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I Docket No. 71-93 15 TAC No. L24141

RESPONSES TO RAI-ES-3100-REVISION 8

Chapter 3'Thermal

3-1 Explain and justify the basis for the limit of 1500 g of off-gassing material and add this
information to the SAR. The original RAI 3-4 requested the applicant to justify the1500 g
limit of off-gassing material per CVA. The applicant added Appendix 3.6.7, "Estimates
of Hydrogen Buildup in the ES-3100 Package Containing Highly Enriched Uranium.".
Section 3.6.7.5 of this appendix states that the polyethylene contributes very little to the
hydrogen generation.

This information is needed to ensure compliance with 10 CFR 71.43(d).

Applicant Response

The upper limit of 1490 g of offgassing material is not a calculated limit resulting from pressure, leakage
criteria, or criticality control considerations. Rather, this amount-of material is used as an evaluation
limit since it conservatively addresses the needs of shippers. The 1490 g is calculated as the sum of three
Teflon bottles (330 g per bottle) and the 500 g of offgassing material allowed (polyethylene bagging,
lifting slings, etc.). The explanation of the 1490 g evaluation limit will be clarified in the appropriate
SAR sections.

3-2 Revise the maximum normal operating pressure (MNOP) analysis to include partial
pressure from the radiolysis gas generation.

The applicant provided a gas generation model and basis to justify the compliance of the
hydrogen concentration limit in the new Appendix 3.6-7. However. the original MNOP
analysis does not include the partial pressure due to the generated hydrogen. A maximum
partial pressure from hydrogen during the transportation period should be estimated and
included in the MNOP evaluation.

This information is needed to ensure compliance with 10 CFR 71.31(a)(2) and 71.43(d).

Applicant Response

The maximum normal operating pressure (MNOP) analysis will be updated to include the pressure from
the radiolysis gas generation. Previously, the pressure calculation assumed that the cans were sealed,
thereby minimizing the free void volume and increasing the pressure. The inclusion of radiolysis gases
in the CV will be based on the free volume when the cans are not sealed so that the entire free volume in
the CV is considered. SAR sections will be revised appropriately.
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Docket No. 71-9315 TAC No. L24141

RESPONSES TO RAI-ES-3100-REVISION 8

3-3 Provide the basis for the hydrogen generation model contained in Appendix 3.6.7.

A) Provide justification for the applicability of the ORNL model.

The applicant uses a G value of 0.28 in the gas generation model to derive the gas
generation rate and the time to reach the concentration limit, which is based on ORNL's
report. This value is significantly lower than the bounding value (1.6) provided in staff's
guidance report NUREG-CR6673. The application should provide justification of the
applicability of using ORNL results, which includes the material composition, operating
conditions, and package geometry.

Applicant Response

The model in the revised Appendix 3.6.7 uses a G(H 2) value based on ORNL experiments which are more
recent (2003) than the experiments that are the basis for the bounding value in NUREG/CR-6773
(1.6 molecules/100 eV reported prior to 1976). The bounding ORNL G(H2) value (1.02 molecules/100 eV)
from the 2003 report is used in the revised appendix.

(B) Provide the experimental validation of the gas generation model.

The applicant should provide the experimental validation to support the gas generation
model since the G value used is a best-estimate value in contrast to the conservative
bounding value. Validation is needed to address uncertainty in the analysis, such as
effectiveness factor (GF), void volume calculation, weight measurement, and the ideal
gas law.

Applicant Response

The available ORNL experimental data are in two reports: Icenhour and Toth, ORNL/TM-2003/172
(2003) and Icenhour et. al., ORNL/TM-2003/194 (2004). The former report was provided with the first
RAI response, and the latter report will be added to Appendix 3.6.7. A table of all the G(H 2) values
derived from the ORNL data will be added to Appendix 3.6.7.

(C) Justify the margin for the compliance of the hydrogen concentration limit.

The applicant provides Appendix 3.6.7 as the hydrogen generation model and evaluates the
time span for the package to reach the 5% hydrogen concentration limit. For CVA 7, the
required time is one year, which has no margin toward the concentration limit. In light of
the great uncertainty involved in the analysis and the best-estimated G value is used, the
applicant should provide enough margin (time span) for the results in terms of material
weight.

Applicant Response

The radiolysis analysis will be revised to incorporate a safety margin (20%). Loading limits will be
presented for shipping times of both 1 year and 5 months in Table 1.3a for UNX crystals and 1 year for
oxides in Table 1.3. However, the analyses presented in Appendix 3.6.7 are based on times of 1.20 years
and 0.5015 years (6.02 months), which includes the 20% safety margin.

2
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Docket No. 71-9315 TAC No. L24141

RESPONSES TO RAI-ES-3100-REVISION 8

(D) Provide the operating procedures in handling potential flammable gas generation.

The applicant needs to provide a complete operating procedure in handling potential
flammable gas generation. The procedures include venting, gas sampling, and shipping
time control.

This information is needed to ensure compliance with 10 CFR 71.31(a)(2) and 71.43(d).

Applicant Response

The SAR will be revised to specify a time limit for shipping oxides and LYNX crystals as a result of the
potential buildup of hydrogen gas in the sealed containment vessel. The following operating condition
will be added to Sect 1.2.3.8:'

(10) Shipments of UNX crystals must be completed in the time period noted in Table 1.3a.
Shipments of uranium oxide must be completed in 12 months. This time period begins
when the containment vessel is sealed.

The following step will be added after Step 1 in Sect. 7.1.3.3 (subsequent steps will be renumbered):

2. when shipping uranium oxides or UNX crystals, the shipper shall provide the receiver with
the date and time the containment vessel was sealed. The shipper must verify that the

* shipment can be completed within the time period allotted for the type of shipment (5 months
or 1 year for UNX crystals as noted in Table 1.3a or 1 year for uranium oxides);

The following-paragraph will be added after the second paragraph of Sect. 7.2. 1:

The receiver shall check.the seal time and date before opening the container. The
receiver shall open the CV prior to the seal time expiring or take special precautions when
handling and opening the container. Special precautions are associated with the potential
buildup of hydrogen in the CV to greater than 5 mol %. Typical precautions may include, but
are not limited to, elimination of ignition sources, gradually opening the CV in a well-ventilated
area, or opening the CV in an inert glove box.

Venting of the convenience containers (cans or bottles) used for uranium oxide or UNX crystals will not
be required prior to shipment since the steady-state concentration of hydrogen in these vessels has been
accounted for in the determination of allowable content mass loading and shipment time. Text will be
added in Sect. 3.6.7.1 of Appendix 3.6.7 to clarify this issue.

