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EXECUTIVE SUMMARY

This safety analysis report for the Y-12 National Security Complex ES-3 100 shipping package with
bulk highly enriched uranium (HEU) contents has been prepared in accordance with the governing
regulations from the U.S. Nuclear Regulatory Commission and the U.S. Department of Transportation and
orders from the U.S. Department of Energy. The fundamental safety requirements addressed by these
regulations and orders pertain to the containment of radioactive material, radiation shielding, and nuclear
subcriticality. This report demonstrates how these requirements are met.

The regulations and orders are met through a systematic approach using verification by design,
review, analysis, similarity comparisons, tests, or procedures as appropriate. At times, the requirements are
verified using a combination of two or more of these methods.

A general summary of the verification results show that the ES-3 100 shipping package successfully
passes all of the applicable requirements of the Code of Federal Regulations, Title 10, Part 71 and Title 49,
Parts 100-178, when used to ship HEU contents.

xix

Y/LF-717/lntroIES-3 100 HEU SAR/Lmd:02-25-05



xx

Y/LF-717/Intro/ES-3100 HEU SAP7kLmd'02-25-05



ACRONYMIS

ALARA as low as reasonably achievable
ANSI American National Standards Institute
AS allowable stress
ASME American Society of Mechanical Engineers
ASTM American Society for Testing and Materials
Cat 277-4 Thermo Electron Corporation Catalog No. 277-4TM

CD capacity discharge
CMTR certified material test report
CFR Code of Federal Regulations
CoC Certificate of Compliance
CSI criticality safety index
CV containment vessel
CVA containment vessel arrangement
DOE U.S. Department of Energy
DOT U.S. Department of Transportation
EPDM ethylene-propylene-diene monomer
FEA finite element analysis
HAC Hypothetical Accident Conditions
HEU highly enriched uranium
H/X ratio hydrogen-to-fissile isotope ratio
LTL lower tolerance limit
MNOP maximum normal operating pressure
MOIFR moisture fraction of the package external to the containment vessel
M.S. margin of safety
NCT Normal Conditions of Transport
NLF neutron leakage fraction
NRC U.S. Nuclear Regulatory Commission
NTRC National Transportation Research Center
OECD Organization for Economic Cooperation and Development
ORNL Oak Ridge National Laboratory
ppb parts per billion
ppm parts per million
QCPI Quality Certification and Procurement
SAR safety analysis report
SCALE Standardized Computer Analysis for Licensing Evaluation
SRS Savannah River Site
SS304 type 304 stainless steel
SST/SGT Safe-Secure Trailer/Safeguards Transporter
TGA thermogravimetric analysis
TI transport index
TID tamper-indicating device
UNH uranyl nitrate hexabydrate
USL upper subcritical limit
Y-12 Y-12 National Security Complex
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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 36 kg (79.37 lb). The ES-3100 has a nominal gross shipping weight that ranges from
146.88 kg (323.79 lb) to 187.81 kg (414.05 lb) for the empty and maximum weight containment vessel
configurations shown in Table 2.8, respectively.,, -' -

3.1 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; thle ,packaging prevents reduction of the shielding and
subcriticality effectiveness. The drum assemblyfor'the ES-3 100 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 rubberpads; silicon
bronze hex-head nuts; and a stainless-steel lid and bottom (Drawing M2E801580A031, Appendix 1.4.1).
The nominal weight of these components is 131.89 kg (290.76 lb).

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 1.4.1). 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 M2E801508AO05,
Appendix 1.4.1). 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 volumebetween 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/n 3 (22.4 lb/ft3). The procedure for manufacturing and documenting the
insulation, JS-YMN3-801580-A003 (Appendix 1.4.4), is referenced on Drawings M2E801580A002 and
M2E801580A008 (Appendix 1A4.1) for the drum bodyweldment and top plug weldment, respectively. The
insulation has a maximum continuous service temperature limit of 871 0C (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/m3 (105 lb/ft). The
procedure for manufacturing and documenting this rnaterial, JS-YMN3-801580-A005 (Appendix 1.4.5), is
referenced on Drawing M2E801580A002 (Appendix 1.4.1). This neutron poison material has a maximum
continuous service temperature limit of 150.00 C (302'F). At this temperature, the moisture inside the
Cat 277-4 material remains an integral part ofthe composite material, and moisture content loss is negligible.
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The top plug is fabricated in accordance with Drawing M2E801580A008 (Appendix 1.4.1), 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.)-thickType 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 1.4.1). The material is silicone rubber with a Shore A durometer
reading of 22 - 5.

The ES-3 100 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 forNCT and Hypothetical
Accident Conditions (HAG). These requirements specify that each package design provide containment,
shielding, and criticality safety at temperatures ranging from -40; to. 380C (-40 to 1000F) 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 380C (1000 F) and in the shade no accessible surface of a package would have a temperature exceeding
50'C (1220F) in a nonexclusive use shipment, or 850 C (185 0F) 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 7F) 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-3 100 package (Appendix 3.6.2). Since the decay heat load is so meager, the maximum predicted
temperature of the entire package, while stored at 380C (1000 F) in the shade, is 38.520C (101.330 F)
[Table 3.5]. The analysis shows that no accessible surface of the package would have a temperature
exceeding 500C (122 0F). Therefore, the requirement of 10 CFR 71.43 (g) would be satisfied. If the package
is exposed to solar radiation at 380C (1000F) 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 sevling
surfaces are 117.720C (243.890 F), 87.81 0C (190.06'F), and 87.720 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 0C
(190.06'F). At the low-temperature range and neglecting 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>800'0 (>14750 F) forwell over30 m inn a furnace. Othertemperature conditions before
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and during the thermal testing are given in Test Report ofthleES-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;.2C (261 0F)> This containment vessel maximum temperature reading
is the highest value shown in Table 3.9. This temiperature 'was recorded on Test Units4 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 ofcrushplate 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 maiss differences. The containment vessel's recorded
temperature' values were lower on all other test unitsg'vhich 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 M2E80 15 80A03 I Appendix 1.4.1). 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 1.4.1). 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, 0.1 046-in.)7thick concave cover was welded to
the bottom false wire opening (Drawing M2E801508A005, Appendix 1.4.1). Four0.795-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-cfm (14.77-in.)
inside diameter 13:26 cm (5.22 in.) deep, a 21.84-cm (8:60-in.) inside diameter 5.59 c6m (2.20 in) deep, and
an additional 15.85-cm (6.24-in.) inside diametei7'7.31' 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)1. 'The material iscomposed
of portland cement, water, and vermiculite and has an average density of 358.8 kg/m3 (22.4 Ib/ft3). .The
procedure for manufacturing and documenting the insulation, JS-YMN3-801580-A003 '(Appendix 1.4.4),
is referenced on Drawings M2E801580A002 and M2E801580A008 (Appendix 1.4.1) for the drum body
weldment and top-plug Weld mient, respectively:*,. ' ' '* -

The volume between the most internal liner and the mid liner is filled with a noncombustible cast
neutron poison material from Thermo Eiectr&A Corporation (Cat 277-4). The material is' composed of
aluminum, magnesium, calcium, boron, carbon; siliconesulfur, sodium, iron, and water. This mixture will
have an average density of 1681.9 kg/r 3 (105 lb/ft3). The procedure for manufacturi"ng and documenting this
material, JS-YMN3-801580-A005 (Appendix 1.4.5);' is referenced' on Drawing M2E801580A002
(Appendix 1.4.1). ' -

Three silicone rubber pads comiplet'the driiuras'sermbly. One pad is'placed on the bottom of the
most inward liner to support the containment vessel duiing transport; Another pad is placed on the top shelf
of the mid'liner to support the'top plug during trahsport.' The final plug is placed over the top of the
containment vessel lid and closure- nut assembly. Pads are miiolded to'the 'shapes 'as defined on
Drawing M2E801580A009 (Appendix 1.41) usifig 'silicone rubber with a' Shore A durofneter reading of
22 4 5.
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II

3.1.2 Content's Decay Heat.

The maximum decay heat and radioactivity of the contents (Sect. 4) are based on a maximum of
36 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 a

Nuclide Weight percent Mass
(g)

232U 0.000004 0.001440
23 U 0.600000 216.000000
234U 2.000000 720.000000

57.095996 20554.558560
236U 40.000000 14400.000000
238 U 0.000000 0.000000

Transuranic 0.004000 1.440000
237Np 0.300000 108.000000

Total 100.000000 36000.000000

Weight percent values of individual isotopes are those that generate the largest activity within the allowable ranges presented in
SeCL 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 0.3885 to 0.4 W, and 0.4 W is used in
subsequent analyses for temperature predictions. Contributions from the transuranics and 237NP 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 238Pu 239Pu, 2 Pu 241Pu, 242Pu and 24 Am.

3.1.3 Summary Tables of Temperatures

3.1.3.1 NCT Summary Tables

The ES-3 100 shipping container has been conservatively evaluated empty of all containment vessel
internal components for NCT. Prior to the change of neutron absorberi 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;890C
(25 0F) to 40 0C (1040 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-AOOI (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 lb/ft3. The
results for the steady state condition at 380 C (l0'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 2774
neutron absorber).
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Tab)le 3.2. I)ecay heat for 36 kg of HIEU content (wiatts)

Decay Heat DECAY TIME
(Watts per gram) Isolope 0 years 5 years 10 years 20 years 30 years 40 years 50 years 60 years 70 years

0.01792 Pb-210 0 2.59400e-12 0 0 0 0 0 0 0
2628 Pb-212 0 0.00005 00000545 00000507 0.0000458 00000416 0.0000376 0.0000341 0.0000308
286.5 Bi-210 0 0 0 1.466E-09 4.620E-09 0 0 0 0
245000 01-212 0.000E+00 0.000431 0.0004805 0.0004487 0.0004063 3.675E-04 3.332E-04 0.0003017 0.0002731

144.2 Po-210 O.OOOE+00 3.552E-10 2.7422-09 0 6.4182-08 1.423E-07 2.607E-07 0 6.335E-07

5113 Rn-222 O.OOOE400 7.400E-09 2.960E-08 1.182E-07 2.658E-07 4.712E-07 7.363E-07 0.000001 0.000001

1823 Ra-223 0 0 4.796E-08 1.746E-07 3.579E-07 5.808E-07 8.356E-07 0.000001 0.000001

5470 Ra-224 O.OOOE400 0.000882 9.846E-04 9.2162-04 8.3492-04 7.546E-04 6.829E-04 0.0006183 5.600E-04

28.38 ... Ra-225 O.OOOE+00 6.130E-07 1.324E-06 2.648E-06 3.972E-06 5.291E-06 6.621E-06 0.000008 9.257E-06

0.0286 .Ra-226 O.OOOE+200 6.446E-09 2.574E-08 1.030E-07 2.307E-07 4.098E-07 6.405E-07 . 0 0.000001

0.0152 Ra-228 : O.OOOE+00 . 3.195E-15 . 1.072E-14 . 3.195E-14 5.624E-14 8.141E-14 1.068E-13 0 1.580E-13

2029 Ac-225 0 O.000E+00 3.506E-05 . 6.399E-05 1.280E-04 1.920E-04 2.555E-04 3.195E-04 0.000383 4.470E-04

0.035 Ac-227i - - O.0OE2400 i.720E-10 . -*6.540E-10 2.367E-09 ; 4.8562-09 . 7.914E-09 . 1.137E-08 0 1.907E-08

17460 . Ac-228 I 0.000E200 4475e-13 . . 1.504E-12 - .7 .4752.121E-11 . 1.4992-11, * . 0 2.215E-1i

1125 Th-227 1.2832-08 ' 4.879E-08 1.769E-07, 3.6301-07' . 5.897E-07. .i8.48 6 -07 .;O0O00 1.427E-06

685 Th-228: ooooE0 * 8.430E-04 * ; 9.397E-04. .8.7781 4 .7.966E-04 -04 .i . 6.535E-04._:. - 0.0005916 5.336E-04

0.006087 Th-229 0.000+0 . -3.945E-05 . 5.628E-05 . 1.124E-04 . 1.683E-04 2.248E-04 2.801E-04 0.0003366' . 3.931E-04

00005822 Th-230 O.OOOE+00 5.827E-06 1.161E-05 2.326E-05 3.488E-05 . 4.6532-05 5.827E-05 . . 00000696 8.132E-05

579.4 - Th-231 00oooE+00 4.847E-05 4.847E-05 4.847E-05 4.847E-05 4.847E-05 4.847E-05 00000485 4.847E-05

0 Th-232 O.OOOE+00 5.551E-12 1.114E-11 2.2282-11 3.3422-11 4.441E-11 5.551E-11 0 7.8102-11

9.59 Th-234 0 OOOE+00 0 000+.00 0 OOOE+00 0 0002+00 O.OOOE+00 0 OOOE+00 O OOE200 0 O.OOOE+O

0.001439 Pa-231 0.0002+00 1.431E-07 2.866E-07 5.738E-07 8 607E-07 1.145E-06 1.431E-06 0.000002 2.002E-06

52.71 Pa-233 0.000E+00 0.000+00 0.0002+00 0. OOOOE+00 0 0002+00 O.OOOE+O0 O.OOOE200 0 0.0002+00

0.708: U-232 1.020E-03 9.685E-04 9.227E-04 8.360E-04 7.565E-04 6.851E-04 6.2092-04 0.0005618 5.0872-04

0.0002807 U-233 6.0632-02 6.063E-02 6.0622-02 6.062E-02 6.062E-02 6.062E-02 6.061E-02 0.06061 6.061E-02

0.0001791 U-234 1.290E-01 1.290E-01 1.2902-01 1.290E-01 1.289E-01 1.289E-01 1.289E-01 0.1289 1.289E-01

0 U-235 1.233E-03 1.233E-03 0.001233 1.233E-03 1.233E-03 1.233E-03 1.2332-03 0.001233 1.2332-03

0.000002 U-236 2.522E-02 2.5222-02 0.02522 2.522E-02 2.5222-02 2.522E-02 2.522E-02 0.02522 2.522E-02

0 U-238 O.OOOE+0O 0.000+00 O.OOOE+00 O.OOOE+00 O.OOOE+00 0.0002+00 0 OOOE+00 0 0.000E+00

0.1158 transuranic 1.668E-01 1.668E-01 0.1668 0.1668 0.1668 1.668E-01 1.668E-01 1.668E-01 1.668E-01

0.0000201 Np-237 0.002171 0.002171 0.002171 0.002171 0.002171 0.002171 0.002171 0.002171 0.002171

Total walts 0.3860 0.3883 0.3885 0.3884 0.3882 0.3881 0.3880 0.3879 0.3878
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Fig. 3.1. NISC.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 Ib/fP and BoroBond4

Node Location aximu quasi steady-state" temperature, IC (IF)
0.4 W 20 W 30W

A CV lid, top, center 88.30(190.95)' 88.62 (191.52) 103.84 (218.91) 111.35 (232.42)

B CV lid, bottom, center 88.28 (190.90) 88.60 (191.48)' 103.90 (219.03) 111.45 (232.62)

C CV lid, top, outer 88.32 (190;97): '88.63 (191.54) 103.61 (218.50) 111.00(231.80)'

D CV flange at interface, innerb 88.24 (190.83)7- 88.56 (191.41) 103.87 (218.96) 111.42 (232.55)

E CV flange at interface, outerb 88.25 (190.84)* 88.56 (191.41) 103.77 (218.78) 111.27 (232.28)

F CV flange, bottom, outer ; 88.24 (190.82) 7 88.55 (191.39) 103.75 (218.75) 111.25 (232.24)

G ' CV shell, mid-height, inner 83.04'(181.47) 83.61 (182.50) 110.50 (230.89) 123.46 (254.23)

H CV shell, mid-height, outer' 83.04 (181.47) 83.61 (182.50) 110.49 (230.88) 123.45 (254.21)

I . CV bottom, outer '83.36 (182;04) 83.75 (182.74) 102.58 (216.64) 111.99 (233.59)

J CV bottom, centerinner '88.37 (182.07) 83.76 (182.77) 102.70 (216.86) 112.17 (233.91)

K CV bottom, center, outer -88.37 (181.07) 83.76 (182.77) 102.69 (216.84) 112.15 (233.87)

