities. Table 6 summarizes the
molar constituents and total pressure of each containment vessel arrangement. The following equation is
used to calculated the final containment vessel pressure:

Pyaicc =  (XnR-T-12)/Veyy,
where
n; = individual molar quantity for each gas,
i = average gas temperature = 87.81°C (190.06°F),
Vomv = V, = gas mixture volume.
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Table 6. Total pressure inside the containment vessel at 87.81°C (190.06°F) *

CVA n, n, Bos Ny, Dy Dy P.T
(Ib-mole) (Ib-mole) (Ib-mole) (Ib-mole) (Ib-mole) (1b-mole) (psia)
1 3.0855e-04 | 1.0057e-05 | 0.0000E+00 | 0.0000E+00 | 0.0000E+00 | 3.1861E-04 | 17.786
2 3.0826E-04 | 1.0047E-05 | 0.0000E+00 | 0.0000E+00 | 0.0000E+00 | 3.1831E-04 | 17.786
3or8 3.0227g-04 | 9.8522E-06 | 0.0000E+00 | 0.0000E+00 | 0.0000E+00 | 3.1212E-04 | 17.786
4,9,0r 10°| 2.9252E-04 | 9.5344E-06 | 0.0000E+00 | 0.0000E+00 | 0.0000E+00 | 3.02058-04 | 17.786
5 1.9163e-05 | 5.8795e-04 | 0.0000E+00 | 0.0000E+00 | 0.0000E+00 | 6.0711E-04 | 17.786
6 2.0206E-04 | 6.5858E-06 | 0.0000E+00 | 0.0000E+00 | 0.0000E+00 | 2.0865E-04 | 17.786
7 5.6450E-06 | 1.7320E-04 | 0.0000E+00 | 0.0000E+00 | 2.2296E-05 | 2.0114E-04 | 20.004

* This assumes that the internal convenience cans, polyethylene or Teflon FEP bottles, and Cat 277-4 spacer cans are sealed.
® Although CVA #9 may slightly exceed the height of the combined three 25.4 ¢cm (10 in.) can height (CVA #4), the
open-ended cans and contents produce a larger void volume and thereby lower overall pressure inside the containment

vessel,

At -40°C (-40°F), the partial pressure of the water vapor is conservatively assumed to be zero.
Therefore, the final pressure of the mixture at -40°C (-40°F) is calculated according to the ideal gas law
based solely on the partial pressure of the air.

where

PV

e
N
o

PV,

s

I,

14.236 psi,
77°F
~40°F

V,.

Rearranging and solving for P,,

P,
P,

Pl (TZ/TI)a

(14.236)(419.67/536.67) = 11.13 psia.
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Appendix 3.6.5

CONTAINMENT VESSEL PRESSURE DUE TO

HYPOTHETICAL ACCIDENT CONDITIONS FOR THE PROPOSED CONTENTS

The following calculations determine the pressure of the containment vessel when subjected to
the tests and conditions of Hypothetical Accident Conditions per 10 CFR 71.73 for the most restrictive
convenience can arrangements shipped in the ES-3100 package. The following packaging arrangements
are evaluated for shipment:

1.

1.

10.

one shipment will contain six cans with external dimensions of 4.25-in. diam by
4.875-in. high;

one shipment will contain five cans with external dimensions of 4.25-in. diam by
4.875-in. high and three can spacers, the top can is empty;

one shipment will contain three cans with external dimensions of 4.25-in. diam by
8.75-in. high and 2 can spacers;

one shipment will contain three cans with external dimensions of 4.25-in. diam by
10-in. high;

one shipment will contain six nickel cans with external dimensions of 3.00-in. diam by
4.75-in. high;

one shipment will contain three polyethylené bottles with external dimensions of
4.94-in. diam by 8.7-in. high;

one shipment will contain three Teflon FEP bottles with external dimensions of
4.69-in. diam by 9.4-in. high;

one shipment will contain a brazed assembly of two cans with final external dimensions of
4.25 in. diameter by 17.50 in. high. An empty can with external dimensions of 4.25 in.
diameter by 8.75 in. high will be placed on top of the 17.50 in. high can;

one shipment will contain fuel rods, or tubes, or plates greater than 17.00 in. in length.
These items are bundled together and protected on both ends with an open-ended can with
external dimensions of <5.0 in. diameter by <8.75 in. high. Total assembly height will be
<30.5 in. If space is available inside the containment vessel, stainless-steel metal
scrubbers will be added on the bottom and top of this assembly or an empty convenience
can will be placed on top of this assembly; and

one shipment will contain three cans brazed together with external dimensions of 4.25-in.
diameter by ~30 in. high.