Many users of the ES-3 100 do not wish to vent previously stored containers of uranium oxide or
ULNX crystals because doing so would require expensive and time-consuming process work. This
would include transfer of the container to a process area, removal of the tamper-indicating device,
process work to open the lid, re-accountability of the nuclear material in the container, reapplication of
a tamper-indicating device, and appropriate documentation and recertification. Estimates of this effort
are in the range of 200 hours per truckload of ES-3 100 packages and a month of time.

.3
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RESPONSES TO RAI-ES-3100-REVISION 8

Chapter 6 Criticality Review

6-1 Clarify mass loading limits for the square bars.

Tables 6.1.8 and 6.9.1.1 state that the mass loading limit for square bars using can spacers
is 36 kg. Table 1.3 states that this limit is 35.2 kg. Please clarify.

This information is needed to satisfy the requirements of 71.33(b)(2).

Applicant Response

Table 1.3 contains the most restrictive mass loading limits presented throughout the entire SAR (not just
the loading limits determined by the criticality analyses in Sect. 6 of the SAR). Some of the mass loading
limits are determined from the structural section (Sect. 2 analyzed a maximum of 35.2 kg of HEU metal),
while others are determined from the hydrogen generation calculations presented in Appendix 3.6.7 and
the criticality analyses presented in Sect. 6. A footnote will be added to the mass loading limit for square
bars in Table 1.3 to clarify this. In addition, columns will be added to Table 1.3 to indicate the source of
each mass loading limit (structural, criticality, or hydrogen generation calculations).

6-2 Provide clarifying information on enrichment and mass limits for the slug configurations.
Provide clarification on geometric arrangement of 580% enriched slugs.

a. Table 1.3 shows limits for enrichment >80% with no upper bound (presumably this
is 100%). This table gives a maximum U-235 mass of 17.374 kg for no spacers and
24.324 kg with spacers. The headings for Table 6.1b also give a maximum enrichment
of 100%, but has different maximum mass limits, This table gives 18.277 kg U-235 for
no spacers and 36.555 kg U-235 with spacers. The replacementtext for Sect. 6.4.1 in
response to RAI 6-8 states that the slugs are modeled as 100% wt % U-235. Other
parts of Table 6.1b (new page 6-12) have mass limits consistent with Table 1.3 but an
enrichment maximum of 95%. This is consistent with the information in Table 6.9.1.1.
Clarify and be consistent with the mass and enrichment limits.

Applicant Response

The entries for slugs in Table 1.3 will be revised to match the enrichments and mass limits for the slugs
given in Table 6.lb. As explained in the third paragraph on p. 6.3b, the column headings in Table 6.1b
give the evaluation limits for 235U at enrichment and canned spacer configuration. The fissile mass
loading limits for criticality safety given in Table 6.2a are not necessarily these evaluation limits. Rather,
the fissile mass loading limits are taken from the row entries in Table 6. lb determined per limitations
imposed by results of the package array analysis. See the response to RAI 6-2c, which shows that the
thirtieth paragraph of Sect. 6.4.1 (p. 6-73) will be modified to correct the misconception that slugs are
evaluated only at 100% enrichment. The slugs were modeled at 100% enrichment in order to determine
the most reactive arrangement of slugs. Once this most reactive configuration was determined, other
enrichments, were analyzed as shown in Table 6.1 b.

4
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RESPONSES TO RAI-ES-3100-REVISION 8

b. The heading row of Table 6.1b states a maximum mass of 36.555 kg of U-235 for
<80% enriched slugs with canned spacers. Further down in the table the maximum
mass of U-235 for this configuration is 29.318 kg. This is consistent with the
information in Table 1.3. Please clarify the mass limit for this configuration.

Applicant Response

The column headings for Table 6. lb give evaluation limits for 235U at enrichment and canned spacer
configuration. These evaluation limits are not the lower fissile mass loading limits given ih Table 6.2a,
which were derived from the results of the package array analysis.

c. Provide additional justification that the modeled arrangement of the slugs is the most
reactive. In the response to RAI 6-8 you show that for an arrangement of 5 slugs that
the most reactive is when there is 1.0 cm spacing between the slugs. However, it is not
clear to the staff why in some instances, you choose no spacing between the slugs. In
addition, although you present some sensitivity studies, it is not clear in the other
slug configurations (6 or more slugs per stack or double stacked slugs) that the most
reactive configuration was found. Provide additional clarification demonstrating that
the most reactive slug configuration was found for these other configuratibns.

Applicant Response

The thirtieth paragraph of Sect. 6.4.1 (p. 6-73) will be revised as follows:

Several slug arrangements depicted in Fig. 6.9.1-4b are evaluated for
*demonstrating that the most conservative arrangement of slugs is being analyzed.
The blue marker shown in Fig. 6.9.1-4c depicts the 4.13-in. diam of the canned spacer.
Content within a configuration radius of 2.125 in. (5.4 cm) are within the boundary of
the convenience can wall. The convenience cans are not modeled and contents are.
allowed to project beyond the convenience can wall boundary. 'The slugs aremodeled
only as 100 wt % 235U for this portion of the criticality evaluation. Cases cvcr5stll 1_1,
cvcr5estll_1 1, cvcr50stll_1, cvcr5e0stll_l, cvcr5u0stll_l, and cvcr5l0stH1_1
depict very different spacing arrangements with five slugs per convenience can, three
cans per package. The statistical difference in the calculated "keff + 2a" values is
insignificant. Cases cvcr6e0stll_1 and cvcr6stl1_11 depict arrangements with six
slugs per convenience can,. and Case cvcr70stl 1_1 depicts seven slugs per convenience
can. (Considerable deformation of the 4.25-in.-diam convenience can wall is required
to achieve all but the simple pentagonal-ring arrangement of slugs.) Calculation results
reveal the primary dependence of the "keff + 2a" value is on the fissile mass loading and
the secondary dependence is on the arrangement and spacing of slugs. The calculation
results presented in Table 6.9.6-8 (Appendix 6.9.6) for a flooded containment vessel
indicate that only five slugs per convenience can (18,277 g 215U per package)
may be loaded without the use of 277-4 canned spacers (Cases cvcr5stll_11l and
cvcr5estl 11_1). Further evaluation of the sinigle package and array configurations are
required. Also, results highlighted.in red indicate that 277-4 canned spacers are required
for the slug content.