L Drum liner, plug cavityouteir' -98.72 (209.70)- 98.80 (209.85) 102.63 (216.73) 104.58 (220.24)

M Drum liner, plug'cavity, inner ' 94A3.(201.97) . 94.58 (202.24)- '101.92 (215.46) 105.65 (222.16)

N Drum liner, CV flange-cavity, outer -89.43 (192.97) '89.63 (193.34) 99.83 (211.70) 105.01 (221.02)

O Drum liner, CV cavity, inid-height, inner 83.12 (181:62) .83.43 (182.18) 98.63 (209.54) 106.40 (223.52)

P Drum liner, CV cavity, bottom, inner - 83.62'(182.52)' 83.96 (183;13) 100.36 (212.65) 108.60 (227.48)

Q B6robond4, top, outer ' ' 88.82 (191.88) - '89.04 (192.27) 99.65 (211.38) 105.04 (221.07)

R Borobond4, rnid-height, inner ' 83.12 (181.62) '*83.43 (182.18) 98.63 (209.53) 106.39 (223.51)

S Borobond4, mid-height, outer -83.03 (i81.46) 83.33 (182.00) 97.91 (208.23) 105.36 (221.65)

T- Borobond4, bottom, inner . 83.55 (182.39)" 83.85 (182.93) 98.58 (209.45) 106.03 (222.86)

U Borobond4, bottom, outer -83.51 (182.31) 83.80 (182.83) 97.82 (208.07) 104.90 (238.82)

V Drum plug liner, bottom, center ' 112.01 (233.62) 112.05 (233.69) 113.95 (237.11) 114.90 (238.82)

W - Drum plug liner, top, center . '92.09 (197.77) 92.31 (198.16) 102.93 (217.27) 108.26 (226.87)

X Drum lid, top, center 118.01 (244:42) '118.03(244.45) 118.77 (245.79) 119.15 (246.47)

Y Drumf lid, top,'outer ' 107.33 (225.19) '107.34 (225.22) 108.22 (226.80) '108.67 (227.60)

Z Drum, mid-height, outer ' ' 92.27,(198.08) 92.30 (198.14) '93.81 (200.86) 94.58 (202.24)

A A Drumbottom, outer ' -91.70 (197.06) -9174 (197.13) 93.61 (200.49) 94.54 (202.18)

BB - Drum bottom, center ' 88.82 (191;88) -88.93 (192.07) *93.84 (200.91)' 96.30 (205.35)

See Fig. 3.1.
b Approximate location of the CV O-rings.
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Table 3.4. Maximum "quasi steady-state" temperatures during aNCT for the ES-3100 shipping
container with various content heat loads-Kaolite density of 30 lb/fe and BoroBond4

Node' Location Maximum "quasi steady-state, temperature, 0C ('F)

OW 0.4W 20W 30W

A CV lid, 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 b 86.47 (187.64) 86.79 (188.21) 102.09 (215.77) 109.67 (229.40)

E CV flange at interface, outerb 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 (178.37) 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 81.37 (178.47). 81.77 (179.18) 100.72 (213.29) 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 v 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 Drum liner, CV cavity, mid-height, inner 81.30 (178.35) 81.61 (178.90) 96.82 (206.27) 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 Borobond4, 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)

See Fig. 3.1.
b Approximate location of the CV O-rings.
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Table 3.5. ES-3100 shiplpind container maximum steady-state temperatures with Cat 2774 (1000 F
ambient temperature, no insolation) . . ' I

. -. -- - . - . Maximum "quasi steady-state"
Node coordinates (in.)

Node mapNod c oda ( i.) temperature (fF)

No. .- - -r - z 0.4 W 1 20W I 30W

"0.000 4.505 100.83 134.54 I150.15

255 --3.180 21.528 100.75 131.57 146.21

- 351 -- 4.300 21.528 100.71 129.45 142.87

474 -4.300 - 37.535 100.46 117.90 125.67

494 -- 7.325 37.525 100.32 110.87 115.19

-536- -7.385 42.755 100.21 105.50 107.19

-3655 - 9.185 21.528 100.28 107.58 109.92

3780' . - 9.185 42.755 100.21 105.29 106.89

3807c- - 0.000 0.320 100.43 114.39 120.08

3865c - --- 9.185 0.00S 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

472i ---3.500 35.275 100.59 124.08 134.90

4740 -- 4.300 35.275 100.57 122.92 133.15

-4746c- - 0.000 43.065 100.20 104.99 106.43

6156-.- -0.000 37.579 100.57 123.14 133.42

6339 -.-- 0.000 42.859 100.25 107.42 110.04

, 6 3 5 9 b ' 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

6385 - - 3.750 -37.175 100.78 132.85 147.58

6389 2.310 5.025 100.97 141.27 160.06

639 -- --0.000 4.775 100.96 140.91 159.55

6399 -.0.000 - 5.025 100.96 140.94 159.60

6574- - 2.530 21.528 101.33 157.70 183.56

--6647 -- ---0.000 0 36.075, 100.80 133.56 148.63

-6715 I- -I---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. . ' .- ' -
I These nodes are at the accessible surfaces of the package (i.e., the drum, drum lid, and drum bottom plate).
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Table3.6. ES-3100 shipping container maximum "quasi steady-state" temperatures duringNCTwith
various content heat loads and Cat 2774 (100TF ambient temperature, with insolation)

(.) Maximum "quasi steady-state"Node coordinates (in.) tmeaue(F
Node map' Itemperature ()

No. | r I z OW I 0.4W I 20W I 30W

2 1 0.000 1 4.505 180.59 1 181.23 1 210.15 224.69

255 3.180 21.528 179.33 179.93 207.32 221.43

351 4.300 21.53 179.59 180.14 204.73 217.27

474 4.300 37.54 198.88 199.20 212.72 219.58

494 7.325 37.53 207.40 207.56 214.4 217.87

536 7.385 42.76 226.44 226.49 228.31 229.24

3655 9.185 21.528 198.09 198.15 200.81 202.16

3780 9.185 42.755 223.47 223.51 225.13 225.95

3807 0.000 0.320 190.48 190.70 199.84 204.43

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

4721 3.500 35.275 189 45 189.90 209.53 219.47

4740 4.300 35.275 190.56 190.98 209.37 218.68

4746 0.000 43.065 243.86 243.89 245.32 246.03

6158 0.000 37.579 198.42 198.84 217.12 226.32

6339 0.000 42.859 233.98 234.06 237.32 238.95

63 59 b 2.530 36.075 189.28 189.90 217.07 230.51

63 65 b 3.425 36.075 189.27 189.88 216.88 230.23

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

6389 2.310 5.025 179.94 180.70 215.75 233.27

6398 0.000 4.775 179.99 180.76 215.52 232.92

6399 0.000 5.025 179.99 180.76 215.55 232.96

6574 2.530 21.528 179.27 180.35 229.19 252.87

6647 0.000 36.075 189.40 190.02 217.24 230.72

'V

6715 0.000 37.14 189.44 190.06 217.14 230.54
________________________________________ I I I I 1

' See Figs. 8 through I11 in Appendix 3.6.2 for details of node locations.
b Approximate location of the CV O-ring.
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3.1.3.2 HAC Temperature Summiary Tables i

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-3 100 shipping container (undamaged
configuration) to simulate'HAC as prescribed by 10 CFR 71 .73(c)(4). A 30-min fire of 8000 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 orieniation) with content heat loads of 0, 0.4,20, and 30 W.
There are no heat flux boundary conditions simiulating 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 3 S0C (100 0F). 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-donwn 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' pjst-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 period following the
30-min fire, and then alternated (off, then on) aswas done for NCT.

Based on the previous analysis ofthe'ES-3100 package using BoroBond4 (Appendix 3.6.1), it was
noted that using the low-end density of Kaolite 1600results 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 lb/ft3. Similarly, 'the low-end density of the Cat 277-4 material (100 lb/ft3) was also
used in these analyses. However, while using these lo6w-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 lb/ft3 and a Cat 277-4 density of 110 lb/ft3.

The maximum temperatures calculated for the ES-3 100 shipping container for HAC are summarized
in Table 3.7 for the analyses using aKaolite 1600 density of 19.4 lb/ft3 and aCat 277-4 density of 100 lb/ft3.
The maximum temperatures calculated for the ES-3 100 shipping container for HAC are summarized in
Table 3.8 for the analyses using a Kaolite 1600 density.of 30 lb!ft3 and a Cat 277-4 density of 110 lb/ft. The
thermal analyses that use the low-end density values for Kaolite 1600 and Cat 277-4 achieve the higher
package temperatures (see Table 3.7). -

3.1.4 Summary Tablesof IaximumPressure's

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 ofNCT per 10 CFR 71.71 has been determined for the most
restrictive containment vessel arrangements (CVAs) shipped in the ES-3 100. 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 off-gas at the predicted temperatures during NCT. Three
convenience-can heights are proposed for shipment (Fig. 1.4). Shipping configurations will use these
convenience cans 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 order to determine the worst-case
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Table3.7. ES-3100 shipping container HAC maximum temperatures (Kaolite 1600 density of 19.4 lb/ft3

and Cat 277-4 density of 100 IbIfe)

Node coordinates (in.) HAC maximum temperature ('F)

O w 0.4 W 20 W 30W

Node map Insolation Insolation Insolation Insolation
No. r z during cool- during cool- during cool- during cool-

down? down? down? down?

No__|_YesNo Yes No Yes IN o Yes I No [ Yes

2 0.000 4.505 225.5 1 232.1 226.2 1 232.8 255.5 1 261.7 269.5 1 275.7

255 3.180 21.528 194.5 212.5 195.2 213.2 223.8 241.3 237.8 255.3

351 4.300 21.528 195.8 211.9 196.4 212.5 222.3 237.8 234.8 250.3

474 4.300 37.535 392.9 395.0 393.2 395.4 407.6 409.7 414.2 416.3

494 7.325 37.525 671.2 672.0 671.4 672.3 679.1 680.0 682.5 683.3

536 7.385 42.755 1380.4 1380.4 1380.4 1380.4 1380.9 1380.9 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 1427.9 1428.1 1428.1 1428.2 1428.2

3807 0.000 0.320 1454.5 1454.5 1454.5 1454.5 1454.9 1454.9 1455.0 1455.0

3865 9.185 0.008 1470.1 1470.1 1470.1 1470.1 1470.1 1470.1 1470.2 1470.2

3880 3.178 4.505 230.6 236.4 231.2 237.0 257.1 262.5 269.4 274.8

3888 4.300 4.505 236.9 241.7 237.5 242.3 261.5 266.1 272.9 277.5

4721 3.500 35.275 245.7 252.8 246.2 253.3 266.8 273.8 276.6 283.6

4740 4.300 35.275 258.4 263.5 258.8 264.0 278.1 283.1 287.1 292.1

4746 0.000 43.065 1448.0 1448.0 1448.0 1448.0 1448.2 1448.2 1448.3 1448.3

6158 0.000 37.579 308.7 311.6 309.1 312.0 328.3 331.2 337.3 340.2

6339 0.000 42.859 1335.1 1335.1 1335.2 1335.2 1336.4 1336.4 1336.9 1336.9

6359' 2.530 36.075 236.7 247.6 237.3 248.3 266.2 276.6 279.8 289.9

6365' 3.425 36.075 236.6 247.6 237.3 248.3 266.0 276.4 279.5 289.7

6369 3.750 35.525 236.5 247.6 237.2 248.2 265.8 276.2 279.3 289.5

6385 3.750 37.175 237.3 248.2 237.9 248.8 266.1 276.4 279.4 289.5

6389 2.310 5.025 219.0 227.4 219.9 228.2 255.3 263.1 272.2 279.9

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 21.528 196.1 214.9 197.3 216.0 246.7 263.8 269.9 286.5

6647 0.000 36.075 237.2 248.0 237.9 248.6 266.8 277.0 280.4 290.4

6715 0.000 I 37.135 237.4 I 248.1 238.0 I 248.8 266.8 I 277.0 280.4 I 290.4

' Approximate location of the CV O-ring.
b Baseline case for AT comparisons.
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Table 3.8. ES-31 00 shipping containeri HAC miaximum temperatures (Kaolite 1600 density of30 lb/fe

and Cat 277-4 densit of 110 Ilb/ft) -- ;

Node coordinates (in.) |HAC maximum temperature (OF) l

,OW 0.4W 20W 30W

Node map d-Insolation Insolation Insolation Insolation
No. r z during cool- during cool- during cool- during cool-

down? down? down? down?

,Nob Yes No Yes
- - . I * *

2 0.000 4.505 209.91 218.9 210.6 219.6 240.4 248.8 254.6 1 262.8

255 3.180 21.528 185.5 207.7 186.1 208A 215.1 236.6 229.3 250.6

351 4.300 21.528 185.6 207.4 186.2 208.0 212.3 233.3 225.0 245.9

474 4.300 37.535 342.9 345.5 343.3 345.9 358.1 360.7 365.0 367.5

494 7.325 37.525 596.3 597.4 596.5 597.6 604.7 605.8 608.3 609.4

536 7.385 42755 1366.8 1366.8 1366.8 1366.8 1367A 1367.4 1367.6 1367.6

3655 9.185 21.528 1452.8 1452.8 1452.8 1452.8 1453.0 1453.0 1453.1 1453.1

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

4721 3.500 35.275 228.0 237.5 228.5 238.0 249.7 259.0 259.7 269.0

4740 4.300 35.275 236.5 243.8 236.9 244.3 256.7 263.9 266.0 273.2

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 35.525 224.9 237.2 225.6 237.8 254.3 265.8 267.9 279.2

6385 3.750 37.175 225.5 237.6 226.2 238.3 254.6 266.1 268.0 279.2

6389 2.310 5.025 205.3 215.9 206.2 216.8 242.0 251.9 259.2 268.9

6398 0.000 4.775 205.8 216.3 206.7 217.1 242.2 252.0 259.2 268.8

6399 0000 5.025 205.8 216.3 206.7 217.1 242.2 252.0 259.3 268.8

6574 2.530 21.528 187.8 209.1 189.0 210.2 238.9 258.4 262.4 281.3

i6647 0.000 36.075 225.6 237.7 226 3 238.3 255.2 266.5 268.9 280.0

6715 0.000 37.135 225.8 237.8 226.4 238.4 255.2 266.5 268.9 280.0

£ Approximate location of the CV O-ring.
b Baseline 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'i 2 3 4 '

0C(OF) 0C(OF) 0C(`F) 0C(0F) CC( 0F)

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 (275) 135 (275)
BoroBond4 step 107 (225) 135 (275) 107 (225) 177 (35 0 )b 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 )b 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)

S Refer to figures for exact locations and to Tables 5.3 through 5.7 in ORNIJNTRC-0 13. Vol. I for recorded values.
b Temperature indicating patch may have been damaged due to impact with surrounding structure.

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 externral dimensions of 10.8 cm (4.25 in.) diameter
by 25.4 cm (10 in.) high; and

5. one shipment will contain three cans with external dimensions of 12.70 cm (5.00 in.) diameter
by 25.4 cm (10 in.) high.

These arrangements are shown in Fig. 1.4. To determine the ES-3100's maximumnormal 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 (Tnb) and pressure (P.) [25°C (77TF) and
101.35 kPa (14.7 psia)] 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. Convenience can geometry does not change during pressure increase inside containment
vessel. ', l

4. Polyethylene bagging of contents and/or convenience cans is limited to 500 g per containment
vessel shipping arrangement when 10.80 cm (4.25 in.) diameter or less convenience cans are
used.

5. No contents that will off-gas at temperatures above ambient temperature can be used inside
the containment vessel when convenience cans are greater than 10.80 cm (4.25 in.) in
diameter. .: -

Table 3.10. Total pressure inside the containment vessel at 87.81 'C (190.06'F) '

CAn, n, pb- n- PT

(lb-mole) (lb-mole) - (lb-mole) (lb-mole) (lb-mole) (psia)

3.0855e-04 1.0057e-05 0.OOOOe+0O ,.OOOOe0oo 3.1 861 e-04 17.786

2 3.1264e-04 1.0190e-05 '0.OOOOe+0O O.OOOOe-OO 3.2283e-04 17.786

3 3.1997e-04 1.0429e-05 0--.OOOOe+O 0.OOOOe-00 3.3040e-04 17.786

4 2.9252e-04 9.5344e-06 O.OOOOe+00 0.OOOOe-00 3.0205e-04 17.786

S 6.7348e-05 2.1951e-06 0.OOOOe+00 0.OOOOe-OO 6.9543e-0S 17.786

This assumes that the convenience cans and Cat 277-4 can spacers are sealed.