To determine this pressure, the following assumptions have been made:

The highly enriched uranium (HEU) contents are loaded into convenience cans and placed
inside the ES-3100 containment vessel at standard temperature [25°C (77°F)] and at the
maximum normal operating pressure (see Table 5 of Appendlx 3.6.4) with air at a
maximum relative humidity of 100%.
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2.  The convenience cans are assumed to be sealed to minimize the void volume inside the
containment vessel.

3. Polyethylene bagging of contents and/or convenience containers is limited to 500 g per
containment vessel shipping arrangement.

4.  If metal convenience cans are used, the total amount of polyethylene bagging and lifting
slings is limited to 500 g per containment vessel shipping arrangement.

5. All offgassing material (polyethylene bagging or bottles, Teflon bottles, silicone pads,
lifting slings) is limited to 1490 g for containment vessel arrangement #7 and 845 g for
containment vessel arrangement #6.

Applying Dalton’s law concerning a mixture of gases, the properties of each component are
considered as though each component exists separately at the volume and temperature of the mixture.
Therefore, the molar quantities of each constituent inside the containment vessel (i.e., dry air, water
vapor, polyethylene bagging and bottles, silicone rubber pads, and teflon bottles) must be calculated
individually. ‘

To calculate these molar properties, the void volume of the containment vessel must be
determined. The volume inside an empty ES-3100 containment vessel was determined from Algor finite
element software to be 637.18 in.? (10,441.51 cm®).

L Molar quantity determination based on MNOP

Table 1. Total pressure inside the containment vessel at 87.81°C (190.06°F)*

CVA n, n, Ny, Dy, Dy Dy Py
(Ib-mole) | (Ib-mole) (Ib-mole) (Ib-mole) (Ib-mole) (Ib-mole) (psia)
1 3.0855E-04 | 1.0057e-05 | 0.0000E+00 | 0.0000E+00 | 0.0000E+00 | 3.1861E-04 17.786
2 |3.0826E-04 | 1.00478-05 | 0.0000E+00 | 0.0000E+00 | 0.0000E+00 | 3.1831E-04 17.786
3 13.0227g-04 | 9.8522E-06 | 0.0000E+00 | 0.0000E+00 | 0.0000E+00 | 3.12128-04 17.786
4  12.9252E-04 | 9.5344E-06 | 0.0000E+00 | 0.0000E+00 | 0.0000E+00 | 3.0205E-04 17.786
5 1.9163E-05 | 5.8795E-04 | 0.0000E+00 | 0.0000E+00 | 0.0000E+00 | 6.0711E-04 17.786
6  |2.0206E-04 | 6.5858E-06 | 0.0000E+00 | 0.0000E+00 | 0.0000E+00 | 2.0865E-04 17.786
7 |5.6450E-06 | 1.7320E-04 | 0.0000E+00 | 0.0000E+00 | 2.22968E-05 | 2.0114E-04 20.004
8 Thié configuration is bounded by CVA #3
9 This configuration is bounded by CVA #4 °
10 This configuration is bounded by CVA #4

* This assumes that the internal convenience cans, polyethylene or Teflon FEP bottles, and Cat 277-4 spacer cans are sealed.

® Although CVA #9 may slightly exceed the height of the combined three 25.4 cm (10 in.) can height (CVA #4), the
open-ended cans and contents produce a larger void volume and thereby lower overall pressure inside the containment
vessel.
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To use the maximum normal operating pressure at standard temperature, the number of 1b-mole of gas
needs to be increased using the following equation:

n L PT-VV
MNOP R“Tmb12

Using the above molar equations, the total number of moles is summarized in Table 2.

Table 2. Molar summary at MNOP and 25°C (77°F)

CVA Py Vy R, Toamb ByvNor
(psia) (in%) (ft-1b/Ib-mole-R) ®) (Ib-mole)
1 17.786 215.83 1545.32 537 3.8549e-04
2 17.786 215.63 1545.32 537 3.8514e-04
3or8 17.786 211.44 1545.32 537 3.7765e-04
4,9,0r 10 17.786 204.62 1545.32 537 3.6547E-04
5 17.786 411.27. 1545.32 . 537 7.3457E-04
6 17.786 141.34 1545.32 537 2.5245e-04
7 20.004 121.15 1545.32 537 2.4337E-04
II. Molar quantity determination due to offgassing for each containment vessel arrangement