5
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RESPONSES TO RAI-ES-3100-REVISION 8

The following text will be inserted as a new paragraph following the thirty-first paragraph of Sect. 6.4.1:

Cases cvcr5stll_2_1, cvcr5estll 2 1, cvcr50stll_2, cvcr5e0stll_2
cvcr5u0stl!_2, and cvcr510stll_2 represent the different spacing arrangements with
five slugs per convenience can, three cans per package, and cans separated by canned
spacers. Likewise, Cases cvcr6e0stll_2 and cvcr6stlI_2_1 represent arrangements
with six slugs per convenience can, three can per package, and cans separated by can
spacers. Case cvcr70stll_2 represents seven slugs per convenience can. While the
differences in the calculated "keff + 2a" values for equal numbers of slugs per can are
• 0.006, the "keff + 2a" values are significantly below the USL. Again, the calculation
results presented in Table 6.9.6-8(Appendix 6.9.6) for these cases reveal the primary
dependence of the "keff + 2cr" value is on fissile mass loading, and the secondary
dependence is on the. arrangement and spacing of slugs.

d. Table 6.9.1.1 states for case ncia5estll_2_5_3 for slugs with enrichment <80% that
there are double stacked slugs. Provide the arrangement of the slugs.

Applicant Response

The loading arrangement of slugs described for Case ncia5estll 2_2_53 on p. 6-104c is the same
as Case cvcr5estll 2 2 illustrated in Fig. 6.9.1-4b (p. 6-103a). The content descriptions for slug
arrangements described in Table 6.9.1.1 will be revised to include appropriate references to figures.

The case names for four stacking arrangements depicted in Fig. 6.9.1-4b contain typographical errors.
An extraneous " -1" suffix will be deleted so that names for Cases cvcr6e0stll_1, cvcr70stll_l,
cvcr6e4stll_1, and cvcr73stlll will be correctly shown. The case name for one stacking arrangement
depicted in Fig. 6.9.1-4c contains a typographical error. An extraneous "_1" suffix will be deleted so that
*the case name for Case cvcr6e0stll_1 will be correctly shown.

e. Table 6.9.1.1 states for case ncia5estl2 2 2 7 3 for slugs with enrichment -95%,
CSI=0.4, that there are double stacked slugs. Provide the arrangement of the slugs.
Confirm that ncia5estl2 2 2 7 3 is a typographical error and this calculation should
be listed as ncia5estll_2_2_7_3.

Applicant Response

The case name referred to in the comment (ncia5estl2 2 .27-3) does not appear in Table 6.9.1.1.
It is assumed that the comment is referring to Case ncfl5estl2_2_2_7_3. The case name
-"ncfl5estl2 2 2 7 3" appearing in Table 6.9.1.1 is a typographical error and will be revised to
"ncfl5estll_2_2_7_3." The loading arrangement of slugs described for Case ncfl5estll_2_2_7_3 is
the same as Case cvcr5estll 2 2 illustrated in Fig. 6.9.1-4b (p. 6-103a). The content descriptions for
slug arrangements described in Table 6.9.1.1 will be revised to include appropriate references to figures.

In Table 6.2a, the case name "ncfl5estl2 .2 2 7 3' (slugs 80% < enr. •_95% and CSI=0.4) is a
typographical error. This case name will be revised to "ncfl5estll_2_2_7 -3." Also, case name
"ncia5estll 2 2 5 3" (slugs M80 and CSI=0.0) is a typographical error and will be revised to
"hcia5estl2 2 2 5 3" in Tables 6.2a ahd 6.9.1.1.

6
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RESPONSES TO RAI-ES-3100-REVISION 8

f. Table 6.9.1.1 states for case ncfl5estll 2 2 5 3 for slugs with enrichment <80%,
CSI=0.4, that there are double stacked slugs. Provide the arrangement of the slugs.
Table 6.9.1.1 and Table 6.1b both list this configuration with the mass limit of
29.318 kg U-235 but this is not listed in Table 1.3 as part of the authorized contents.
Clarify if this is to be included as part of the authorized contents.

This information is needed to satisfy the requirements of 10 CFR 71.33 and 71.55.
10 CFR 71.33(b)(2) requires that the description of the contents identify maximum
quantities of fissile constituents. In addition, this information is needed to demonstrate
that the applicant has determined the maximum reactivity of the system per the
requirements of 10 CFR 71.55(b).

Applicant Response

The loading arrangement of slugs described for Case ncfl5estll 2 2 5 3 is the same as
Case cvcr5estll 2_2 illustrated in Fig. 6.9.1-4b (p. 6-103a). The content descriptions for slug
arrangements described in Table 6.9.1.1 will be revised to include appropriate references to figures.

Entries for slugs in Table 1.3 will be revised as discussed in the response to RAI 6-2aý

6-3 Provide clarifying information on the mass and modeled configuration for cylinders of
diameters •4.25 inches.

Provide the information for case nciacytll 25 2_3 in Table 6.9.1.1 for the limiting
conditions for the 100% enriched cylinders of d •4.25 inches. The information listed is the
same as the preceding case without spacers. The staff believes this is a typographical error.
In addition, the information in Table 6.1a is not consistent for this configuration. Some
table entries state that the maximum U-235 mass for this configuration is 32 kg and further
down the table (and Table.1.3) it states that the load limit is 25 kg. Please clarify.

This information is needed to satisfy the requirements of 10 CFR 71.33 and 71.55.
10 CFR 71.33(b)(2) requires that the description of the contents identify maximum
quantities of fissile constituents. In addition this information is needed to demonstrate that
the applicant has determined the maximum reactivity of the system per the requirements
of 10 CFR 71.55(b).

Applicant Response

The description for Case nciacyctll 15 1 3 in Table 6.9.1.1 was reviewed and determined
to be accurate. However, both the dimensions of the content and case description given for
Case nciacyctll_25_2_3 in Table 6.9.1.1 contain typographical errors. The content radius and
content height will be revised to "r = 5.39750 cm" and "h = 4.84031 cm," respectively. The content
description will be revised as follows:

The moderator is full density water (0.9982 g/cm3) surrounding three stacked cylindrical*
contents separated by 277-4 canned spacers. The contents have an overall stack height
of 21.63433 cm (8.517453 in.). No polyethylene was used in this model. Each
cylindrical content is separated by a 3.5561 cm spacer and 0.0012 cm of moderating
material. The bottom cylinder has a 0.0005 cm gap between it and the bottom of the

•7
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containment vessel. The contents sit in the exact center on the bottom of the CV.
Therefore,the cylinder content has 1.0287 cmrof moderating material around each side
and 57.10417 cm of moderating material above. The modeled material masses are:
25 kg 235U, 8.2568 kg H20, resulting in an h/x ratio of -8.62.