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 ofHAC per 10 CFR 71.73 has been determined for the most
restrictive CVAs shipped in the ES-3100. The five shipping configurations discussed in Sect. 3.1.4.1 are
evaluated for HAC. To determine the maximum pressure generated inside the ES-3 100'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 are assumed to be sealed in order to minimize the void volume inside
the containment vessel.

3. Convenience can geometry does not change during pressure increase inside containment vessel
or because of damage from compliance testing.

4. Polyethylene bagging of contents and/or convenience cans is limited to 500 g per containment
vessel shipping arrangement when '10.80 cm (4.25 in.) diameter or less convenience cans are
used.

5. No contents that will off-gas at temperatures above ambient temperature can be used inside
the containment vessel when convenience cans are greater than 10.80 cm (4.25 in.) in
diameter. ;.
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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 123.850C (254.93 0F) '

CVA L NOP 0 pO , bo T PT
(lb-mole) (lb-mole) (lb-mole) (lb-mole) (psia)

1 3.8549e-04 1.3458e-05 3.1529e-04 7.1424e-04 43.852

2 3.9060e-04 1.9225e-05 3.1529e-04 7.2512e-04 43.938

3 3.9976e-04 1.1535e-05 3.1529e-04 7.2659e-04 43.018

4 3.6547e-04 7.6901e-06 3.1529e-04 6.8845e-04 44.585

5 8.4143e-05 0.0000e+00 0.0000e+00 8.4143e-05 23.668

£ This assunes that the convenience cans and Cat 277-4 can spacers are sealed.

3.2 SUMMLNIARY 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 2774),
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.

3.2.2 Component Specifications

Component specifications are listed in Tables 3.14 and 3.15.

3.3 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.

3.3.1 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.
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Table 3.12. Thermal properties of the materials used in the thermal analvsis

M Temperature Thermal conductivity Density Specific heat
(°F) (Btu./h-in.-0F) - (Ibm'in. 3) (Btullbm-°F) Emissivity

Stainless steel -279.67 0.443' 0.285 3 0.065' 0.22

-99.67 0.607 - 0.096 _

260.33 0.799 0.123 _

620.33 0.953 0.133 3

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 0.00930.01 0.2d
212 0.0091 , _

392 0.0081 ' '

572 0.0072 : -

1112 0.0082' - -

Neutron poison -31 0.0457 0.0579 f 0.125c -

(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 0.04509 0.0683 E 0.21609
(BoroBond4) 77 * 0.0576 - -

100 0.0632 -

104 0.0642 - -

Silicone rubber - 0.0161 ' 0.047 ' 0.3 0 0h 1.0

Air -9.67 1.074 x 10- ' 4.064 x 10 - 5j 0.240'-

80.33 1.266 x 10-3, 0.241 _

170.33 1.445 x 10-3 i - - , 0.241 _

260.33 1.628x 103 0.242 _

350.33 1.796 x 0 ' 0.244 _

440.33 1.960 x 10' 0.246 -

530.33 2.114x 10' _ 0.248 -

620.33 2.258 x 103_ 0.251 -

710.33 2.393 x 10-' 0.254 -

800.33 2.523 x 103 _ 0.257 -
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Table 3.12. Thermal properties of the materials used in the thermal analysis (cont.)

Material Temperature Thermal Conductivity Density Specific Heat Emissivity
_ _ _ _ _ (OF) (Btu/h-in.-0F) (Ibm/in.3) (Btu/lbm-0F) __________

Air (cont.) 890.33 2.644 x 10-3 - 0.260 -

980.33 2.759 x 10-3 - 0.263 -

1070.33 2.870 x 10-3 - 0.265 -

1160.33 2.985 x 10-3 - 0.268 -

1250.33 3.096 x 10-3 - 0.270 -

1340.33 3.212 x 10-3 - 0.273 -

1520.33 3.443 x 10-3 - 0.277 -

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, ORNILTM-2003/49 (Appendix 2.10.3).

Basedon abakeddensityof 19.4 Ibm/t' (0.011Ibm/in'). SpecificationJS-Y.MN3-801580-A003 (Appendix 1.4.4) requires abaked
density of 22.4 i 3 Ibm/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/f'. The HAC analyses also consider a high-end density of 30 Ibm/ft.

d FAX communication from J. W. Breuer of Thermal Ceramics, Engineering Department, August 11, 1995.
Hsin Wang, Thermophysical Properties of Heat Resistant Shielding Material, ORNILJM-20041290 (Appendix 2.10.4). Specific
heat values are presented in MJ/m'-K in ORNIJTM-2004/290-converted to mass-based units using a density of 105 Ibm/ftV.
Based on a cured density of density of 100 Ibm/ft3 (0.0579 Ibm/in3 ). B. F. Smith and G. A. Byington, Mechanical Properties of
2 77-4, YIDW- 1987, January 19,2005 (Appendix 2.10.4), presents a range of measured densities between approximately 100 and
110 Ibm/ft3 for Catalog No. 2774. 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/ft3.

' E-mail communication with presentation attachment, Jim Hall (Eagle-Picher) to Jerry Byington (BWXT Y-12), 3/12/2004.
b THERM 1.2, thermal properties database by R. A. Bailey.

Conservatively modeled as 1.0.
Constant density value evaluated at I 00OF.

3.3.2 Evaluation by Test

Full-scale testing of five ES-3 100 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.
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Table 3.13. Mechanical properties of the materials used in the static stress analyses

Modulus of Poisson's;Coefficient ofTemperature Yoison'sDensity
Material (OF) Elasticity Ratio (lbrn/in.) thermal expansion

(0)(psi) (in./nJ0 F)

Stainless steel -40 28.6 x 106 * 0 .2 9 b 0 .2 8 5 d 8.2 x 10-6 e
100 28.14x 106  

- 8.6x 10-6
200 27.6 x 106 ' ' 8.9 x 10-6

300 27.0 x 106 - : -,.. - 9.2 x 10-6

Kaolite 29,210, *0.0°l 0.013' 5.04x 106

Neutron absorber -40 1.991 x 106 Ii 0.33 0.0608 h 7.056 x 10-6 i

(Cat 277-4) -4 - ; ';. '- - 7.222 x 10-6
32 - - : - 7.222 x 10-6

70 0.984 x 106 t - 0.28 -
100 0.403 x 106 0.25 - 7
104 - 7:- - 7 0
140 - ,- 6.444 x 10-6

176 - - 5.778 x 10-6
212 - - - 5.389 x 10-6

248 - , 5.056 x 106

284 - - ;) - 4.889 xl6
302 - - - 4.833 x 10-6

ASME Boiler and Pressure Vessel Code, Sect. II, Pan D, Subpart 2, Tables TE-1, B column, and TM-I.
b 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).
' F. P. Incropera and D. P. DeWitt, Fundamentals ofHeat and Mass Transfer, 2' edition, John Wiley & Sons, New York, 1985.

Metallic Materials and Elements for Aerospace Vehicle Structures, MIL-HDBK-5H, May 1986.
Specification JS-YMN3-8015S0-A003 (Appendix 1.4.4) requires a baked density of 22.4 ± 3 Ibm/ft'.

£ E-mail commnunication, Ken Moody (Thermal Cermamics, Inc.) to Paul Bales (BWXT Y-12), December 9,2004.
h B. F. Smith and G. A. Byington,AMechanical Properties of277-4, Y/DW-1 987, January 19,2005 (Appendix 2.10.4).

W. D. Porter and H. Wang, Thermophysical Properties ofHeat Resistant Shielding Material, ORNI/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.

:. I 6 . -
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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 weldrment

Drum plugs

Drum assembly

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

%-II X 7/a long, fabricated per ASME SA-193, using Type 304/304L
stainless-steel per ASME 479

5/a-l 1 UNC-2B, silicon bronze C65 100, ASTM F-467

Modified 30-gal, 16-gauge (MS27683-61) lid, type 304 or 304L stainless
steel; and a 1 1-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 1.4.1)

Nylon plastic plug, Micro Plastic, Inc.

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

Insulation and impact limiter Lightweight cast refractory insulation, Kaolite 1600, 358.8 kg/mr3

(not removable) (22.4 lb/ft3) density, cast in stainless-steel shells in the drum and top plug

Neutron absorber Cat 277-4, 1681.9 E 80.1kg/n 3 (105 w 5 lb/ft3) density

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

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

Aluminum tape

Silicone pads Silicone rubber, 22 A 5 Shore A, color black/gray

Containment vessel plug

Containment vessel swivel hoist ring

Containment vessel

Containment boundary

Part # 04-2126, Modified VCO threaded plug, brass

3052T56, Swivel hoist ring, alloy steel (not used for shipment)

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: Typ- F304L stainless ASME SA-182 (body, flange, and end
cap); type 304, stainless steel, ASME SA-479 (sealing lid), Nitronic 60
SST per ASME SA479, UNS-S21800 (closure nut)

All components per ASME Boiler and Pressure Vessel Code, Sect. II,
Part D, Table 2A
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Table 3.14. Packaging material technical specifications (cont.)

Component - Specifications

Containment vessel O-rings Elastomer, ethylene propylene, normal service temperature range of
-40 to 150'C, Specification M 3BA712A14B13F17 in ASTM D-2000,
per 00-PP-986; Rev. D

Containment vessel lid assembly Part # WSM-400-S02, type 302 stainless steel
retaining ring '1

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 veisel packinig material

Convenience cans Stainless steel o6r tii lated carbon steel with stainless-steel can handles
and nylon coated stainless-steel wire

Silicone rubber pads Silicone rubber, 22 5 Shore A, color black/gray

Spacers Stainless-steel can filled with Cat 277-4

Bagging Polyethylene

Metal scrubbers Stainless steel, McMaster Carr Part . 7361T13
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Table 3.15. Component allowable service temperature and pressure

Allowable service Allowable pressure range
Component temperature range kPa (psia)

0c (01F)

Drum assembly

Stainless-steel drurn and lid -40 to 871 (-40 to 1600)' 48.3 (7)

Silicon bronze nuts -40 to 871 (-40 to 1600)' N/A

Stainless-steel washers -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 -40 to 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

Cat 277-4 -40 to 150 (-40 to 3 0 2)b N/A

Silicone rubber pads -40 to 232 (-40 to 450) N/A

Containment vessel

Stainless-steel body and sealing lid -40 to 427 (-40 to 800)c 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 0-rings) -40 to 204 (-40 to 400)d N/A

Ethylene propylene 0-rings -40 to 150 (-40 to 3 0 2 )d 5.52 x I03 (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.
b This limit is established based on criticality limits of moisture loss.

This limit is established by the ASME Boiler and Pressure Vessel Code.
4 This limit is provided by the Parker O-Ring Handbook for each material's continuous service limit.
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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).

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 TestAnalysis/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; including the support stand, exceeded 800'C (1475 0F)
during the timed portion of the thermal test. For thetest specified in the regulations, regardless of the amount
of heat input by convection, radiation, or conduction, the maximum temperature the skin ofthe package could
reach would be 800'C (1475 0F). 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 0F). 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 ORNI/NTRC-013/V1. 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-3 100 components are well below the allowable limits concerning temperature, stress, andpressure during
transportation.
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Fig. 3.2. Test unit preheat arrangement.

Fig. 3.3. Test unit insertion into furnace.
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Fig. 3.4. Test unit removal from furnace.

Fig. 3.5. Test unit cool down and monitoring arrangement.

3-25

YILF-717ICh-3fES-3 100 HEU SAR~pc,'02-25-05



Table 3.16. Summary of results of evaluation for the ES-3100 under NCT

Calculated Allowable SARP
Conditions results limit reference

Minimum package temperature, 0C (0 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, 0C (0 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)a 427 (8 0 0 )b Appendix 3.6.2
0C (OF) Sect 3.4.1

Maximum 0-ring temperature, 0C (0F) 87.81 (190.06) 150 (302)0 * Appendix 3.6.2
Sect. 3.4.1

Maximum containment vessel pressure, kPa (psia) 122.63 (1 7 .7 8 6)d 801.2 (116.2)' Appendix 3.6.4
Sect. 3.4.2

£ Appendix 3.6.2.
b ASME Boiler and Pressure Code, Sect. 11, Part D, maximum allowable temperature for Sect. Ilr, Div. 1, Subsection NB vessel.

Maximum 0-ring seal life up to 150'C (302'F) for continuous service (Parker 0-ring Handbook, Fig. 2-24):
d Appendix 3.6.4
e Appendix 2.10.1 allowable limit.

Table 3.17. Summary ofresults ofevaluation undeirHAC for the ES-3100 shipping arrangement using
bounding case parameters

Condition Results Design SARP
limits references

Maximum adjusted containment vessel 152.22 (306.00) 426.67 (800)' Sect. 3.5.3
temperature during testing, 'C (0F)

Maximum containment vessel pressure during 307.40 (44.585) 801.2 (116 .2 ) b Appendix 3.6.5
testing, kPa (psia) Sect. 3.5.3

Maximum adjusted 0-ring temperature, 0 C (0 F) 141.22 (286.20) 150 (302)0 Sect. 3.5.3

ASME Boiler and Pressure Code, Sect I, Part D, maximum allowable temperature for Sect. 111, Div. 1, Subsection NB vessel.
b Appendix 2.10.1 at 148.890C (300'F).
e Continuous serice limit (B&PVC, Sect il).
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3.4 THERMAL EVALUATION UNIDER NORMAL CONDITIONS OF TRANSPORT

3.4.1 Heat and Cold -

The ambient temperature requirement forNCT is 380G (100°F). The 36kg of HEU shipped in the
ES-3 100 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. rIf the package is exposed to solar radiation at 380C
(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, 87.8 1,
and 87.720 C (243.89, 190.06, 189.90'F), respectively, for the ES-3 100. Nevertheless, these temperatures
are within the service limits of all packaging components, including the 0-rings. The normal service
temperature range of the 0-rings used in the containment boundary is -40 to 150'C (-40 to 302'F), in
accordance with B&PVC, Sect. III; thus, the seal will not be affected by this maximum normal operating
temperature.

- Using the temperatures calculated for the conditions of 10 CFR7 1.71 (c)(1), Appendix 3.6.4 predicts
that the maximumnormal operating pressure inside the containment vessel will be 122.63 kPa (17.786 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 122.63 kPa (17.786 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-3 100 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-3 100 test packages. Due to the similarities in design, fabrication, and material used in construction of
both the ES-2M and the ES-3 100 package, the Kaolite 1600 physical characteristics will hold true for both
designs. The integrity ofthe 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-3 100 shipping package was subjected to the full NCT test battery including vibration.

Following these tests, the containment vessel ofthe ES-2M Test Unit-4 was removed, and a full body
helium leak check was performed. The test unit qpassed the leak-tight criteria in accordance with
ANSI N14.5-1997. The containment vessel was then reassembled into the previously tested drum assembly
and subjected to the complete HAC testing. Based on'the success of this unit and the similar design of the
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ES-2M, it can be concluded that vibration normally incident to transport does not reduce the effectiveness
of the ES-3 100 packaging during HAC testing. The ES-3 100 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-3 100 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 380 C (1000F) in the shade, for
the drum lid center and the containment vessel flange near the inner O-ring, is 37.890C (100.20'F) and
38.220 C (100.800F), respectively. The analysis shows thatno accessible surfaceofthepackagewouldhave
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 71.7 1(c)(2), the containment vessel pressure must be calculated
at -40 0C (-400 F). Given the initial conditions of temperature, relative humidity, no silicone rubber or
polyethylene bag off-gassing, the pressure is calculated as follows:

PI @ 250C P. + P, + p=o,

where
P. 98.15 kPa (14.236 psia) (Appendix 3.6.4)
P = 3.20 kPa (0.464 psia) (Appendix 3.6.4)
Pf0  = 0 (no off-gassing, Appendix 3.6.4)

At -40 0C (-400 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.