To determine the maximum pressure inside the containment vessel as a result of thermal testing,
the average adjusted gas temperature must be calculated based on the results shown in Sect. 3.5.3. The
approach used is to divide the containment vessel volume into three distinct equal regions and then
average the three together. The first volume is represented by the gas adjacent to the containment vessel
lid and flange region and the top most convenience can. Based on the temperature recorded near the
O-rings [116.11°C (241°F)] and the temperature recorded on the external surface of the convenience can
[98.89°C (210°F)], the average temperature of the gas in this region is 107.50°C (225.50°F). Using the
temperature adjustment of 25.11°C (45.20°F) for this region, the adjusted average temperature in the
first region is 132.61°C (270.70°F). The second volume is represented by the gas adjacent to the second
convenience can from the top. Based on the temperature recorded on the containment vessel wall and
convenience can [92.78°C (199°F)], the average temperature of gas in this region is 92.78°C (199°F).
Using the temperature adjustment of 27.89°C (50.20°F) for this region, the adjusted average temperature
in the second region is 120.67°C (249.20°F). The third and final volume is represented by the gas
adjacent to the bottom convenience can. - Again, based on the convenience can temperature [87.78°C
(190°F)] and the containment vessel end cap temperature [98.89°C (210°F), the average temperature of
gas in this region is 93.33°C (200°F). Using the temperature adjustment of 24.94°C (44.90°F) for this
region, the adjusted average temperature in the third region is 118.28°C (244.90°F). Averaging these
three temperatures, an average adjusted gas temperature of 123.85°C (254.93°F) is determined for the
containment vessel.

Using the above calculated results and the specific gas generation of polyethylene bags and
silicone rubber pads measurements at temperatures up to 170°C (338°F) conducted by the Y-12
Development Division (Appendix 2.10.4), the amount of gas generated due to offgassing of the silicone
rubber can pads, the polyethylene bags and bottles, and the Teflon FEP bottles at 123.85°C (254.93°F),
(Vpos Vio » and V) is estimated by first determining the offgassing volume per unit mass at temperature
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and multiplying that by the total mass of the bags, bottles, slings, and silicone rubber can supports inside .
the containment vessel. Based on testing at an approximate temperature of 141.11°C (286.00°F), values

of ~7.0 and ~0.8 cm3/g @STP for the polyethylene bagging and bottles, and silicone rubber pads,

respectively, were taken from the curves for the offgassing volume per unit mass as documented in

Y/DZ-2585, Rev. 2 (Appendix 2.10.4). The data showed that the Teflon FEP material offgassing

volume per unit mass (Vo) was conservatively assumed to be 0.25 cm*/g@STP (Appendix 2.10.9).

These values are used to determine the offgassing volume as shown below:

. 4 = W, % 0.8/16.387 (in.%) (offgassing volume of silicone rubber pads)

Vio = W, x 7.0/ 16.387 (in.?) (offgassing volume of polyethylene bags,
bottles, and lifting sling)

Vi W, x 0.25/16.387 (in.%) (offgassing bottles of Teflon FEP bottles)

From the ideal gas law, the number of gas moles in the volume is as follows:

Pv'Vi
’ Ry " T - 12

A summary of the results obtained using the above equations for each containment vessel
arrangement is presented in Tables 3, 4, and 5.

Table 3. Molar quantity of gas generated due to the silicone rubber pad offgassing

CVA Wy Ve Py R, Tams Dy
(2 (in.%) (psia) (ft-1b/Ib-mole'R) ®) (Ib-mole)

1 186.74 9.12 14.7 1545.32 537 1.3458E-05
2 240.09 11.72 14.7 1545.32 537 1.7302E-05
Jor8 160.06 7.81 14.7 1545.32 537 1.1535€e-05
4,9,0r 10 106.71 5.21 14.7 1545.32 537 7.6901E-06
5 0.00 0.00 14.7 1545.32 537 0.0000E+00
6 0.00 0.00 14.7 1545.32 537 0.0000E+00
7 0.00 0.00 14.7 1545.32 537 0.0000E+00

Table 4. Molar quantity of gas generated due to polyethylene bag, sling, and bottle offgassing

CVA W, Vio Py R, A Iy,
(€3] (in.%) (psia) (ft-1b/Ib-mole‘R) R) (Ib-mole)
1 500.00 213.58 14.7 1545.32 537 3.1529E-04
2 500.00 213.58 14.7 1545.32 537 3.1529E-04
Jor8 500.00 213.58 14.7 1545.32 537 3.1529€-04
4,9,0r 10 500.00 213.58 14.7 1545.32 537 3.1529€e-04
5 500.00 213.58 14.7 1545.32 537 3.1529Ee-04
6 845.00 360.96 14.7 1545.32 537 5.3284g-04
7 500.00 213.58 14.7 1545.32 537 3.1529e-04
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Table 5. Molar quantity of gas generated due to the Teflon FEP bottle offgassing