As stated in the first paragraph of Sect. 6.2.1, the per-package HEU mass loadings considered in the
criticality evaluation range from 1 to 36 kg for uranium metal. In the case of the 4.25-in.-diam cylinders,
the evaluation limit is 36 kg 235U. The various masses given in the rows of Table 6.1a are the potential
fissile mass loading corresponding to the condition evaluated. A general explanation is given in the
second paragraph on p. 6-3b.

6-4 Provide justification for allowing hydrogenous material to be stored with the broken metal
of unspecified shapes.

In response to staff RAI 6-5, you provided information on hydrogenous material
assumptions in the KENO evaluation models. Information about the assumptions used for
the broken metal models is provided. in response to staff RAI 6-11. In this RAI response
you introduced the "packing fraction" and "dispersed content" models. You describe
how the hydrogenous material was included in these models and then compare them to the
"cha" model which was used to establish the mass loading limits. Table 6.9.6-11 b and c
show that the "cha" model is still more conservative than that of the "packing fraction"
and the "dispersed content" models. Since the "cha" is the most conservative model and
was used to establish the mass loading limits for the broken metal loadings, provide
information justifying the inclusion of hydrogenous packing material using this modeling
approach.

This information is needed to demonstrate that the applicant has determined the maximum
reactivity of the system per the requirements of 10 CFR 71.55(b).

Applicant Response

Because credit for the separation between 277-4 canned spacers provided by the convenience cans is not
taken in the criticality analysis, the shape and size of pieces of HEU establishes the separation between
canned spacers which in turn determines the size of the HEU content locations in the containment vessel.
Given the irregular shape of broken metal, the packing fraction is the parameter which quantifies the
volume of space that the HEU material occupies. The packing fraction for broken metal content in a
convenience can ranges from 0.2 to -0.6.

The "cha" model is a first-order approximation model used in the SAR for establishing fissile mass
loading limits. The 500 g polyethylene, representing the use of hydrogenous packing material, is
replaced with water in the flooded containment vessel. Broken metal and water is homogenized as
a uranium "solution" and uniformly dispersed over' the entire volume of the containment vessel, as
explained on p. 6-103d. The vertical location of the 277-4 canned spacers inside the containment vessel
is based on a fixed HEU packing fraction of -0.59. The use of this large packing fraction results in
minimum separation between canned spacers which minimizes the size of the lower and middle content
locations and maximizes the size of the upper content location. Reactivity of the containment vessel
is driven by the oversized upper content location having a proportionately greater amount of fissile
material. Conversely, the use of a small packing fraction (-0.2) in the "cha" model would result in
greater separation between the canned spacers which increases the size of the lower and middle content

8
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locations while reducing the size of the upper content location. Reactivity of the containment vessel
would decrease as the proportions of fissile material in the content regions equalize.

The "cha" model is characteristic of the situation where the dimensions of the broken metal pieces are
sufficiently small to allow for pieces of HEU to pass between the void space formed between the inner
wall of the containment vessel and the exterior wall of each canned spacer.

As shown in Fig. 6.9.3.1-3, HEU broken metal content typically consists of irregular pieces, sufficiently
large (0.5 in. to several inches on a side), that will not pass between the 277-4, canned spacer locations.
The packing fraction calculation model "fM" and the dispersed content calculation model "fd" are more
realistic representations of broken metal developed to address questions raised in RAIs 6-5 and 6-11
for Rev. 8. Inside the containment vessel, the content locations between canned spacers are established
based on a variable packing fraction for HEU broken metal ranging from 0.2 to 0.6. The 500 g
polyethylene is included in the flooded containment vessel. HEU broken metal, polyethylene, and
water are homogenized as a uranium "solution" residing within the content locations (Figs. 6.9.1-5e
and 6.9.1-50 rather than distributed uniformly over the containment vessel. The "fl" model defines the
upper content location based on packing fraction while the "fd" model defines it as the entire region
above the upper canned spacer. The calculation results presented in Tables 6.9.6-1 lb and 6.9.6-1 ic
demonstrate that results for the "cha" model evaluated without polyethylene bound results for the more
realistic "fl" and "fd" models evaluated with 500 g polyethylene where HEU content of the package is
confined to the specific content locations.

Powder, particulate, or small pieces of HEU potentially present in broken metal are capable of passing
between content locations. The quantity of this material, potentially present, represents a small fraction
of the total HEU broken metal content. 'Howe ver, the placement of a limit on content size for criticality
control is not adopted as a package content loading restriction. (Sect. 6.2.4) Instead, the loading limits
established based on the first-order "cha" model are retained, recognizing that the use of polyethylene is
not addressed with "cha" model. Therefore, only non-hydrogenous packing material may be used in the
containment vessel when broken metal content is present.

The following text will be added to the end of Item 7 in the first paragraph of Sect. 6.2.4:

Only non-hydrogenous packing material may be used in the containment vessel when
HEU content is shipped under the broken metal category.

The following operating condition will be added to Sect. 1.2.3.8:

(9) Only non-hydrogenous packing materials may be used in the containment vessel if broken
HEU metal is being shipped.

The fifth through seventh paragraphs in Sect. 6.5.2 will be replaced with the following text:

The loading limits for HEU solid metal of unspecified geometric shapes or for

HEU broken metal are summarized in Table 6.2a based on array calculations performed
using the uniform dispersal approximation "cha" model (Fig. 6.9.1-5d). The calculation
results on which the determination of the loadinglimits is based are summarized in
Table 6.1 c.
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As discussed in Appendix 6.9.1, the "cha" model is a first-order approximation
model. The 500 g polyethylene representing the use of hydrogenous packing material
is replaced with water in the flooded containment vessel. Broken metal and water is
homogenized as a uranium "solution" and uniformly dispersed over the entire volume*•
of the containment vessel. The vertical location of the 277-4 canned spacers inside the
containment vessel is based on a fixed HEU packing fraction of -0.59.. The use of this
largepacking fraction results in minimum separation between canned spacers, which
minimizes the size of the lower and middle content locations and maximizes the size
of the upper content location. Reactivity of the containment vessel is driven by the
oversized upper content location having a proportionately greater amount of fissile
material. Conversely, the use of a small packing fraction (-0.2) in the "cha" model
would result in greater separation between the canned spacers, which increases the size
of the lower and middle content locations while reducing the size of the upper. content
location. Reactivity of the containment vessel would decrease as the proportions of
fissile material in the content regions equalize. Calculations based on a packing fraction
of -0.59 bound similar cases based on lower packing fractions.

The "cha" model is characteristic of the situation where the dimensions of the
broken metal pieces are sufficiently small to allow pieces of HEU-to pass betweenthe
void spaces formed between the inner wall of the,containment vessel and the exterior
wall of the canned spacers.