PI VI P2 V2

T, T2

where,
P = 98.15 kPa (14.236 psia)
T. = 25°C (298.15 K)
T2 = -40°C (233.15 K)
VI V2

rearranging and solving for P2,

P2  = P (T2/T,)
= (98.15)(233.15/298.15)

P2  = 76.76 kPa (I1.13 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 36 kg (79.37 lb) 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 7.6, the
thermal effects of this internal heat source are neglected during evaluation of the package performance at
-40°C (-40°F). When exposed to this condition, the package component temperatures will stabilize over
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time at a temperature approaching -400C (-400F)." The package has been examined for use at -40'C
(-40"F) (Sect. 2.6.2). No detrimental'effects on'the pa6kiige struc .ture or scaling capability result from
this minimum temperature requirement. Ile noirmal'service temperature range of the 0-rings used in

'�'ISOOC(-4Ot6302'F),inaccordanc
thecontainmentboundaTyis-40t ewi
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
ANSIN14.5-1997 following compliance testingprovidesjustification of the above statements.

3.4.2 Maximum Normal Operating Pressure j, - -.,

The stainless-steel drum and cast refractory system %rill not pressurize as a result of temperature
increases because of four ventilation holes (0.795 cni [0.313 in.) in diameter) drilled in the drum side wall
3.81 cm (1.5 in.) from the flanged top and equally �paced around the drum. The holes are filled with nylon
plugsbuttheyarenothermeticallysealed. Theinnerlinerencapsulatingthenoncombustibleneutronpoison
(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,%xidth 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.

Ile maximum normal operating pressure is defined in I 0 CFR 71.4 as the maximum gauge pressure
that would develop in the containment system in a period of one year underthe 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 122.63 kPa (17.786 psia). This pressure incorporated the off-gassing
fromthe siliconerubberpadsandpolyethylenebaggingandassumesthatthecontainmentvesselisassembled
at ambient temperature and pressure at I 00% relative humidity. The heat -transfer capability ofthe packaging
is not degraded due to gap creation caused by differences in the fabrication material's coefficient of thermal
.expansion. Modeling assumed noniinal gaps: and position based on the engineering drawings of
Appendix 1.4.1.

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

3.4.3 Maximum Thermal Stresses

The temperature of the package'undeir'NCTwill' 'Gary from a low of -40'C (-40'F) throughout the
package to a maximum of I 1 7.72 and 87.8 1 'C (243.89 and 190.06'F) (Appendix 3.6.2) on the surface of
thedrumandthecontainmentvesselrespec�iyel�.(!��c't.3A.1). Theslowtemperatureincreaseordecrease
experienced in nornmYconditions betweet these limiis'w-ill result in an essentially uniform temperature
change throughout the packages All materials of construction are .within' this operating temperature range
(Table 3.15). Thermal stresses due to differences in'the'rinal expan's'io'n'are ins.ignificant, as discussed in
Sects. 2.6.1.2 and 2.6.2.

Most of the components of the packaging are completely unrestr ained. Therefore, any thermal
stresses in the packaging components as the temperature varies bet-ween the extremes listed above will have
no effect on the ability of the packaging to maintain containment, shielding integrity, and nuclear
subcriticality. The maximum stresses due to'p'res�ure' under NCT for the containment vessel are given in
Tables 2.21 and 2.22. These values are significa'ntly'below the allowable stresses for the packaging
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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 1.4.1). 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. Im Subsect. NB and IX of the ASME Boiler and Pressure
Vessel Code (B&PVC Sect. HI 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 to
162.7 - 6.8 N-m (120 4 5 lbf-ft). The O-ring material is ethylene-propylene elastomer.

The design temperature range of the containment vessel is -29 to 148.890C (-20 to 3000F)
(Appendix 2.10.1). However, the package has been evaluated to -400 C (-400F) (Sect.2.6.2). The thermnal
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 0C (-40 to 302'F) for continuous service and up
to 165 0C (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 0-rings. The
maximum temperature recorded in the vicinity of the ES-3100 0-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-3 100 package to 141.220C (286.20'F). Hence, no damage would be expected to the
O-rings during HAC.

The test packages were all preheated to above 380 C (100°F) prior to being placed in the furnace,
which was heated to over 800 0C (1475 0F). As noted in the test report (ORNL-NTRC-013), 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. m. Thermal stress is defined as a self-balancing stress produced by a
nonuniform distribution of temperature (Paragraph NB-3213.13 of B&PVC, Sect. I). This paragraph
further states that there are two types of thermal stresses: general thermal stress and local thermnal stress. An
example of a general stress is that produced by an axial temperature distribution in a cylindrical shell
(ParagraphNB-3213.9). This general stress is furtherclassified(ParagraphNB-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.

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 10- ref-cm3/s. Following the O-ring
leak check, the five containment vessels were drilled and tapped for fMll body helium leak testing. All five
containment vessels passed the leak rate criteria for leaktightness per ANSI N14.5-1997. The containment
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vessels were then submerged under a pressure equivalent to 0.9 m (3 fit) 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, closurenut, 0-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:.w- .

,, -.*J:

3.5 HYPOTHETICAL ACCIDENT THERMAL EVALUATION

3.5.1 Initial Conditions

Five full-scale packages were tested in the sequence shortn in Table 2.19. Each ES-3 100 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 Unit4) had previously completed the tests and conditions stipulated in
10 CFR 71.71(c)(5) through (c)(10), excluding (c)(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-3 100 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 .120. 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 0F), the initial internal containment vessel pressure was -105.70 kPa (15.33 psia) at
380 C (100 0 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 operating pressure or 122.63 kPa (17.786 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 36 kg of HEU. Analysis of the ES-3 100 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 0.40C (0.7 0F) at the top'center of the containment vessel lid , 0.40 C (0.70F) at the
containment vessel flange near the O-rings, 0.450 C (0.8 0F).at the containment vessel bottom center, and
0.60C (1.1 0F) at the containment vessel mid body.- These temperature differentials are representative for
both the Kaolite 1600 densities evaluated..

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.
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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/lMethod 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 ofthe ES-3100 Package (ORNL-NTRC-0 13), six thermocouples were
affixed to the drum assembly's exterior surface. Metal retainer clips were welded to the exterior surface to
hold the thermocouples 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 setpoint was adjusted to 871 'C (1600'F)
for at least 45 mmn prior to the beginning of the next test. The furnace control data recorder ran continuously
foe the entire duration of the preheat cycle test. Each test unit was preheated to over 380 C (100 0 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 930 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 660 C (150'F) for -23 h. The thermostat set point
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was then reduced to 430C (1 10F) 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 feading of 8000C (1475 F) or higher;'FAll 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 '6f the six test package exterior surface thermocouples
reached a temperature of 8000C (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 8000C (1475 0F) and remained above 8000C (1475 0F) during the
30-min thermal testing. Similarly, all other surfaces of the furnace, including the support stand, exceeded
800C (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 8000C (1475 F). That is, the source of the heat in the
regulatory specified test is at 8000C (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 80000 (1475 0F). Therefore, the fact that these test packages
attained temperatures well in excess of 8000C (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 (ORNL/NTRC-0 13).

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 wag 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 ifteriflames were no longer visible. The packages continued
to smoke between 12 and 60 min after removal from the fumace. All the packages were allowed to cool
naturally to room temperature. The post-thermal testing weights of each unit are summarized from
ORNL/NTRC-013 and shown 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.

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
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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 weightb in BoroBond4' percentd

kg (lb) kg (lb) kg (Ib) kg (lb) 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) 0.0 (0) 20.5 (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 (45.42) 4.89 (10.77) 9.29

Data from ORNL/NTRC-013.
b Weight of BoroBond4 and water obtained from casting data. (ES-3 100 Weldments 2004)

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

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 0C (125 to 500 0F). For Test Units-I 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 contents 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 lb) to 203.7 kg (449 lb). The ES-3 100 package has a nominal gross shipping weight that
ranges from 146.88 kg (323.79 lb) to 186.64 kg (411.48 lb) 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.

Table 3.19. Thermax temperature indicating patches for test units

Internal External Temperature range Test report
Patch Location surface surface CC ('IF) 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) 5.31

Containment vessel body flange 8 (4B & 4C) 8 (4B & 4C) "B" 77-127 (171-261) 5.28
"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-0 13, Volume 1.
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As previously stated, temperature indicators (patches) were placed on the surface of each
K.. containment vessel, inner liner, and mock-up component; The blackout temperatures that occurred during

thermal testing are recorded on Test Form 5 in TestReport ofthleES-310OPackage (ORNL/NTRC-013), for
each test unit; the maximumblackout temperatures are listed in Table 3.9. A maximumblackout temperature
of 16VC (241 'F) was recorded in the vicinity of the O-rings on the containment vessel of Test Unit-S. 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 temperatureincrease 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 2774; and (8) temperature difference
resulting from variations in Kaolite 1600 and Cat 2774 material densities.

The initial adjustment for the blackout reading is an increase of 6.11 'C (11.0 OF) 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 of380G (1000F). In the case of the ES-3100 package, each test unit was thermally
soaked to over 380 C (1000F) 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-3 100 package
after thermal HAC tests both with and without insolation have been performed. Results from these analyses
indicate an increase of -5.94 0C (10.7 0F) at the containment vessel top (node 6715), -6.06 'C (10.9 0F) at the
containment vessel O-ring (node 6359), -10.440 C (1 8.8 0F) 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 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 36 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 duringHAC dueto a 0.4-Wheat source, as calculated in Appendix 3.6.2, wouldbe-0.39°C (0.7°F)
at the containment vessel's top (node 6715),-0.39 °C (0.7 0F) at the containment vessel's O-ring (node 6359),
-0.6°C (1.1 °F) at the containmenu 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 lb) crush plate. Based on the differences in location
of the crush plate between Test Units-I 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).
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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-lb) 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 2.50F to 8.0F cooler 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 -6.40 C
(11.6 0 F) higher at the containment vessel's top (node 6715), -6.40 C (1l.60 F) higher at the containment
vessel's O-ring (node 6359), -4.60C (8.30 F) higher at the containment vessel's mid body, and -7.720 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 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 ( 0f) for containment vessel due to HAC

Node' Analytical Temperature Adjustments Total Temp

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

See Figs. 8 through 11 in Appendix 3.6.2 for details of node locations.
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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-lb) 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 (0F)

Analytical temperature Maximum blackout temperature Final predicted C\'
Node ' adjustments on Test Unit-5 temperature

(0F) (0F) (eF)

6715 45.00 261 306.00

6359 45.20 241 286.20

6574 50.20 199 249.20

6399 44.90 210 254.90

' 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 and the data presented in the
test report (ORNL/NTRC-013). The approach used is to divide the containment vessel volume into three
distinct equal regions and then average the three together. The first v'olume 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 0C (241 'F)] and the temperature recorded on the external surface of the
convenience can [98.890 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 0 C (45.20'F) for this region, the adjusted average
temperature in the first region is 132.61 0C (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 0C (50.20'F) for this region, the adjusted average
temperature in the second region is 120.670C (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 [87.780 C
(190'F)] and the containment vessel end cap temperature [98.89°C (210 0F)], the average temperature of gas
in this region is 93.330C (200'F). Using the temperature adjustment of 24.940 C (44.90'F) for this region,
the adjusted average temperature in the third region is 118.280 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 UF), and 307.40 kPa
(44.585 psia), respectively.

The maximum adjusted temperature on the surface ofthe containment vessel, adjacent to the O-rings,
was 141.220C (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
ANSI N14.5-1997. 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
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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 36-kg
(79.37-lb) 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

This section is not applicable.
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3.6 APPENDICES

Appendix Description

3.6.1 THERMAL EVALUATION OF THE ES-3 100 SHIPPING CONTAINER FOR NCT AND
HAC (CONCEPTUAL DESIGN WITH BOROBOND4 NEUTRON ABSORBER)

3.6.2 THERMAL EVALUATION OF THE ES-3 100 SHIPPING CONTAINER FOR NCT AND
HAC (FINAL DESIGN WITH CATALOG 277-4 NEUTRON ABSORBER)

3.6.3 THERMAL STRESS EVALUATIONOFTHEES-3 100 SHIPPING CONTAINERDRUM
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
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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)
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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-3 100 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).J'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-3 100 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).J'J Since physical testing of the ES-3100 shipping container vill 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-3 100 shipping container. The predicted temperature increases may be used to adjust
physical test data for those loads not included in the tests.

FINTITE ELEMENT MODEL DESCRIPTION

A two-dimensional axisymmetric (r-z) finite element model of the ES-3 100 shipping container is
constructed using MSC.Patran (2004, Version 12 .0. 044)123 for evaluation for NCT. The actual contents of
the ES-3 100 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,
Borobond4, 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.

Material Temperature Thermal conductivity Density Specific heat Ernissivity
______ (K) (W41m-K) (kg/rn3~) (J/kg-K)l ______

100 9.2(a) 7900(a) 272(a) 0.22(a)
200 12.6 - 402 _
400 16.6 - 515 _
600 19.8 - 557

Stainless steel 800 22.6 - 582
1000 25.4 - 611 _
1200 28.0 - 640 _

. 1500 31.7 - 682 _
293.15 0.1923(b) 480.7 837.3
373.15 0.1880 - - _

Kaolite 1600 473.15 0.1677 - -
573.15 0.1490 - - _
873.15 0.1704 - -

269.26 0.934() 1899.79(0 904.3(0
Bobn4 298.15 1.1972 --

Borobond4 310.93 1.3137 * _
313.15 1.3339 _ _

Silicone rubber - 0.33472(5) 1300(g) 1255.2(5) 1.0(h)

250 22.3xI0.3("') .125(a)(i) 1006(a)
300 26.3X10-3 - 1007 _
350 30.0x10-3 - 1009 _
400 33.8x10-3 - 1014 _
450 37.3X10-3 - 1021 _
500 40.7x10-3 - 1030 _
550 43.9x 10-3 - 1040 _
600 46.9x10-3  

- 1051 _

Air 650 49.7X1 0-3 - 1063
700 52.4x10-3 - 1075 _
750 54.9x10-3  - 1087 _
800 57.3xl0-3 - 1099 _
850 59.6x10-3 - 1110 _
900 62.Ox10-3 - 1121 _
950 64.3XO-3  

- 1131 _
1000 66.7x0-3 - 1141 _
1100 71.5x10-3 . 1159 _

Notes: (a) F. P. Incropera and D. P. DeWitt, Fundamentals of Heat and Mass Transfer, 2d edition, John Wiley & Sons, New York, 1985.
(b) Hsin Wang, Thermal Conductivity Measurements ofKaolite, ORNLUIM-2003/49.
(c) Thermnal Ceramics Product Information datasheet.
(d) Based on a baked density of 30 lbm/ft5 (480.6 kgftn 3). Specification JS-YMN3-801580-A003 requires a baked density

of 22.4 3 lbm/ft3. Therefore, in addition to the 30 Ibm/ft3 value, analyses are performed for a low-end density of 19.4 Ibn/ft3

(310.76 kg/mT). The thermal conductivity and specific heat values are identical between the analyses with differing densities.
(e) FAX communication from J. W. Breuer of Thermal Ceramics, Engineering Department, August lI, 1995.
(f) E-mail communication with presentation attachment from Jim Hall of Eagle Picher to Jerry Byington, 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 310.9 K.
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MODELED HEAT TRANSFER MIECHANISIMIS

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 Behveen 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:[3)

q".rd = CF. (Ts4_T. (I)

where a =
F. =
Ts =
T. =

Stefan-Boltzmann constant,
overall exchange factor,
container outer surface temperature (absolute), and
ambient or fire temperature (absolute).

The overall interchange factor is calculated as:[31

Fe (2)

where ep = emissivity of package surface,
Ap = surface area of the package,
A, = surface area of the surroundings, and
e, = 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 p . (3)

An emissivity value of 0.22,E41 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.,= |(4)

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).I'l 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 conection = h (T, T, ). .5

where, h = natural convection heat transfer coefficient,
Ts = container outer surface temperature, and
Ta = 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:(51

L Rac, (6)

where, k = thermal conductivity of air,
L = characteristic length (= D/4 per Ref. 5),
D = diameter of the package,
Ra = Rayleigh number,
Cl = constant (see Table 2), and
C2 = constant (see Table 2).