CVA wlf Vlf PV R- Tnb Ny
(® (in.%) (psia) (ft-1b/Ib-mole-R)| ®) (Ib-mole)
7 990.00 15.10 14.7 1545.32 537 2.2296E-05
III.  Total pressure due to offgassing and HAC temperatures inside the containment vessel

The total pressure of the mixture at 123.85°C (254.93 °F), P, for each containment vessel
arrangement is the sum of each of the previously calculated molar quantities. Table 6 summarizes the
molar constituents and total pressure of each containment vessel arrangement. The following equation is

used to calculated the final containment vessel pressure:

Piasssec (¥n;"R-T-12)/Vgyy,
where
o individual molar quantity for each gas,
T = average gas temperature = 123.85°C (254.93°F),
Vomy = V, = gas mixture volume.
Table 6. Total pressure inside the containment vessel at 123.85°C (254.93°F) *
CVA Iynop n,, n,, Dy Ny Py
(Ib-mole) (Ib-mole) (Ib-mole) (Ib-mole) (Ib-mole) (psia)
1 3.8549e-04 1.3458€-05 3.1529E-04 0.0000E+00 7.1424€e-04 43.852
2 3.8514E-04 1.7302E-05 3.1529e-04 0.0000E+00 7.1773e-04 44,110
3or8 3.7765E-04 1.1535g-05 3.1529E-04 0.0000E+00 7.0448E-04 44.151
4,9, 0r 10°| 3.6547E-04 7.6901E-06 3.1529E-04 0.0000E+00 6.8845E-04 44.585
5 7.3457e-04 | 0.0000E+00 3.1529e-04 0.0000E+00 1.0499E-03 33.829
6 2.5245-04 | 0.0000E+00 5.3284g-04 0.0000E+00 7.8529E-04 73.625
7 2.4337e-04 | 0.0000E+00 3.1529g-04 2.2296E-05 5.8096E-04 63.545

* This assumes that the internal convenience cans, polyethylene or Teflon FEP bottles, and Cat 277-4 spacer cans are sealed.
® Although CVA #9 may slightly exceed the height of the combined three 25.4 cm (10 in.) can height (CVA #4), the
open-ended cans and contents produce a larger void volume and thereby lower overall pressure inside the containment

vessel.
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‘ Appendix 3.6.6

SILICONE RUBBER THERMAL PROPERTIES FROM THERM 1.2 DATABASE

The thermal properties for silicone rubber used in the thermal analyses of the ES-3100 shipping container
were obtained from the THERM 1.2 Thermal Properties Database by R. A. Bailey. Since THERM 1.2 is
not a publicly available program, screen captures from THERM 1.2 of the data for silicone rubber are
presented in Figures 1 and 2 in English and SI units, respectively.

silicone rubber, medium k (see ref 5)

Density .04696548 1b/in**3
Specific Heat .3 Btu/1b°F
Conductivity .01612725 Btu/hr in°F
Maximum Material Temp. 545.0 ) °F

silicone rubber, medium k (see ref 5)

References:
fleming p private collection of plastics data 1968
materials engr matl selector issue 1967
metals handbook 8th ed 1961
‘ moyer j private collection of thermal data 1968
Material properties quality
Density - - Good data, or no way of estimating quality.
Specific Heat ~ Poor or conflicting data. Used best or average.
Conductivity - Poor or conflicting data. Used best or average.
Transition Temperature - Good data, or no way of estimating quality.
Latent Heat -~ No data. Made no estimate.
Specific Heat Tables - No data. Made no estimate.
Conductivity Tables - No data. Made no estimate.

Figure 1. Silicone rubber thermal properties from Therm 1.2 (English units).
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silicone rubber, medium k (see ref 5)

Density 1300.0 kg /m**3
Specific Heat 1255.2 J/kg°K
Conductivity .33472 J/sec m°K
Maximum Material Temp 558.15 °K

silicone rubber, medium k {see ref 5)

References: )
fleming p private collection of plastics data 1968
materials engr matl selector issue 1967
metals handbook 8th ed 1961
moyer j private collection of thermal data 1968

Material properties quality

Density - Good data, or no way of estimating quality.
Specific Heat - Poor or conflicting data. Used best or average.
Conductivity - Poor or conflicting data. Used best or average.
Transition Temperature - Good data, or no way of estimating quality.
Latent Heat ~ No data. Made no estimate.

Specific Heat Tables - No data. Made no estimate.

Conductivity Tables - No data. Made no estimate.

" Figure 2. Silicone rubber thermal properties from Therm 1.2 (SI units).
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