As shown in Fig. 6.9.3.1-3, HEU broken metal content typically consists of
irregular pieces, sufficiently large (0.5 in. to several inches on a side), that will not pass
between the 277-4 canned spacer locations. The packing fraction calculationmodel "fM"
and the dispersed content calculation model "fd" better represent broken metal content
which does not pass between the canned spacer locations. Inside the containment vessel,
thecontent locations between canned spacers are established based on a variable
packing fraction for HEU broken metal ranging from 0.2 to 0.6. The 500 g polyethylene
is included in the flooded containment vessel. HEU broken metal, polyethylene and
water are homogenized as a uranium "solution" residing within the content locations
(Figs. 6.9.1-5e and 6.9.1-5f) rather than distributed uniformly over the containment
vessel (Fig. 6.9.1-5d). The "fM" model defines the upper content location based on
packing fraction while the "fd" model defines the upper content location as the entire
region above the upper canned spacer.

NCT cases for the"fi" and "fd" calculation models are documented in
Table 6.9.6-1 lb. The.reference case results based on the uniform dispersal
approximation "cha" model are highlighted. The corresponding cases for the packaging
fraction ("fi") and for the dispersed content ("fd") calculation models are given in the
rows below the reference case. Consider Case nciabmtll_4_1_5_3 where the quantity
of HEU content in the model is calculated basedon a discrete number of 1-in. cubes.
The HEU in corresponding Cases nciapbmfltll 1 n 4 5 and nciapbmfdtll_1_n_4_5
is not limited to fractional kilogram quantities based on whole cubes as in
Case nciabmtll 4 1 5 3. Instead, the intended whole kilogram quantities of HEU
are evaluated as a function of the packing fraction ("n") in the "... fltl 1 1_n ..." and
"... fdtl 1 1_n .... cases.
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An increase of -0.08 in the keff + 2a values is observed as the packing
fraction is reduced and more water is homogenized with the fissile material, (i.e.,
Cases nciapbmtfllI 1 6 4 5 through nciapbmtflll_1_2_4_5, Table 6.9.6-1 lb).
As the packing fraction is reduced and the volume of the content location increases
accordingly, neutron multiplication increases due to increased moderation of the fissile
material. A considerable increase of-0.22 in the keff + 2o values is observed when
fissile material in the upper can location is homogenized with water in the upper
content location and dispersed over that region, (i.e., Case nciapbmtflll_1_6_4_5 vs
Case nciapbmtfdll1I 6 4_5, Table 6.9.6-1 lb). Nevertheless, the keff+ 2a values for
the packaging fraction "fM" and dispersed content calculation "fd" models are lower
than values for the corresponding uniform dispersal approximation "cha" model. The
"cha" model evaluated Without polyethylene bounds results for the more realistic "fl"
and "fd" models evaluated with 500 g polyethylene and the HEU content of the package
confined to the specific content locations.

Powder, particulate, or small pieces of HEU potentially present in broken metal are
capable of passing between content locations. The quantity of this material, potentially present,
represents a small fraction of the total HEU broken metal content. However, the placement of a
limit on content size for criticality control is not adopted as a package content loading restriction
(Sect. 6.2.4) Instead, the loading limits established based on the "cha" model are retained,
recognizing that the use of polyethylene is not addressed in "cha" model. Therefore,
hydrogenous packing material will not be used in the containment vessel when broken metal
content is present (Sect. 6.2.4, Item 7).

The last paragraph in Sect. 6.6.2 will be replaced with the following text:

The loading limits for HEU solid metal of unspecified geometric shapes or for
HEU broken metal are summarized in Table 6.2a based on array calculationsperformed
using the uniform dispersal approximation "cha" model (Fig. 6.9.1-5d). The calculation
results on which the determination of the loading limits is based are summarized in
Table 6.1 c.

As discussed in Sect. 6.5.2, criticality calculations with the "cha" model for a
packing fraction of -0.59 bound similar cases at the lower packing fractions. The "cha"
model is characteristic of the situation where the dimensions of the broken metal pieces
are sufficiently small to allow for HEU to pass between void space formed between the
inner wall of the containment vessel and the exterior wall of each canned spacer.

As shown in Fig; 6.9.3.1-3, HEU broken metal content typically consists
of irregular pieces, sufficiently large (0.5 in. to several inches on a side), that will not
pass between the 277-4 canned spacer locations. The packing fraction calculation model
"fl" and the dispersed content calculation model "fd" better represent broken metal
content which does not pass between the canned spacer locations.

HAC cases are documented in Table 6.9.6-1 lc. The reference case results based
on the uniform dispersal approximation "cha" model are highlighted. The corresponding
cases for the packaging fraction ("fl") and for the dispersed content ("fd') calculation
models are given in the rows below the reference case.

11
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An increase of -0.08 in the keff + 2a values is observed as the packing
fraction is reduced and more water is homogenized with the fissile material (i.e.,
Cases hciapbmtflll 1 6 4 5 through hciapbmtflll 1__2_45, Table 6.9.6-11 c).
*As the packing fraction is reduced and the volume of the content location is increased,
moderation of the fissile material increases. A considerable increase of -0.22 in
the keff+ 2ca values is observed when fissile material in the upper can location is
homogenized with water in the upper content location and dispersed over that region
(i.e., Case hciapbmtflll 1_6_45 vs Case hciapbmtfdll 1__6_45, Table 6.9.6-11c).
Nevertheless, the keff + 2a values for the packaging fraction "fM" and dispersed content
calculation "fd" models are lower than values for the corresponding uniform dispersal
approximation "cha" model. The "cha" model evaluated Without polyethylene bounds
results for the more realistic "fM" and "fd" models evaluated with 500 g polyethylene and
the HEU content of the package confined to the specific content locations.

Powder, particulate, or small pieces of HEU potentially present in broken
metal are capable of passing between content locations. The quantity of this material,
potentially present, represents a small fraction of the total HEU broken metal content.
However, the placement of a limit on content size for criticality control is not adopted as
a package content loading restriction (Sect. 6.2.4). Instead, the loading limits established
based on the "cha" model are retained, recognizing that the use of polyethylene is not
addressed in "cha" model. Therefore, hydrogenous packing material will not be used in
the containment vessel when broken metal content is present (Sect. 6.2.4, Item 7).