The Rayleigh number in Eq. 6 is defined as:

a= gATL3  (7)
vct

where, g = acceleration of gravity,
f = coefficient of thermal expansion,
AT = temperature difference,
v = kinematic viscosity [Alp],
i = absolute viscosity,
a = thermal diffusivity [kI(p Cp)],
p = density of air, and
p = specific heat of air.

-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
2.6x1 4 < Ra < I.Ox10' 0.54

Cl I.0X10 7 < Ra < 3 .OxlO10  0.15

2.6x10 4 <Ra < I.0X107 0.25
C2 1.Ox07 <Ra <3.0x10 1/3

Ra< L.0X109  0.680
03 Ra > 1.Ox 109 0.825

C4 Ra < I.Ox 109 0.670
Ra> l.0x109  0.387

Ra < I.Ox O1 0.25
Ra > I .Ox 109 1/6
Ra < I.Ox 109  4i9

06 Ra> I.0x109  8/27
Ra < .Ox10 9  I

C7 Ra> I.ox109  2
C .Ox 104 < Ra < l.Ox109 0.53
1.Ox10 9 <Ra< I.0XO 10 0.13
.x1 4 < Ra < I.OXI 9  0.25

_ _ I.Ox10 9 <Ra< I.0x1012 1/3
Sourcc: MC.Pratran Inermal users Guide, Vo/ume 1: Inerrntauydrauic Analysis, MSC.Sortware

Corporation,Santa Ana, CA 92702, 2003.

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

Thermal Absolute Coefficient of thermal
Temperature C . .ct Density Specific heat v.cct exaso

(K) Conductivity (kg/m ) (J/kg-K) viscocity expansion
( )(NV/m-k) (gr )(J g- ) (N-s/rn 2) (K:4)

250 22.3x10 ' 1.3947 1006 159.6x 10' 4.00x10-3
300 26.3x 10 1.1614 1007 184.6x10 7  3.33x 103
350 30.0xI0.3 0.9950 1009 208.2xlO' 2.86x1O-'
400 33.8x10- 0.8711 1014 230.1x1O' 2.50xI0'
450 37.3x 10' 0.7740 1021 250.7xIO' 2.22x1O'.
500 40.7x 10'3 0.6964 1030 270.1x10' 2.00x10-
550 43.9x 10' 0.6329 1040 288.4xlO-T 1.82x 10-3
600 46.9x 10-3 0.5804 1051 305.8x0 _o- 1.67x10-
650 49.7x10 ' 0.5356 1063 322.5x1O-' 1.54x10-'
700 52.4xio-1 0.4975 1075 338.8x10-' 1.43x 10'
750 54.9x 10 3  0.4643 1087 354.6x10-' 1.33x10-
800 57.3x 10'3  0.4354 1099 _ 369.8x10' 1.25xO-'
850 59.6x 10- 0.4097 1110 384.3x10-' 1.18xIO-
900 62.0x10- 0.3868 1121 398.1x10- I. IxIO--
9D0 64.3x10- 0.3666 1131 411.3x10' 1.05x103

1000 66.7x10I 0.3482 1141 424.4x10' 1.0Ox10-
1100 71.5xO-j 0.3166 1159 449.0x10-' 9.09X104

Source: F. P. Incropera and D. P. DeWitt, Fiudamenitals ofHeat and ,Iass Transfer, 27 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:1 51

C7

h C3 + C 4 RaC, , (8)

where L = characteristic length = the drum height,
C3 = constant (see Table 2),
C4 = constant (see Table 2),
Cs = constant (see Table 2),
C6 = constant (see Table 2),
C7 = constant (see Table 2), and
Pr = Prandtl number [(Cp xjz)/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:1 51

h=(j)Cs Rac9, (9)

where D = diameter of the package,
C8 = constant (see Table 2), and
C9 = constant (see Table 2).

Insolation

The following insolation (incident solar radiation) data is required for NCT per 10 CFR 71.7 1(c)(1):111

Form and location of surface Total insolation for a 12-hour period
_______ and_____t_____fsurface _(calcm 2)

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"soar. ;) 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 q"', 0,,. =775.3 W/m2, (10)

Sides q'X0O3j =387.7W/ mr, (11)

Bottom q .b,,i = 0. (12)

During the cool-down period following the HAC 30-mninute 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", 1O;=193.83W/m2, (13)

Sides q",0 ar,=387.7 W/m2 , (14)

Bottom q"soj =193.83W/rm2. (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.E6 3 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. t61 These calculations assumed a temperature difference of 50C across the gap. Based on these
previous calculations, the effect of neglecting the natural convection in the gap regions is minimal.
PNIEWFACTORt 71 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-3 100 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"......) for a given content heat load is calculated using the following equation:

q1 SW= 2 , (16)

2 UcDi+ 7J(D1 )(H)
4Al

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/m2, a content heat
load of 20 W results in a uniform heat flux of 58.32 W/m2, and a content heat load of 30 W results in a
uniform heat flux of 87.48 W/m2.

DISCUSSION OF ANALYTICAL RESULTS

All thermal analyses discussed in this report were performed using MSC.Patran Thermal (2004 Version
12.0.044)[8] on an Intel Pentium 4-based Microsoft Windows 2000 computer. Temperatures are
monitored at selected locations in the model as shpwn in Figure 2.

Steady-state Conditions Analyses Results

Steady-state thermal analyses are performed on the finite element model of the ES-3 100 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 37.80C (1000 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-3 100 shipping container for content heat loads of 0.4, 20, and 30 W is presented in Table 4.
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Figure 2. NISC.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 (37.81C ambient temperature, no insolation).

Node( Location Steady-state temperature, C (F)
0.4 W 20W 30W

A CV lid, top, center 38.09 (100.56) 56.06 (132.90) 64.65 (148.37)
B CV lid, bottom, center 38.09 (100.56) 56.16 (133.08) 64.79 (148.63)
C CV lid, top, outer 38.09 (100.55) 55.82 (132.47) 64.30 (147.73)
D CV flange at interface, inner(b) 38.09 (100.57) 56.17 (133.10) 64.81 (148.66)
E CV flange at interface, outertb) 38.09 (100.56) 56.06 (132.90) 64.65 (148.37)
F CV flange, bottom, outer 38.09 (100.56) 56.05 (132.88) 64.63 (148.34)
G CV shell, mid-height, inner 38.36 (101.04) 69.36 (156.85) 83.91 (183.04)
H CV shell, mid-height, outer 38.36 (101.04) 69.35 (156.83) 83.90 (183.01)
I CV bottom, outer 38.18 (100.72) 59.56 (139.20) 69.97 (157.94)
J CV bottom, center, inner 38.18 (100.72) 59.65 (139.38) 70.11 (158.20)
K CV bottom, center, outer 38.18 (100.72) 59.64 (139.35) 70.09 (158.17)
L Drum liner, plug cavity, outer 37.85 (100.13) 43.26 (109.87) 45.81 (114.46)
M Drum liner, plug cavity, inner 37.91 (100.25) 46.93 (116.47) 51.29 (124.33)
N Drum liner, CV flange cavity, outer 37.97 (100.34) 49.87 (121.77) 55.70 (132.26)
0 Drum liner, CV cavity, mid-height, inner 38.07 (100.52) 55.08 (131.15) 63.53 (146.36)
P Drum liner, CV cavity, bottom, inner 38.12 (100.62) 56.87 (134.37) 66.02 (150.83)
Q Borobond4, top, outer 37.97 (100.35) 50.31 (122.55) 56.35 (133.43)
R Borobond4, mid-height, inner 38.07 (100.52) 55.08 (131.14) 63.53 (146.35)
S Borobond4, mid-height, outer 38.12 (100.50) 54.45 (130.02) 62.59 (144.66)
T Borobond4, bottom, inner .08 (100.55) 54.95 (130.91) 63.21 (145.79)
U Borobond4, bottom, outer 38.07 (100.52) 54.16 (129.48) 62.05 (143.69)
V Drum plug liner, bottom center 37.82 (100.07) 41.36 (106.46) 42.96 (109.34)

K. W Drum plug liner, top, center 37.98 (100.37) 50.51 (122.93) 56.59 (133.87)
X Drum lid, top, center 37.79 (100.03) 39.82 (103.67) 40.67 (105.20)
Y Drum lid, top, outer 37.79 (100.03) 40.08 (104.14) 41.06 (105.90)
Z Drum, mid-height, outer 37.84 (100.11) 41.60 (106.88) 43.26 (109.86)

AA Drum botton, outer 37.85 (100.13) 41.94 (107.50) 43.76 (110.76)
BB Drumbottom, center 37.91 (100.23) 45.14 (113.25) 48.51 (119.33)

Notes: (a) See Figure 2.
(b) Approximate location of the CV 0-ring.

Normal Conditions of Transport Analyses Results

Transient thermal analyses are performed on the finite element model of the ES-3 100 shipping container
to simulate NCT w vith 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 37.80C (1000F) 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 37.81C (100IF).

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 0-ring) on day 5 is within 0.0 1C 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 Ibm/ft3 (minimum density), 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 S 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 118.010C (244.420F), 118.03 0C (244.450F), 118.770C (245.790F), and 119.15'C
(246.47cF) 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 lbmi/ft3). The maximum temperature at the containment vessel
0-ring is 88.250C (190.840F), 88.560C (191.41iF), 103.87 0C (218.960F), and 11l1.420C (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 lbm/ft3).
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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/ft3 .

Node(a) Location Maximum "quasi steady-state" temperature, 'C (fF)
OW 0.4W 20W 30W

A CV lid, 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(b) 86.47 (187.64) 86.79 (188.21) 102.09 (215.77) 109.67 (229.40)

E CV flange at interface, outer(b) 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 (178.37) 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 81.37 (178A7) 81.77 (179.18) 100.72 (213.29 110.19 (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 Drum liner, CV cavity, mid-height, 81.30 (178.35) 81.61 (178.90) 96.82 (206.27) 104.13 (219.43)
_ _ _ inner_ _ _ _ _ _ _ _ _ _

P Drum liner, CV cavity, bottom, inner 81.52 (178.74) 81.86 (179.35) 9S.30 (208.94) 106.56 (223.80)

Q Borobond4, top, outer 87.36 (189.25) 87.58 (189.64) 98.19 (208.74) 103.57 (218.43)

R Borobond4, mnid-height, inner 81.30 (17835) 81.61 (178.90) 98.81 (206.26) 104.58 (220.24)

S Borobond4, mid-height, outer 81.37 (178A6) 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)

V Drumplug 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 Drumbottomn, center 87.21 (188.97) 8731 (189.15) 92.26 (198.07) 94.74 (202.54)

Notes: (a) See Figure 2.
(b) Approximnate location of the CV O-ring.
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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 lbmlft3 .

Node(a) Location Maximum "quasi steady-state" temperature, 'C (fF)

_OW 0.4W 20W 30W

A CV lid, top, center 88.30 (190.95) 88.62 (191.52) 103.84 (218.91) 111.35 (232.42)

B CV lid, bottom, center 88.28 (190.90) 88.60 (191.48) 103.90 (219.03) 111.45 (232.62)

C CV lid, top, outer 88.32 (190.97) 88.63 (191.54) 103.61 (218.50) 111.00(231.80)

D CV flange at interface, inner(b) 88.24 (190.83) 88.56 (191.41) 103.87 (218.96) 111.42 (232.55)

E CV flange at interface, outer(b) 88.25 (190.84) 88.56 (191.41) 103.77 (218.78) 111.27 (232.28)

F CV flange, bottom, outer 88.24 (190.82) 88.55 (191.39) 103.75 (218.75) 111.25 (232.24)

G CV shell, mid-height, inner 83.04 (181.47) 83.61 (182.50) 110.50 (230.89) 123.46 (254.23)

H CV shell, mid-height, outer 83.04 (181.47) 83.61 (182.50) 110.49 (230.88) 123.45 (254.21)

I CV bottom, outer 83.36 (182.04) 83.75 (182.74) 102.58 (216.64) 111.99 (233.59)

J CV bottom, center, inner 88.37 (182.07) 83.76 (182.77) 102.70 (216.86) 112.17 (233.91)

K CV bottom, center, outer 88.37 (181.07) 83.76 (182.77) 102.69 (216.84) 112.15 (233.87)

L Drum liner, plug cavity, outer 98.72 (209.70) 98.80 (209.85) 102.63 (216.73) 104.58 (220.24)

M Drum liner, plug cavity, inner 94.43 (201.97) 94.58 (202.24) 101.92 (215.46) 105.65 (222.16)

N 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, 83.12 (181.62) 83.43 (182.18) 98.63 (209.54) 106.40 (223.52)
inner _ _ _ _ _ _

P Drum liner, CV cavity, bottom, inner 83.62 (182.52) 83.96 (183.13) 100.36 (212.65) 108.60 (227.48)

Q Borobond4, top, outer 88.82 (191.88) 89.04 (192.27) 99.65 (211.38) 105.04 (221.07)

R Borobond4, mid-height, inner 83.12 (181.62) 83.43 (182.18) 98.63 (209.53) 106.39 (223.51)

S Borobond4, mid-height, outer 83.03 (181.46) 83.33 (182.00) 97.91 (208.23) 105.36 (221.65)

T Borobond4, bottom, inner 83.55 (182.39) 83.85 (182.93) 98.58 (209.45) 106.03 (222.86)

U 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)

W Drum plug liner, top, center 92.09 (197.77) 92.31 (198.16) 102.93 (217.27) 108.26 (226.87)

X Drum lid, top, center 118.01 (244.42) 118.03 (244.45) 118.77 (245.79) 119.15 (246.47)

Y Drum lid, top, outer 107.33 (225.19) 107.34 (225.22) 108.22 (226.80) 108.67 (227.60)

Z Drum, mid-height, outer 92.27 (198.08) 92.30 (198.14) 93.81 (200.86) 94.58 (202.24)

AA Drum bottom, outer 91.70 (197.06) 91.74 (197.13) 93.61 (200.49) 94.54 (202.18)

BB 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/ft3 (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 lbm/ft3 (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/ft3 (see Figure 2 for node locations).

3-59 cocA I
YALF-717fCh-3fES-3100 RtEU SAR/pcO02-25-05



130

120

110

100

a 90

E 80

E
1! 70

60

50

40

30

- Node E - CV Flange
|-Node H - CV Shell
I Node K - CV Bottom
- Node Q - Borobond4
-Node X - Drum Top

Node Z - Drum Side

1 2 3 4

Time (days)

5

Figure 6. Transient temperatures of the ES-3100 shipping container for NCT (30 W content heat
load)Kaolite density of 30 Ibm/ft3 (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/ft3 (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/ft3 (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/ft3 (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/ft3 (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/ft3 -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/ft3-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 beat load)-
Kaolite density of 30 lbm/ft3-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/ft3 -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 Ibmlft3 -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 lbrnift3--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 3 -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 Ibmlft3 -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-3 100 shipping container
(undamaged configuration) to simulate HAC as prescribed by 10 CFR 71.73(c)(4).['3 A 30-minute fire of
800C (14720 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 Ibm/ft3 (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 37.81C (1001F).

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-3 100 shipping container for HAC are summarized in
Table 7 for the analyses using a Kaolite density of 30 Ibm/ft and Table 8 for the analyses using a Kaolite
density of 19.4 Ibm/ft3. 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/ft3 (the graphs for the cases having a Kaolite density of 30 Ibm/ft3 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/ft3.

Maximum temperature, °C (°F)

heat load during Node A"' Node E'") [ Nodell' Node K(' Node Q) Nooonde S Node T")
(W) cool-doan CV lid CVfange at (mid. ( CVmdotto-m (t°P) | mid- bon&

NoO) 0961 10.3 (center) (top) elvto)- (bottom)
N o 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)
116.91 116.74 104.22 106.13 122.46 103.28 107.63Yes (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.S7) (229.38) (199.00) (212.19) (245.64) (195.31) (216.29)

0.4 117.22 117.05 104.77 106.52 122.67 103.58 107.93es (243.00) (242.68) (220.58) (223.74) (252.81) (218.45) (226.28)

'o 126.14 125.85 120.27 119.75 130.06 106.49 117.92
2o (259.05) (258.53) (248.48) (247.56) (266.11) (223.67) (244.25)
20 133.07 132.85 131.38 125.90 134.05 118.96 123.31es (271.52) (271.17) (268.48) (258.91) (273.28) (246.13) (253.95)

No 134.00 133.69 133.41 129.43 135.69 114.38 125.620o (273.20) (272.56) (272.14) (264.97) (276.23) (237.89) (258.11)

30 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/ft3 .