The first and second paragraphs on p. 6-103b in Sect. 6.9.1 will be replaced with the following text:

Calculation models for solid HEU metal-of unspecified geometric shapes
characterized as broken metal. The intended use of the "broken metal" category is for
shipment of solid HEU metal of unspecified geometric shape characterized as broken
metal, packed in 4.25-in.-diam convenience cans where the packing fraction would not
*exceed 0.59. The packing fraction is a parameter which characterizes the volume that
broken metal occupies. A typical broken metal content is depicted in Fig. 6.9.3.1-3
where the packing fraction for content in a convenience can ranges from 0.2 to -0.6.

In the criticality evaluation of broken metal, convenience cans are not credited
for containing the content nor for maintaining spacing between the 277-4 canned spacers.
Consequently, the shape and size of the broken metal pieces establishes the separation
between canned spacers which in turn determines the size of the HEU content locations
inside the containment vessel. Given the irregular shape of broken metal, the packing
fraction is the parameter which quantifies the volume of space that the broken metal
occupies. The use of a large packing fraction (-0.6) results in minimum separation
between canned spacers which minimizes the size of the lower and middle content
locations and maximizes the size of the upper content location. Reactivity of the
containment vessel is driven by the oversized upper content location. Conversely, the
use of a small packing fraction (-0.2) results in greater separation between the canned
spacers which increases the size of the lower and middle content locations while
reducing the size of the upper content location. Reactivity of the containment vessel
decreases accordingly.
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The "sqa", "Iha", and "cha" calculation models are devised for evaluating
broken metal in the idealized forms described in the following paragraphs. The heights
of the lower can locations and separation between the first and second 277-4 canned
spacers inside the containment vessel are conservatively established on the basis that
broken metal is confined within a rectangular lattice formed by the unit cells of fissile
material having a packing fraction of -0.59.

6-5 Revise the criticality analysis for uranium oxide powders to consider low density powders.

The applicant stated in its response to RAI 6-12 that product oxide has a bulk density of
6.54 grams/cm 3, which was used to determine the amount of water that could saturate the
uranium oxide powder. Staff was able to find references stating that U02 powders could
be expected to have a bulk density of 2.0-5.0 grams/cm 3 depending on the process used for
production. A lower powder density could allow for more water in the U0 2-water mixture
assumed in the analysis, which could therefore affect the reactivity of the package.

This information is required to ensure that the applicant has identified the most reactive
credible configuration consistent with the chemical and physical form of the material per
10 CFR 71.55(b).

Applicant Response

The applicant agrees. A parametric evaluation of oxide content bulk density was performed over the
range of 2.0 to 6.54 g/cm3 establishing the behavior of the neutron multiplication factor. Additional
criticality calculations were run varying the oxide bulk density from 6.54 g/cm3 to a lower Value limited
by the capacity of the convenience cans. The maximum content capacity of the ES-3 100 is -6,975 cm 3,
where each three 4.25-in.-diam x 10.0-in.-tall convenience cans has a capacity of -2,375 cm 3.

The third sentence in the fourth paragraph of Sect. 6.2.1 will be revised as foilows:

However, bulk densities of product oxide are typically on the order of 2.0 to 6.54 g/cm 3.

With increased moderation of fissile mass possible at these lower densities, only
"less-than-theoretical" mass loadings would actually be achieved.

The first sentence in the first paragraph of Sect. 6.4.3 will replacedwith the following text:

HEU product oxide content is non-hygroscopicor mildly hygroscopic.. While
bulk densities of product oxides are typically on the order of 6.54 g/cm3, the bulk density
of HEU oxides considered for shipment in the ES-3 100 ranges from 2.0 to 6.54 g/cm3 .

The fourth through seventh paragraphs in Sect. 6.4.3 will be replaced with the following text:

Like packages with HEU metal or broken metal, the neutron multiplication
factor for reflected single packages with HEU oxide increases as a function of increasing
MOIFR and decreases with decreasing 235U mass. For example, consider the ES-3 100
package loaded with oxide at 6.54 g/cm3 in three convenience cans for a total of
24,000 g U0 2 (21,125 g 211U). The keff + 2cy values range from 0.724 to 0.804,with
increasing MOIEFR in the reflected package [Cases ncsrpoxtl 1_124_1 through
ncsrpoxtll_ 1 24_15 (Table 6.9.6-13)]. The addition of water to the package
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reduces the NLF, thereby increasing kef, The flooded, reflected package is the most
reactive single package configuration; consequently, MOIFR is treated as a constant
rather than a variable in subsequent "pdox" cases.

Parametric calculations are performed for oxide content loadings in a flooded,
reflected package by varying the oxide bulk density from 6.54 g/cm3 to a lower value
limited by the capacity of the convenience cans. The maximum content capacity of the
ES-3100 is -6,975 cm 3, where each of three 4.25-in.-diam x 10.0-in.-tall convenience
cans has a capacity of -2,375 cm 3. As shown in Table 6.9.6-13a, calculations for a
loading of 24,000 g U0 2 are performed at bulk densities of 6.54 g/cm3, 5.0 g/cm3, and
4.0 g/cm3, but not 3.0 g/cm3 because the capacity of the convenience cans is exceeded
for this mass loading. Note that Case ncsrpoxtll 1 24 15 (Table 6.9.6-13) is
identical to Case ncsrpdoxtll1_5 24 (Table 6.9.6-13a). Results for the parametric
Cases ncsrpdoxtll 1_n 24, ncsrpdoxtll 1_n_20, and ncsrpdoxtl 1_1n_15 reveal
the consistentincrease in the keff + 2a values as the bulk density decreases. This increase
in neutron multiplication is due to the increased moderation of the HEU oxide.

Cases ncsrpdoxtlll1 n 14 for U0 2 (12,323 g 235U), ncsrpdoxtil_2 n_14
for U30 8 (11,850 g 235U), and ncsrpdoxtll 3 n 14 for U0 3 (11,627 g 235U) evaluate
the ES-3 100 package loaded with 14 kg oxide over the range of bulk density "n".
The keg + 2 y values reveal a consistent increase over the range of density. Results
for Cases ncsrpdoxtll 2 1 14 and ncsrpdoxtll 3_1_14 indicate that both the
U30 8 content (keff+ 2r = 0.778) and the U0 3 content (keff+ 2a = 0.760) are bounded
by the U0 2 content (keff + 2a = 0.814). Even though the capacity of the convenience,
cans is exceeded by 25 g, these cases are retained for the purpose of illustrating this
point.