Maximum temperature, °C (IF)
Content Insolation N Node E>\ Node H'* Node K.' NodeQ NodeS | ode TS"

hetod during Node,'& NodeEt' CV shell NoeK' oe Borobond4 Nd "
(W) cool-down CV lid CV flange at (mid- CV bottom Borobond4 - Borobond4

0-ring elevation) (center) (top) elevation) (bottom)

(ob) 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)

121.44 121.27 106.43 111.02 132.73 105.10 113.62
es (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)
0.4 121.75 121.58 106.97 111.41 132.94 105.41 113.92es (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)

N 139.39 139.08 136.53 135.66 146.82 117.85 133.1130o (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 19. ES-3100 shipping container transient temperatures for HAC (no content heat load)
Kaolite density of 19.4 Ibm/ft3 (see Figure 2 for node locations).
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Figure 20. ES-3100 shipping container transient temperatures for HAC (OA W content heat load)

Kaolite density of 19A Ibm/ft3 (see Figure 2 for node locations).
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Figure 21. ES-3100 shipping container transient temperatures for HAC (20 W content heat load)
Kaolite density of 19.4 Ibm/ft3 (see Figure 2 for node locations).
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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/ft3 (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 2774 NEUTRON ABSORBER)
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APPENDIX 3.6.2

THERMAL EVALUATION OF THE ES-3100 SEHIPPING CONTAINER FOR NCT AND HAC
(FINNAL DESIGN WVITH CATALOG 277-4 NEUTRON ABSORBER)

INTRODUCTION

Thermal analyses of the ES-3 100 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).[' 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-3 100 shipping container are performed to determine the thermal
response of the packaging to Hypothetical Accident Conditions (HAG) as specified in
10 CFR 71.73(c)(4)J' Since physical testing ofthe ES-3100 shipping containerwas conducted with no
internal heat source or insolation during cool-down, 2] 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-3 100 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-3 100 shipping container is constructed
using MSC.PatranE31 and imported as an orphaned mesh into ABAQUS/CAE141 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-3 100 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-downv 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.

Maeil Temperature Thermal Conductivity Density I Specific heat Eisvt
Maeil('IF) (Btu/h-in.- 0F) (Ibmi/in .3) I (Btullbrn-0F) _____________

-279.67 0.443"' 0.285(a) 0.065(a) 0.22(a)
-99.67 0.607 - 0.096
260.33 0.799 - 0.123

Sanessel 620.33 0.953 - 0.133
Sanessel 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(b) 0.0I1I(C) 02d
212 0.0091 --

Kaolite 1600 392 0.0081 -

572 .0.0072--
1112 0.0082--
-31 0.0457(e) 0 65 -79 Trf, 0.125(e)

Neutron absorber 73.4 0.0485 - 0.186
(Catalog 140 0.0400 - 0.239

No. 277-4) 212 0.0295 - 0.242
_ _ _ _ _ _ _ _ 302 0.0305 - 0.291 __ _ _ _ _ _

Silicone rubber -0.0161(g) 0.047 ~ 0.300(g) 1.0(b)
-9.67 1 .074x i03(& 4.064x 1I5 ).~ 0.240(a)
80.33 1.266xl0-3 - 0.241
170.33 1.445xl103 - 0.241
260.33 1.628xl103 - 0.242
350.33 1.796x 10.3 - 0.244
440.33 1.960x 10-3 - 0.246
530.33 2.114xl10' - 0.248
620.33 2.258xl0-' - 0.251

Air 710.33 2.393x10-3 - 0.254
800.33 2.523 x10-3 - 0.257
890.33 2.644x10-3 - 0.260
980.33 2.759xl103 - 0.263
1070.33 2.870xl0-3 - 0.265
1160.33 2.985x 10-3 - 0.268
1250.33 3.096x10-3 - 0.270
1340.33 3.212xl103 - 0.273

__ _ _ _ _ _ _ _ 1520.33 3.443x 10-3 - 0.277 __ _ _ _ _ _

Notes: (a)
(b)
(c)

(d)
(e)

(0

(g)
(h)
(i)

F. P. Incropera and D. P. DeWitt, Fundamentals of Heal and Mass Transfer, 2nd edition, John Wiley & Sons, New York, 1985.
H-sin Wang, Thermal Conductivity Measurements of Kaolite, OR.NLMII-2003l49.
Based on albaked density of 19.4 Ibrm/ft (0.011I lbmnli'). Specification JS-YMIN3-801580-A003 requires a baked density of
22.4 * 3 Ibmn/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-allo-ing more heat to flow to the containment vessel; therefore, the thermal analyses
are performed using a low-end density of 19.4 ibm/fl. The HAC analyses also consider a high-end density of 30 Ibrm/fl'.
FAX communication from J. W. Breuer of Thermal Ceramics, Engineering Department, August 11, 1995.
WV. D. Porter and H. Wang, Therm ophyical Properties of Heal Resistant Shielding Material, ORNUfTM-2004/290. ORNL, Dec.
2004. Specific heat values are presented in MJ/rn-K in ORNLIJM-2004/290--converted to mass-based units using a density of
105 Ibm/ft'.
Based on a cured density of density of 100 Ibm/ft3 (0.0579 Ibm/in'). B. F. Smnith and G. A. Byington, Mfechanical Properties of
2 77-4, Y/DW-1987, January 19, 2005presents a range of measured densities between approximately 100 and 1 10 Ibm/ft3 for
Catalog No. 277.4. Therefore, in order to minimize the beat 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 1 10 lbmr'ffl.
THERMI 1.2, thermal properties database by R. A. Bailey.
Conservatively modeled as 1.0.
Constant density value evaluated at 1000F.
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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:[5]

q rd =a Fc (T. 4Ta. 4()

where a = Stefan-Boltzmann constant,
Fe = overall exchange factor,
Ts = container outer surface temperature (absolute), and
Ta = ambient or fire temperature (absolute).

The overall interchange factor is calculated as:[51

Fe A ] (2)

where sp = emissivity of package surface,
AP = surface area of the package,
As = surface area of the surroundings, and
s, = 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:

Fe . (3)

An emissivity value of 0.22,(6] 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:

F. -(4)

Sp es
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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).' 1 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 convecton = h (T8 - Ta ). (5)

where h = natural convection heat transfer coefficient,
T. = container outer surface temperature, and
Ta = 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: 6 ]

h =fl!SC, Rac2, (6)
(L)(6

where k = thermal conductivity of air,
L = characteristic length (= D/4 per Ref. 6),
D = diameter of the package,
Ra = Rayleigh number,
C, = constant (see Table 2), and
C2 = constant (see Table 2).

The Rayleigh number in Eq. 6 is defined as:

R g ATL 3  (7)
va

where g = acceleration of gravity,
j = coefficient of thermal expansion,
AT = temperature difference,
v = kinematic viscosity [y/p],
y = absolute viscosity, -

ot = thermal diff-usivity [k/(p Cp)],
p = density of air, and

= specific heat of air.

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
104 <Ra< 10' 0.54

C_ 10 7 < Ra < 10" 0.15

104 < Ra < 10' 0.25
C2  107 < Ra< 10" 1/3

Ra< 109 0.680
C3  Ra > 109  0.825

C4 Ra < 109 0.670
C4Ra > 109 0.387

Ra< 109 0.25
C5  Ra > 109  1/6

Ra < 109  4/9
C5  Ra > 109  8/27

Ra < 109  1
C Ra > 109  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.

Teperature CnuTivityl Deinsity Specific Heat Kinematic Thermal Prnt
(OF) Codctvt (lbm/iin J_(Btu/lbm-0 F) Viscosity Diffuisivity Number
(°F) (Btwui-in.-F) rni |___________ ] (in.2Ih) (in .2/h) Y

-9.67 _ 1.074x10 5.039xlO'| 0.240 6.384x10' 8.872xlO' 0.720
80.33 1.266xlO- 4.196xl0' 0.241 8.867x10' 1.255xl02 0.707
170.33 1.445xlO' 3.595xlO- 0.241 1.167xlO 1.668x102 0.700
260.33 1.628xlO-1 3.147xlO-' 0.242 1.474xlO1 2.137x10 0.690
350.33 1.796xlO-j 2.796XI0V 0.244 1.807x102 2.634xI02 0.686
440.33 1.960x10-3 2.516xlO1' 0.246 2.164x02= 3.164xl0O 0.684
530.33 2.114xlI0' 2.286xlO- 0.248 2.543x10 2  3.722xIOz 0.683
620.33 2.258x10- 2.097x10' 0.251 2.940x1IO 4.291xl0 0.685
710.33 2.393x10' 1.935x10 0.254 3.360x0l 4.871xl0- 0.690
800.33 2.523xI0- 1.797xlO'T 0.257 3.800XIO 5.468x1-0 0.695
890.33 2.644x10-3 1.677xlO-= 0.260 4.261xlO2 6.082xlO2  0.702
980.33 2.759xlO-3  1.573xl10' 0.263 4.739x102 6.696x10 2  0.709
1070.33 2.870x10' 1.480x10- 0.265 5.234xlO 7.310x0l 0.716
1160.33 2.985xl0 o- 1.397xl0' 0.268 5.742xl0' 7.979xlO 0.720
1250.33 3.096xlO- i73io 0.270 6.261I0- 8.649xlO 0.723
1340.33 3.212xl0 1.25 8 x I0- 0.273 6.802x102  9.374xl40 0.726
1520.33 3.443xIOj 1.144xlO-5 0.277 7.912X102  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,
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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:[61

h={k
* L,

03+Ra Ca
C3 + [4 9/16jC 6

C7

(8)

where L =
C3 =
C4 =
C5 =
C6 =
C7 =
Pr =

characteristic length = the drum height,
constant (see Table 2),
constant (see Table 2),
constant (see Table 2),
constant (see Table 2),
constant (see Table 2), and
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
(10-5 < Ra < 1012) [6]

12

0.387Ra"'6
(9)

where D = diameter of the package,

The calculated natural convection film coefficients used in the thermal analyses of the ES-3 100 are
- presented graphically in Figure 4 and Figure 5 for NCT and HAC, respectively.
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Figure 4. Natural convection film coefficients applied to the drum surfaces during
NCT and steady-state conditions.
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Figure 5. Natural convection film coefficients applied to the drum surfaces during LIAC.
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Insolation

The following insolation (incident solar radiation) data is required for NCT per 10 CFR 71.71 (c)(1):111

Form and location of surface Total insolation for a 12-hour period

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"',oj,,;) 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 q ou,,j =1.7074Btu/h -in.2 , (10)

Sides q ".ui=0.8537Btu/h-in.2  (11)

Bottom q".jar 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 0 =0.4269Btu/h - in .2 , (13)

Sides q solar =0.8537Btu/h-in. 2 , (14)

Bottom q"or =0.4269Btu/h -in.2. (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.171 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 relatively small gaps is approximately a factor of 6 times less than the heat transfer due to radiant
exchange.i7 1 These calculations assumed a temperature difference of 90F 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."8 ' For
each cavity (or enclosure), radiation surfaces are defined as shown in Figure 6 and Figure 7.

El SI \ El S2 \

S

S

Figure 6. Radiation cavity surface definitions (top portion of the model).
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��M

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 'El' through 'E5' 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 lidand 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 DSAXl) is defined in the model with the radiation surface E3S4 (see Figure 6) superimposed to
close off cavity 3. The DSAX 1 element is assigned the properties of air, and surface E3S4 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-3 100 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"sce)
for a given content heat load is calculated using the following equation:

q,, = Qx3.4123 (6

q sour"e 2 -7Di2 + (DiXH) (16)
4
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where, Q = content heat load (NV),
Di = inside diameter of the containment vessel (5.06 in.),
H = 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 3 Btu/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 Btulh-in.2.

DISCUSSION OF ANALYTICAL RESULTS

All thermal analyses discussed in this report were performed using ABAQUS/Standard18] 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-3 100 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 1007F. 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-3 100 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 100.430F (38.020C), 114.390 F (45.77CC), and 120.08'F
(48.930C) 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-3 100 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)t'l is applied to the top and sides of the drum in alternating 12-hourperiods (i.e.,
12 hours on and 12 hours 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 (O WV), the initial
temperature distribution within the package was assumed to be at a uniform 1000F. 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.

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., sunrise) followed by 12 hours in which there is
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 0.0040F 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 243.860 F (1 17.70'C), 243.890 F (1 17.720C), 245.320F (I 18.510C), and
246.030F (1 18.91 0C) 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 252.870F
(122.71 0C). The maximum temperature at the containment vessel O-ring is 189.280 F (87.38'C),
189.900F (87.720C), 217.070F (102.820C), and 230.510 F (110.280C) 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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Node r (In) | 2in. 1
474 1 4300 37535

94 _7 325 37.535
5 42 755

3780 1 9185 42 755
4721 3.500 35 275
4740 4.300 35.275
4746 C000 43 085Lr .6158 0 000 37.579

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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351 4.300 1 21.529
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65742.3|217

L.
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 (1000 F ambient temperature,
no insolation).

t (n.) Maximum steady-state
Node ap Node coordinates (i.) teu erature (OF)

No. I r I z 0.4W | 20W | 30W

2 0.000 4.505 100.83 134.54 150.15

255 3.180 21.528 100.75 131.57 146.21

351 4.300 21.528 100.71 129.45 142.87

474 4.300 37.535 100.46 117.90 125.67

494 7.325 37.535 100.32 110.87 115.19

536 7.385 42.755 100.21 105.50 107.19

3655(S 9.185 21.528 100.28 107.58 109.92

3780 ) 9.185 42.755 100.21 105.29 106.89

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

4721 3.500 35.275 100.59 124.08 134.90

4740 4.300 35.275 100.57 122.92 133.15

4746b) 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(c) 2.530 36.075 100.80 133.51 148.56

6365(c) 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

6389 2.310 5.025 100.97 141.27 160.06

6398 0.000 4.775 100.96 1140.91 159.55

6399 0.000 5.025 100.96 140.94 159.60

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 1 100.79 1 133.40 I 148.40

Notes: (a) See Figure 8 through Figure II 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 0-ring.

3-102

YILF-717!Ch-3fES-3100 liEU SARipc,02-25-05



Table S. ES-3100 shipping container maximum 'quasi steady-state" temperatures during NCT with various
content heat loads.

d c (.) Maximum "quasi steady-state"
Node map (a) Node coordiates (m.) temperature (OF)

No. I r z OW I 0.4W 20W 30W
__ _ _ _ _ __ _ _ _ _ _I___ _ _ I I I=ow _ _ __ _ _ __ _ _ _

2 I 0.000 4.505 1 180.59 181.23 1 210.15 224.69

K>

255 3.180 21.528 179.33 179.93 207.32 221.43

351 4.300 21.528 179.59 180.14 204.73 217.27

474 4.300 37.535 198.88 199.20 212.72 219.58

494 7.325 37.535 207A0 207.56 214.40 217.87

536 7.385 42.755 226.44 226.49 228.31 229.24

3655 9.185 21.528 198.09 198.15 200.81 202.16

3780 9.185 42.755 223.47 223.51 225.13 225.95

3807 0.000 0.320 190.48 190.70 199.84 204.43

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

4721 3.500 35.275 189.45 189.90 209.53 219.47

4740 4.300 35.275 190.56 190.98 209.37 218.68

4746 0.000 43.065 243.86 243.89 245.32 246.03

6158 0.000 37.579 198.42 198.84 217.12 226.32

6339 0.000 42.859 233.98 234.06 237.32 238.95

6359°b 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 35.525 189.23 189.85 216.79 230.12

6385 3.750 37.175 189.39 190.00 216.57 229.72

6389 2.310 5.025 179.94 180.70 215.75 233.27

6398 0.000 4.775 179.99 180.76 215.52 232.92

6399 0.000 5.025 179.99 180.76 215.55 232.96

6574 2.530 21.528 179.27 180.35 229.19 252.87

6647 0.000 36.075 189.40 190.02 217.24 230.72

6715 0.000 37.135 189.44 190.06 I 217.14 230.54
I & & L U

Notes: (a) See Figure 8 through Figure I I for details of node locations.
(b) Approximate location of the CV 0-ring.
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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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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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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-nng) -Node 6574 (CV mid-height) - Node 6399 (CV bottorn. center)-Node4721 (Neutron absober, Lop) -Node4746 (Drum Wd, center) -Ncde 3655 (Drum, mid-heght)
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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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Sunrise Sunset Sunset +68 minutes

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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Temperature 1Ff)

0

Sunrise Sunset Sunset +68 minutes

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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Temperature (0F)

Sunrise Sunset Sunset +69 minutes

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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a?