Results for a reflected containment vessel-loaded with HEU oxide reveal
the same trends in the keff + 2a values as do results for the reflected package; however,
the keff + 2, values are -0. 1 greater in the containment vessel cases. For the flooded
containment vessel loaded with U0 2, the keff + 2y values increase from 0.838
to 0.911 with decreasing bulk density [Cases cvcrpdoxtll 115_14_15 through
cvcrpdoxtll_1_1_14 15 (Table 6.9.6-12 and Fig. 6.9.1-6)]. For the dry containment
vessel, the keff + 2(y values increase from 0.824 to 0.912 [Cases cvcrpdoxtll 1 5 14_1
through cvcrpdoxtll_1_1 141 (Table 6.9.6-12 and Fig. 6.9.1-6)]. Comparison of
results for high density U0 2 oxide saturated with 862 g water reveals a small increase
in keff + 2a from 0.824 to 0.838 due to flooding of the containment vessel. Comparison
of results for 10w density U0 2 oxide saturated with 5,712 g water reveals an
insignificant increase in keff + 2a due to flooding of the containment vessel,
[Cases cvcrpdoxtll_1_5_14 15 and cvcrpdoxtll_1_5_14_1 (Table 6.9.6-12 and
Fig. 6.9.1-6)].

Cases cvcrpdoxtll1_11_14_15 through everpdoxtll_1_1i14_15 demonstrate
that the keff + 2a values decrease for decreased mass loadings of HEU oxide at constant
bulk density.

For the flooded containment vessel under full water reflection containment,
the keff + 2cy value is 0.914, Case cvcpdoxtll_1 3 24 15. [10 CFR 71.55(b)] The
keff + 2a value is 0.817 for water-reflected package, Case ncsrpdoxtll 1_1324.
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[10.CFR 71.55(d)] Case hcsrpdoxtl2 1 3 24 (Table 6.9.6-13a) represents the HAC
model of the damaged ES-3 100 package, where the outer dimensions of the package
are reduced accordingly and the entire package is flooded except the neutron poison of
the body weldment liner inner cavity. This single-unit case pertains specifically to the
flooded drum under conditions specified in 10 CFR 71.55(e). The keff+ 2a value is
0.819 for this HAC condition. The changes in both the outer dimensions of the package
and the compositions of the Kaolite and 277-4 due to HAC result in an -0.002 change in
the neutron multiplication factor.

The first paragraph in Sect. 6.5.3 will be revised as follows:

Like packages with HEU metal or broken metal, the neutron multiplication
factor for an NCT array of packages with HEU product oxide decreases as a
function of decreasing 235U mass [parametric Cases nciapdoxtl 1_1 n 24_3,
nciapdoxtll_1_n_20 3, nciapdoxtlll_ n 15 3, nciapdoxtll 1. n 12 3,
nciapdoxtll_1 n 11 3, and nciapdoxtll 1 1-10 3 through nciapdoxtll 1 1 6-3
(Table 6.9.6-13b)]. For these NCT cases,.the MOIFR is set at 1.0E-04 such that
neutronic interaction between packages of an array is maximized. Results for the
parametric cases reveal the same consistent increase in the keff+ 2y values with
decreasing bulk. density as observed in the single package calculation results
(Sect. 6.4.3), Results for Cases nciapdoxtll_1_n_11_3 and nciapdoxtll1_1_10 3
through nciapdoxtll_1_1_6_3 demonstrate that over the range of HEU. oxide bulk
densities from 6.54 to 2.0 g/cm3 , the keff + 2y values are below. the USL of 0.925.

The first sentence in the third paragraph of Sect. 6.5.3 will be revised as follows:

The CSI is 0.0 for an infinite array of packages having product oxide content
with a bulk density _2.0 g/cm3.and with a maximum of 9,682 g,235U or having skull
oxide content with a maximum of 16,399g 235U and 921 g graphite.

The first paragraph-in Sect. 6.6.3 will be revised as follows:

Like packages with HEU metal or broken metal, the neutron multiplication
factor for an array of HAC packages with HEU product oxide decreases as a.
function of decreasing 235U mass [parametric Cases hciapdoxtll_1_n_24_3,
hciapdoxtll1I n 20 3, heiapdoxtll 1 n_15 3, hciapdoxtll I1n 12_3
hciapdoxtll_1 n 11 -3, and hciapdoxtll, 1_110.3 through hciapdoxtll1_1 -6_3
(Table 6.,9.6-13b)]: For these HAC cases, the MOIFR is set at L.OE-04 such that
neutronic interaction between packages of an array is maximized. Results for the
parametric cases reveal the same consistent increase in the keff+ 2a values with
decreasing bulk density as observed in the single package calculation results
(Sect. 6.4.3). Results for Cases hciapdoxtll_1_n_11_3 and hciapdoxtll. 1_110.3
through hciapdoxtll- 1_1_6_3 demonstrate that over the range of HEU oxide bulk
densities from 6.54 to 2.0 g/cm 3, the keff + 2a values'are below the USL of 0.925. Given
that the results for NCT (Sect. 6.5.3) and HAC areadequately subcritical, packages may
be shipped under a CSI = 0.0 for an infinitearray of packages having product oxide with
a maximum of 9,682 g 231U.
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The second sentence in the first paragraph of the "HEU oxide" subsection of Sect. 6.9.3.1 will be revised
as follows:

While bulk densities of product oxides with enrichments ranging from 19 to
100 wt % 235U are typically on the order of 6.54 g/cm3 , the bulk density of HEU oxides
considered for shipment in the ES-3 100 ranges from 2.0 to 6.54 g/cm3 .

Tables 6.9.6-12 and 6.9.6-13 will be revised, and new Tables 6.9.6-13a and 6.9.6-13b will be created to
document the results of the analyses conducted in response to this RAI.

6-6 Revise.the criticality analysis to define the "unidentified material" that may be present in
the skull oxide content.

The applicant stated in its response to RAI 6-12 that: "The skull oxide content'is assumed
to be U30 8 plus, graphite. polyethylene, and unidentified material." The unidentified
material should be addressed in the criticality analysis to ensure that its presence will
not increase reactivity beyond what is considered in the current analysis. Note that
10 CFR Part 71.83 states that: "When the isotopic abundance, mass, concentration, degree
of irradiation,. degree of moderation, or other pertinent property of fissile material in any
package is not known, the licensee shall package the fissile material as if the unknown
properties have credible values that will cause the maximum neutron multiplication."

This information is required to-ensure that the package design with the skull oxide content
will continue to meet the requirements for fissile material packages in 10 CFR Parts 71.55
and 71.83.

Applicant Response

Table 6.9.3.1-3c describes 10 models 'for skull oxide Used in the criticality evaluation. Eight models
are representative compositions for the 292 samples of canned skull oxide. Two compositions were
derived from this sample data where unidentified material is treated as ,235U and the carbon content either
maximized in Model 9 or minimized in Model 10. Essentially, the fissile mass'loading limits for skull
oxide are determined based on the limiting calculation results of Model 9. Treatment of the unidentified
material as fissilermaterial in the criticality analysis assures that its presence in skull oxide does not
increase reactivity beyond. whatis considered in the current analysis.