Sunrise Sunset Sunset +70 minutes

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-3 100 shipping container
(undamaged configuration) to simulate HAC as prescribed by 10 CFR 71.73(c)(4).' 1 A 30-minute fire of
14750F (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 100IF (37.80 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[9 1 (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 lbm/ft3

(see Table 1). Similarly, the low-end density of the neutron absorber (100 Ibm/ft3 ) 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/ft3 and a neutron absorber density of 110 Ibm/ft3.

The maximum temperatures calculated for the ES-3 100 shipping container for HAC are summarized in
Table 6 for the analyses using a Kaolite density of 19.4 Ibm/ft3 and a neutron absorber density of
100 Ibm/ft3. The maximum temperatures calculated for the ES-3 100 shipping container for HAC are
summarized in Table 7 for the analyses using a Kaolite density of 30 Ibm/ft3 and a neutron absorber
density of I 10 Ibm/ft3 . 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/ft3 and a
neutron absorber density of 100 Ibm/ft3.

The HAC thermal analyses presented in this report are performed using a finite element model that
represents an undamaged ES-3 100 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/ft3 and
neutron absorber density of 100 Ibm/ft3).

Node coordinat es (in.) HAC maximum temperature (°F)

Nod ma { W 0.4 W 20 W J 30W
Node map No r z Insolation during Insolation during Insolation during Insolation during

[_cool-down? cool-down? cool-down? cool-down?
No' IYes No Yes No Yes No Yes

4746 636 2 0.000 4.505 225.5 232.1 226.2 232.8 255.5 261.7 269.5 275.7
3780

6339 - 255 3.180 21.528 194.5 212.5 195.2 213.2 223.8 241.3 237.8 255.3

351 4.300 21.528 195.8 211.9 196A 212.5 222.3 237.8 234.8 250.3

6158 494 474 4.300 37.535 392.9 395.0 393.2 395.4 407.6 409.7 414.2 416.3

6715 494 7.325 37.S35 671.2 672.0 671.4 672.3 679.1 680.0 682.5 683.3
474 -

664T 6385 536 7.385 42.755 1380.4 1380.4 1380.4 1380.4 1380.9 1380.9 1381.1 1381.1

6365 3655 9.185 21.528 1457.8 1457.8 1457.8 1457.8 1458.0 1458.0 1458.1 1458.1

4726 3780 9.185 42.755 1427.8 1427.8 1427.9 1427.9 1428.1 1428.1 1428.2 1428.2

4740 3807 0.000 0.320 1454.5 1454.5 1454.5 1454.5 1454.9 1454.9 1455.0 1455.0

3865 9.185 0.008 1470.1 1470.1 1470.1 1470.1 1470.1 1470.1 1470.2 1470.2

3880 3.178 4.505 230.6 236.4 231.2 237.0 257.1 262.5 269.4 274.8

3888 4.300 4.505 236.9 241.7 237.5 242.3 261.5 266.1 272.9 277.5

6574 36ss 4721 3.500 35.275 245.7 252.8 246.2 253.3 266.8 273.8 276.6 283.6

4740 4.300 35.275 258.4 263.5 258.8 264.0 278.1 283.1 287.1 292.1
265
351 4746 0.000 43.065 1448.0 1448.0 1448.0 1448.0 1448.2 1448.2 1448.3 1448.3

6158 0.000 37.579 308.7 311.6 309.1 312.0 328.3 331.2 337.3 340.2

6339 0.000 42.859 1335.1 1335.1 1335.2 1335.2 1336.4 1336.4 1336.9 1336.9

6359"' 2.530 36.075 236.7 247.6 237.3 248.3 266.2 276.6 279.8 289.9

6365(c' 3A25 36.075 236.6 247.6 237.3 248.3 266.0 276.4 279.5 289.7

6369 3.750 35.525 236.5 247.6 237.2 248.2 265.8 276.2 279.3 289.5

6385 3.750 37.175 237.3 248.2 237.9 248.8 266.1 276A 279.4 289.5
6389 6389 2.310 5.025 219.0 227.4 219.9 228.2 255.3 263.1 272.2 279.9

639 6398 0.000 4.775 219.7 227.9 220.5 228.7 255.6 263.3 272.5 280.0

239, 6399 0.000 5.025 219.7 227.9 220.5 228.7 255.6 263.3 272.5 280.0

3s 6574 2.530 21.528 196.1 214.9 197.3 216.0 246.7 263.8 269.9 286.5

_ 6647 0.000 36.075 237.2 248.0 237.9 248.6 266.8 277.0 280.4 290.4
38o7 6715 0.000 37.135 237A 248.1 238.0 248.8 266.8 277.0 280.4 290.4

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/ft3 and neutron
absorber density of 110 lbm/ft3 ).

Node coordinates (in.) HAC maximum tem rature (IF)

(a) 0 W [J w0.4W 20W I 3W
Node map No. r z Insolation during Insolation during Insolation during Insolation during

cool-down? cool-down? cool-down? cool-down?
No (b) I Yes No | Yes No Yes No Yes

2 0.000 1 4.505 209.9 218.9 1 210.6 1 219.6 240.4 248.8 254.6 1 262.8

255 3.180 21.528 185.5 207.7 186.1 208.4 215.1 236.6 229.3 250.6

351 4.300 21.528 185.6 207.4 186.2 208.0 212.3 233.3 225.0 245.9

474 4.300 37.535 342.9 345.5 343.3 345.9 358.1 360.7 365.0 367.5

494 7.325 37.535 596.3 597.4 596.5 597.6 604.7 605.8 608.3 609.4

536 7.385 42.755 1366.8 1366.8 1366.8 1366.8 1367.4 1367.4 1367.6 1367.6

3655 9.185 21.528 1452.8 1452.8 1452.8 1452.8 1453.0 1453.0 1453.1 1453.1

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

4721 3.500 35.275 228.0 237.5 228.5 238.0 249.7 259.0 259.7 269.0

4740 4.300 35.275 236.5 243.8 236.9 244.3 256.7 263.9 266.0 273.2

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(c) 3.425 36.075 225.0 237.3 225.7 237.9 254.5 266.0 268.1 279.3

6369 3.750 35.525 224.9 237.2 225.6 237.8 254.3 265.8 267.9 279.2

6385 3.750 37.175 225.5 237.6 226.2 238.3 254.6 266.1 268.0 279.2

6389 2.310 5.025 205.3 215.9 206.2 216.8 242.0 251.9 259.2 268.9

6398 0.000 4.775 205.8 216.3 206.7 217.1 242.2 252.0 259.2 268.8

6399 0.000 5.025 205.8 216.3 206.7 217.1 242.2 252.0 259.3 268.8

6574 2.530 21.528 187.8 209.1 189.0 210.2 238.9 258.4 262.4 281.3

6647 0.000 36.075 225.6 237.7 226.3 238.3 255.2 266.5 1 268.9 280.0

6715 1 0.000 j 37.135 225.8 237.8 226.4 238.4 j 255.2 266.5 268.9 1 280.0

Notes: (a) See Figure 8 through Figure I I for details of node locations.
(b) Baseline case for AT comparisons.
(c) Approximate location of the CV 0-ring.

3-114

YLF-717!CbI-3fES-3 100 MEU SAR//02-25-05



vx

I -Node 6359 (CV flange 0 0-dog)-Node 6574 (CV mOid-height)-Node 6399 (CV bottom, center) -- Node 4740 (Neutron absorber, top)

325 -- r 163
I I I , I I

I I I I I I I I

300 - - - - 14 - - -- 9- - T � 7 149

2755 r - - - -I- - - - 7 - - - - I- - - - 7 - - - - 135

i \ I I I I I I I I
250 7 - - - -…1 - - - - 21T _ _ -

I I. I'
2.225 7--- 107~

r 200 - - - 93

17S | 1 - -- - - - -T - - - -1 - - - - - - - -r - - - - - -r----- - - - - - 79 X

50 r- - - -- - - - 66
11 SI I I I I I I

125 -|!-__ ;___________r___2 -1- - - - - - - - -- 52

I I I I I I IIII=

100 . '- 38
0 4 8 12 16 20 24 28 32 36 40 44 48

Time (hours)

(a) No insolation during post-fire cool-down.
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(b) Insolation during post-fire cool-down.

ES-3100 shipping container transient temperatures for HAC-no content heat load and lower
Kaolite and neutron absorber densities (see Figure 8 through Figure 11 for node locations).
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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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Figure 23. ES-31 00 shipping container transient temperatures for EIAC, 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 TLE ES-3100 SHIPPING CONTAINER DRUM BODY
ASSEMBLY FOR NCT (FINAL DESIGN SMITH 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-3 100 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(2 1 (see
Appendix 3.6.2) on the ES-3 100 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-3 100 shipping container is constructed
using MSC.Patrant 31 and imported as an orphaned mesh into ABAQUS/CAE141 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 (Ur) of each node along the centerline of the model is fixed to simulate
symmetry. Additionally, the axial degree-of-freedom (UI) 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.(s(
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Drum Liner

Drum Flange

Drum Bottom Plate

Drum Kaolite

Neutron Absorber

z

Lr

Figure 1. MSC.Patran axisymmetric finite element model of the ES-3100 shipping container
drum body assembly.
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Figure 2. MSC.Patran axisymmetric finite element model of the ES-3100 shipping container
drum body assembly (upper portion detail).
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Drum Botm 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.

Modulu of Coefficient of
. Temperature elas of . Density thermalelasticit ( i) e Poisson's ratio (ibmxpansion

Mtra(F)(psi) (in./in./'.F)

-40 28.6x10"(A) 0 .2 9 b) 0.285 (c) 8.2xlO6(e)
Stainless Steel 100 28.14x106 - - 8.6xl10

200 27.6x10 6  
- - 8.9x 10

300 27.0x10
6  

_ 9.2x106

Kaolite - 2 9 ,2 10 (d) 0.01 3 01 5.04x1069
-40 1.99 1 X10G (i) 0 .3 3 (hi 0.0608 i 7.056x1046'1

-4 - 7.222x104

32 _ - 7.222xl06

70 0.984x106 0.28 -

100 0.403x106  0.25 -

Neutron Absorber 104 - - - 7.000xl0-
140 - - - 6.444x104

176 - - - 5.778x10l

212 - - - 5.389x104

248 - - - 5.056X104

284 - - - 4.889x10-6

302 - - - 4.833x1046

Notes: (a) ASME Boiler and Pressure Vessel Code, Sect. II, Part D, Subpart 2, Tables TE-1, B column, and TM-I.
(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.
(d) K. D. Handy, Impact Analysis of ES3100 Design Concepts Using Borobond, DAC-EA-801699-A00l, 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 ElementsforAerospace Vehicle Structures, MIL-HDBK-5E, May 1986.
(f) Specification JS-YMN3-801580-A003 requires a baked density of 22.4 ± 3 Ibmift3 .
(g) E-mail communication, Ken Moody (Thermnal Ceramics, Inc.) to Paul Bales (BWX'T Y-12), 12/9/04.
(h) B. F. Smith and G. A. Byington, Mechanical Properties of 277-4, YIDW-1987, January 19, 2005.
(i) W. D. Porter and H. WVang, Thermophysical Properties of Heat Resistant Shielding Material, ORNILTM-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/Standardl"I 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-3 100 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-3 100 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=11, 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-3 100 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 771F, 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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Figure 4. Thermal stresses (Mises) in the ES-3100 shipping container drum body assembly during
a typical NCT day/night cycle-0.4 W content heat load.
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Figure 6. Thermal stresses (Mises) in the ES-3100 shipping container drum body assembly during a typical
NCT day/night cycle-30 W content heat load.
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S, Hises
(Ave. Crit. : 758z)

+9.708e+03
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+4.049e+03
+3.2 s441 e+033
+1. 624e+03

_ +8. 159 e+02
- +7. 531 e+O00

2

L 1C

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, Nises
(Ave. Crit.: 75-s)
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+1. 406 e+03+7. 247e+02
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2 
,

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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S, Mises
(Ave. Crit.: 752s)
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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.: 758)
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2

Figure 10. Neutron absorber NMises 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
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Figure 11. Drum Kaolite Mises stresses (psi) during NCT at t = 3.992 hours
(+3.992 hours after sunrise)-O.4 W content heat load.
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Figure 12. Natural convection film coefficients applied to the drum surfaces during cold conditions.

3-137

YILF-1I7/Ch-3'ES-31 00 HEU SAR/pCd02-25-05



Node r (in.) z (in.)
2 0.000 4.505

255 3.180 21.528
351 4.360 21.528
474 4.300 37.535
494 - 7.325 37.535
536 7.385 42.755

3655 9.185 21.528
3790 9.185 42.755
3807 0.ood 0.320
365 9.185 0.008
366 3.178 4.505
3889 4.300 4.505
4721 3.500 35.275
4740 4.300 35.275
4746 0.000 43.065
6158 0.000 37.579
6339 0.000 42.859
6359 2.530 36.075
6365 3.425 36.075
6369 3.750 35.525
6385 3.750 37.175
6389 2.310 5.025
6393 0.OM 4.775
6399 0.130 5.025
6574 2.533 21.528
6647 0.000 36.075
6715 o0.0) 37.135

.-I

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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Figure 14. Transient temperatures of the ES-3100 shipping container for cold conditions (no content
heat load) see Figure 13 for node locations.
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Figure 15. Thermal stresses (Mises) in the ES-3100 shipping container drum body assembly during
cold conditions (-40°F ambient temperature)-no content heat load.
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S, Mises
(Ave. Crit.: 75%3

+8. 869 e+03
+8. 137e+03
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+3. 747e+03
+3. 015e+03
+2. 284e+03
+1. 552e+03
+8. 205e+02

-+8 .886 e+Ol

2

1

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, Dises
(Ave. Crit.: 75%)
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Figure 17. Drum Mises stresses (psi) during cold conditions at t = 0.726 hours - no content heat load.
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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 ofNormal Condition of Transport per 10 CFR 71.71 for the most restrictive convenience
can arrangements shipped in the ES-3100. The following five packaging arrangements are evaluated for
shipment:

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

2. one shipment will contain five canswith external dimensions of 4.25 in. diameter by 4.875 in.
high and four can spacers;

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

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

5. one shipment will contain three cans with external dimension of 5.00 in. diameter by 10 in.
high.

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

1. The HEU contents are loaded into convenience cans which are placed inside the ES-3 100
containment vessel at standard temperature (Tsb) and pressure (P) (77 0F and 14.7 psia) with
air at a maximum relative humidity of 100%.

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

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

4. No contents that will off-gas due to temperatures above ambient can be used inside the
containment vessel when convenience cans are greater than 10.80 cm (4.25 in.) in diameter.

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-3 100 containment vessel was determined from Algor finite element software
tobe 637.18 in.3 (10,441.51 cm3).
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1. Molar quantity determination for dry air and water vapor

According to Fundamentals of Classical Thermodynamics,

"Relative humidity (1D) 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 (Pj) as it exists in the mixture to the saturation pressure of the vapor (Pg) at the same
temperature.

Therefore,

(D = PV/Pg.

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:

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

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

P. = Pt- PV

= 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 (Vv) for each
containment vessel arrangement (CVA) is calculated as follows:

nv R, T 12' n, = x P. 1aV 2-R T.!,,b -12 ' RU*T, 12

To determine the number of moles, the void volume of the air mixture mustbe determined. The void volume
(Vv) in the containment vessel for each CVA is calculated as follows:

VV VECV - VSP - VPB - VCC_ -CS - VCH,

where
VECV = volume inside an empty containment vessel,
VSP = silicone pad volume,
VPB = polyethylene bagging volume,
Vcc = external volume of the convenience cans,
Vcs = external volume of the can spacers,
VCH = external volume of the convenience can handles.

A summary for each CVA is shown in Table 1.
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Table 1. Containment vessel void volume for each CVA

CVAVFCV \, a VPB ' CC r Cs 'CH VV
CVA (in.3) (n) (in.3) (in.3) (in.3) (in.3) (in?)

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 13.36 30.51 317.06 56.03 1.52 218.69
Ten silicone pads
Four Cat 2774 spacers
Nine can handles

3 Three 8.75-in.- high cans 637.18 8.02 30.51 345.96 28.02 0.85 223.82
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

5 Three 10-in.-high cans 637.18 0.00 0.00 589.05 0.00 1.02 47.11
with can diameters of 5 in.

These volumes are calculated from the weights shown on the engineering drawings and nominal material densities.

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

CV"A P. Vv Tmb nn
__ (psia) (psia) (in.3) (ft-lbfib-mole R) (R) (lb-mole) (lb-mole)

1 14.24 0.464 215.83 1545.32 537 1.0057e-05 3.0855e-04

2 14.24 0.464 218.69 1545.32 537 1.0190e-05 3.1264e-04

3 14.24 0.464 223.82 1545.32 537 1.0429e-05 3.1997e-04

4 14.24 0.464 204.62 1545.32 537 9.5344e-06 2.9252e-04

5 14.24 0.464 47.11 1545.32 537 2.1951 e-06 6.7348e-05
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1I. Molar quantity determination due to off-gassing 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 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 500'F conducted by the Y-12 Development Division, the
amount of gas (Vb, and VP) generated due to off-gassing of the polyethylene bags and silicone rubber can
pads at any temperature is estimated by first determining the off-gassing 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 off-gassing occurred in the polyethylene bags or
silicone rubber pad material as documented in Appendix 2.10.4. This value was used to determine the
off-gassing volume as shown below:

V, = WWp x 0.0/ 16.387 (in.3)

Vb = Wb x 0.0 / 16.387 (in.3)

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

, R.* Tb * 12

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

Table 3. Molar quantity of gas generated due to the silicone rubber pad off-gassing

CVA WP V Pv TambnPO
(g)(in. 3) (psia) (ft-lb/lb-mole.R) (R) (lb-mole)

1 186.74 0.00 14.7 1545.32 537 0.OOOOe+00

2 266.77 0.00 14.7 1545.32 537 0.OOOOe+00

3 160.06 0.00 14.7 1545.32 537 0.OOOOe+00

4 106.71 0.00 14.7 1545.32 537 0.0000e4-00

5 0.00 0.00 14.7 1545.32 537 0.OOOOe+00
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Table 4. Molar quantity of gas generated due to the polyethylene bag off-gassing

CWbA NRh VbO PR Tamb nbo

(g) (in2) (psia) (ft-lb/lb-mole-R) (R) (lb-mole)

1 500 0.00 14.7 1545.32 537 0.OOOOe+00

2 500.00 0.00 14.7 1545.32 537 0.OOOOe+00

3 500.00 0.00 14.7 1545.32 537 0.OOOOe+00

4 500.00 0.00 14.7 1545.32 537 0.0000e+00

5 0.00 0.00 14.7; 1545.32 537 0.OOOOe+00

III. Total pressure due to off-gassing and NCT temperatures inside the containment vessel

The total pressure of the mixture at 87.810 C (190.06'F), PT, for each containment vessel
arrangement is the sum of each of the previously calculated molar quantities. Table 5 summarizes the molar
constituents and total pressure of each containment vessel arrangement. The following equation is used to
calculated the final containment vessel pressure:

Ps7.8I-c ~ ( (nj * RR'T 87 .81 *C * 12 ) / VGMv,

where

T
VCGM

individual molar quantity for each gas,
average gas temperature = 87.81 0C (190.06'F),
V, = gas mixture volume.

Table 5. Total pressure inside the containment vessel at 87.810 C (190.06'F) '

CVA . n n, n., nbo nT PT(lb-mole) (lb-mole) (lb-mole) (lb-mole) (lb-mole) (psia)

1 3.0855e-04 1.0057e-05 0.OOOOe+00 0.OOOOe+00 3.1861e-04 17.786

2 3.1264e-04 l.0190e-05 0.OOOOe+00 0.OOOOe+00 3.2283e-04 17.786

3 3.1997e-04 1.0429e-05 0.OOOOe+00 0.OOOOe+00 3.3040e-04 17.786

4 2.9252e-04 9.5344e-06 0.OOOOe+00 0.OOOOe+00 3.0205e-04 17.786

5 6.7348e-05 2.1951e-06 0.OOOOe+00 0.OOOOe+00 6.9543e-05 17.786

This assumes that the internal convenience cans and Cat 2774 can spacers are sealed.
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_n

At -40°C (-400F), the partial pressure ofthe \vatervapor is conservativelyassumed 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.

PI VI

T,

- P2 V2

T2 '

wvhere
PI
T.
T 2

VI

14.236 psi,
77 °F
-40OF
V2 .

= 536.67 R,
= 419.67 R,

Rearranging and solving for P2,

P 2

P 2

= PI (T2/Ti),
= (14.236)(419.67/536.67) = 11.13 psia.
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APPENDIX 3.6.5

CONTAINMTENT 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. Five packaging arrangements are evaluated
for shipment:

1. one shipment will contain six cans with external dimensions of4.25 in. diam by 4.875 in. high;

2. one shipment will contain five cans with external dimensions of 4.25 in. diam by 4.875 in.
high and four can spacers;

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

4. one shipment will contain three cans with external dimensions of 4.25 in. diamby 10 in. high;
and

5. one shipment will contain three cans with external dimensions of 5.00 in. diam by 10 in. high.

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

1. The highly enriched uranium (BEUT) contents are loaded into convenience cans and placed
inside the ES-3 100 containment vessel at standard temperature (77°F) and at the maximum
normal operating pressure (17.786 psia) with air at a maximum relative humidity of 100%.

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 cans is limited to 500 g per containment
vessel shipping arrangement.

4. No contents that will off-gas due to temperatures above ambient conditions can be used inside
the containment vessel when convenience cans are greater than 10.80 cm (4.25 in.) in
diameter.

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-3 100 containmentvessel was determined from Algor finite element software
to be 637.18 in.3 (10,441.51 cm3).
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I. Molar quantity determination based on ILNTOP

Table 1. Total pressure inside the containment vessel at 87.810 C (190.06'F)a

CVA nf n,, nP nbO nT PT
(lb-mole) (lb-mole) (lb-mole) (lb-mole) (lb-mole) (psia)

1 3.0855e-04 1.0057e-05 0.OOOOe+00 0.OOOOe+00 3.1861e-04 17.786

2 3.1264e-04 1.0 l90e-05 0.OOOOe+00 O.0000e+00 3.2283e-04 17.786

3 3.1997e-04 1.0429e-05 0.0000e+00 0.OOOOe+0O 3.3040e-04 17.786

4 2.9252e-04 9.5344e-06 0.0000e+0O 0.0000e+00 3.0205e-04 17.786

5 6.7348e-05 2.1951e-06 0.0000e+0O 0.OOOOe+00 6.9543e-05 17.786

This assumes that the internal convenience cans and Cat 2774 can spacers are sealed.

To use the maximum normal operating pressure at standard temperature, the number of lb-mole of gas needs
to be increased using the following equation:

PrT. VI
nMNOP = R., -T.b * 12

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

Table 2. Molar summary at NINOP and 77°F

CAPT VV R.Tamb n.CNOPCVA Tp(psia) (in.3) (ft-lb/lb-mole*R) (R) (lb-mole)

I 17.786 215.83 1545.32 537 3.8549e-04

2 17.786 218.69 1545.32 537 3.9060e-04

3 17.786 223.82 1545.32 537 3.9976e-04

4 17.786 204.62 1545.32 537 3.6547e-04

5 17.786 47.11 1545.32 537 8.4143e-05

HI. Molar quantity determination due to off-gassing 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 and the data
presented in the test report (ORNVINTRC-0 13). 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 0-rings [116.11 °C (241 OF)] and the temperature recorded on the
external surface of the convenience can [98.89°C (2100 F)], the average temperature of the gas in this region
is 107.50°C (225.50 0F). Using the temperature adjustment of 25.11 0C (45.200F) for this region, the
adjusted average temperature in the first region is 132.61 °C (270.70°F). The second volume is represented
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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 [92.7800 (199°F)], the average temperature of gas in this
region is 92.78'C (1990 F). Using the temperature adjustment of 27.890C (50.20'F) for this region, the
adjusted average temperature in the second region is'120.67 0C (249.20 0F). The third and final volume is
represented by the gas adjacent to the bottom convenience can. Again, based on the convenience can
temperature [87.780C (190'F)] and the containment vessel end cap temperature [98.890C (210 0F), the
average temperature of gas in this region is 93.330C(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 118.280C (244.90'F).
Averaging these three temperatures, an average adjusted gas temperature of 123.850C (254.93 0F) 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 500'F conducted by the Y-12 Development Division
(Appendix 2.10.4), the amount of gas generated due to off-gassing of the silicone rubber can pads and the
polyethylene bags at 123.85 0C (254.93 OF), (VPO and VbO) is estimated by first determining the off-gassing
volume per unit mass at temperature and multiplying that by the total mass of the bags and silicone rubber
can supports inside the containment vessel. Based on testing at an approximate temperature of 141.11 0C
(286.000F), values of -7.0 and -0.8 cm3 (STP)/g for the polyethylene bagging and silicone rubber pads,
respectively, were taken from the curves for the off-gassing volume per unit mass as documented in
Appendix 2.10.4. These values are used to determine the off-gassing volume as shown below:

VPO = Wp x 0.8/ 16.387 (in.3),

Vb = Wb x 7.0/ 16.387 (in. 3 ).

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

Pv Vi

R. R Tamb 12

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

Table 3. Molar quantity of gas generated due to the silicone rubber pad off-gassing

CVA WI VP0 PV R. Tamb nP,
(g) (in.3 ) (psia) (ft-lb/lb-mole-R) (R) (Ib-mole)

1 186.74 9.12 14.7 1545.32 537 1.3458e-05

2 266.77 13.02 14.7 1545.32 537 1.9225e-05

3 160.06 7.81 14.7 1545.32 537 1.1535e-05

4 106.71 5.21 14.7 1545.32 537 7.6901e-06

5 0.00 0.00 14.7 1545.32 537 0.OOOOe+00
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Table 4. Molar quantity of gas generated due to polyethylene bag off-gassing

CVA NVb Vb. PV R. Tamb nb,(g) (in.3) (psia) (ft-lb/lb-mole R) (R) (lb-mole)

1 500 213.58 14.7 1545.32 537 3.1529e-04

2 500.00 213.58 14.7 1545.32 537 3.1529e-04

3 500.00 213.58 14.7 1545.32 537 3.1529e-04

4 500.00 213.58 14.7 1545.32 537 3.1529e-04

5 0.00 0.00 14.7 1545.32 537 0.0000e+00

HII. Total pressure due to off-gassing and HAC temperatures inside the containment vessel

The total pressure ofthe mixture at 123.85 0C (254.93 0F), PT, for each containment vessel arrangement
is the sum of each of the previously calculated molar quantities. Table 5 summarizes the molar constituents
and total pressure of each containment vessel arrangement. The following equation is used to calculated the
final containment vessel pressure:

P]23.85-C =( Yn, * R * T * 12 ) / VcGmv

where

T
VGWi =

individual molar quantity for each gas,
average gas temperature = 123.850C (254.93°F),
V = gas mixture volume.

Table 5. Total pressure inside the containment vessel at 123.850C (254.93°F) a

CVA NOP nPo nb T PT
(lb-mole) Qb-mole) (lb-mole) (lb-mole) (psia)

1 3.8549e-04 1.3458e-05 3.1529e-04 7.1424e-04 43.852

2 3.9060e-04 1.9225e-05 3.1529e-04 7.2512e-04 43.938

3 3.9976e-04 I.1535e-05 3.1529e-04 7.2659e-04 43.018

4 3.6547e-04 7.6901e-06 3.1529e-04 6.8845e-04 44.585

5 8.4143e-05 0.0000e+00 0.0000e+00 8.4143e-05 23.668

This assumes that the internal convenience cans and Cat 2774 can spacers are sealed.

I

3-158

Y/LP-71IfCh-3tES.3100 HEU SAR/pc/02.25-05



SECTION 3 REFERENCES

10 CFR 71, Packaging and Transportation of Radioactive Material, Jan. 1, 2005.

ABAQUS/Standard, Version 6.4-1, 2003-09-29-11.18.28 46457, Abaqus, Inc., 2003.

ASME Boiler and Pressure Vessel Code, An American National Standard, Materials, Sect. II, Materials,
Part D, American Society of Mechanical Engineers, New York, 2001 ed. with 2002 and 2003 addenda.

ASMEBoilerand Pressure Vessel Code, An American National Standard, Rulesfor Construction ofNuclear
Powver Facility Components, Sect. m, Div. 1, Subsection NB, American Society of Mechanical Engineers,
New York 2001 ed. with 2002 and 2003 addenda.

ASME Boiler and Pressure Vessel Code, An American National Standard, Welding and Brazing
Qualifications, Sect. IX, American Society of Mechanical Engineers, New York, 2001 ed. with 2002 and
2003 addenda.

ASTM D-2000, Standard Classification SystemnforRubberProducts in Automotive Applications, American
Society for Testing and Materials, Philadelphia, current revision.

ASTIM E-2230-02, Standard Practice for Thermal Qualification of Type B Packages for Radioactive
Materials, ASTM International, West Conshohocken, Pa., 2002.

Bailey, R. A., Strain-A Material Database, Lawrence Livermore Natl. Lab., Nov. 18, 1987.

Bailey, R. A., THERM1.2, A ThermalPropertiesDataBasefor theIBMPC, Lawrence Livermnore Natl. Lab.,
Nov. 18, 1987.

Byington, G. A., Vibration Test Report of the ES-2M Shipping Package, GAB 1296-2, Lockheed Martin
Energy Systems, Inc., Oak Ridge Y-12 Plant, Sept. 3, 1997.

ES-3100 Weldments P.O. 203-102-029, Document package from EaglePicher Technologies, Boron Dept.,
Quapaw, Okla., May 21, 2004.

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

MLL-HDBK-5H, Metallic Materials and Elements for Aerospace Vehicle Structures, Dec. 1 1998.

MSC.Patran, Version 12.0.044, MacNeal Schwendler Corp., 2004.

OO-PP-986, rev. D, ProcurementSpecfi cationfor 70A DurometerPreformed Packing (0-rings), Lockheed
Martin Energy Systems, Inc., Oak Ridge Y-12 Plant, Jan. 26, 1999.

ORNLINTRC-013/V1-3, rev. 0, Test Report of theES-3100 Package, UT-Battelle, Oak Ridge Nati. Lab.,
Natl. Transportation Research Center, Sept. 10, 2004.

Parker 0-ring Handbook, Catalog ORD 5700A1US, Parker Hannifin Corp., O-ring Div., Lexington, Ky.,
2001.

3-159

Y/Fli'717!C-3/ES-3 1OO THEU SAR4pc/02-25-05



IL-

SG 140.1, Combination TestAnalysis/Method Used to Demonstrate Compliance to DOE Type B Packaging
Thermal Test Requirements (30Minute Fire Test), U.S. DOE, Albuquerque Field Office, Nuclear Explosive
Safety Division, Feb. 10, 1992.

Van Wylen, G. J., and R. E. Sonntag, Fundamentals of Classical Thermodynamics, 2d ed., John Wiley &
Sons, Inc., New York, 1973.

3-160

Y/LF-717,Ci-3'ES-3100 HEU SAR/pc/02-25-05