To address the 10 CFR 71.83 requirement, an additional package content loading restriction will be
, added as Item 8 in the first paragraph of Sect. 6.2.4 as follows (the existing Item 8 will be renumbered as

Item 9):

(8) The mass of unidentified constituents of an HEU fissile material to be loaded into the
ES-3 100 will be counted against the fissile mass loading limit. The HEU fissile material will
not contain unevaluated moderating materials.

A similar loading restrictionwill be addedto Sect. 1.2.3.8.
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The third paragraph in the "HEU oxide" subsection of Sect. 6.9.3.1 will be replaced with the following text:

Eight skull oxide compositions representative of 292 samples of canned skull oxide
were selected for establishing the bounding content calculation models. The skull oxide
content is assumed to be U30 8 plus graphite, polyethylene, and unidentified material.
Two additional compositions were derived for addressing skull oxides with an
enrichment of 93.2 wt % 235U where unidentified material is treated as 235U and the
carbon content is either maximized or minimized. Treatment of the unidentified material
as fissile material in the criticality analysis assures that its presence in skull oxide does
not increase reactivity beyond what is considered in the bounding analysis.

The composition of the skull oxide content is given in terms of the following parameters:
the grams skull oxide content in a content can (gramskul), the content bulk density
(densoc), the wt % uranium in skull oxide content (wtpuskul), the wt % 235U in uranium
(wtpu25u), and the grams of graphite in the content can (gramg). Values for the content
specification parameters are provided in Table 6.9.3.1-3b.

The third sentence in the eighth paragraph of Sect. 6.4.3 will be revised as follows:

The observed maximums of 7.1 kg skull oxide and -93.2 wt % 235U enrichment present
in 292 convenience cans are the basis for the hypothetical contents "sk3cc_9" and
"sk3cc_10," where unidentified material is treated as 235U and the carbon content is
either maximized or minimized.

The last sentence in the eighth paragraph of Sect. 6.4.3 will be revised as follows:

Cases cvcrsk3cc 9 15 17 and cvcrsk3cc_10_15_17 reveal that keff + 2a increases
slightly when the 921 g of carbon in the skull oxide is replaced with 726 g 235U in the
form of U30 8.

The second sentence in the last paragraph of Sect. 6.4.3 will be revised as follows:

Likewise, Cases ncsrsk 10 1 through ncsrsk_10_15 evaluate the skull oxide content
containing -20.8 kg U30 8 where the 921 g of graphite in the skull oxide is replaced with
726 g 235U in the form of U30 8.

6-7 Revise the benchmarking analysis in Section 6.8 of the SAR to ensure that the single
calculated upper subcritical limit (USL) of 0.925 is appropriate for all of the evaluated
contents for the Model No. ES-3100.

The benchmarking analysis for this application appears to have relied on a USL calculated
for a group of 639 uranium systems of varying type. The benchmarking analysis should
ensure that the calculated USL is appropriate for the various types of systems being
evaluated (e.g., metal, oxide, solution). It should be demonstrated that the USL determined
for a large group of mixed systems bounds that calculated for individual sets of similar
systems. Selected benchmark experiments should have to the maximum extent possible,
the same materials, neutron spectra, and configuration as the package evaluations. It is
also noted that the group of experiments used for the benchmarking analysis includes low
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and middle enrichments of uranium. This may not be appropriate for benchmarking the
ES-3100 package, which is designed to transport primarily high enriched uranium.
This information. is required to ensure that the package will remain subcritical per the

fissile material requirements of 10 CFR Parts 71.55 and 71.59.

Applicant Response

Tables 4:2, 4.3, and 4.4 in Y/DD-896/R1 (Appendix 6.9.8) present the calculated results for each
benchmark calculation for highly enriched uranium (HEU), intermediately enriched uranium (IEU), and
low enriched uranium (LEU) systems. The systems include benchmark experiments for uranium metal,
uranium compounds, and uranium solutions. These tables include the following results: the mean of
the final keff (kcal) after 800,000 histories; the standard deviation of that mean; the mean of the average
fission group (AFG); the mean of the energyof average lethergy causing fission (EALCF); and the
associated standard deviations. In addition, the expected or experimental keff (kexp) and associated error
estimate from the OECD benchmark handbook is also provided. The values of AFG and EALCF are
included as potential regression variables because previously there was an expectation that the bias
between experiment and Monte Carlo calculation might be. correlated with these parameters. The
statistical evaluation of calculated results for the benchmark experiments reveals that the bias is best
determined based.upon non-parametric statistical methods.

Tables 4.2 and 4.4 in Y/DD-896/R1 are each divided into two parts: Rev. 0 and Rev. I validation
analysis results. Revision 0 applies to the original validation while Rev. 1 represents the expansion of
the validation from 407 to 460 HEU experimental cases and from 96 to 128 LEU experimental cases.
Table 4.3 represents the addition of 51 IEU experimental cases into Rev. 1 of the validation. An overall
minimum, average, and maximum bias are included at the end of each table for both Rev. 0 and Rev. 1
analyses, as applicable. The maximum bias corresponds-to a "positive" bias which is conservatively
treated as a zero bias in the analysis. Therefore, the minimum bias is used to determine the upper
subcritical limit (USL) for each system.

The minimum bias given for the HEU Systems Rev. 1 is -0.14356; however, this result is from one
of four k-infinite models, which are somewhat different than the usual benchmark experiments. As
discussed in Sect. 5.3 of Y/DD-896/R1, four outlier results are for benchmark experiments that were
modeled as infinite in extent, thereby amplifying the effects of imperfections in cross section data.
The models also required additional interpretation and adjustment from the actual finite experimental
configuration to create an infinite benchmark model. It is noted by the author that these results are
considered to be outside the norm and it was recommended that they be omitted from the bias
determination. After eliminatingthe outlier models from the bias determination the minimum bias
was determined to be -0.0203 for HEU systems.

The LEU benchmark models did not have any calculated keff results that were considered to be outside the
norm. However, the IEU benchmarks models had two cases which included relatively large amounts of
thorium in infinite models. These two IEU cases both resulted in a relatively high "positive" bias that
was conservatively assumed to be zero. The minimum bias is given in Y/DD-896/R1 as -0.0055 and
-0.0247 for the IEU and LEU systems, respectively.

In determining the overall bias for general use calculations, the minimum calculated bias for HEU,
IEU, or LEU systems is used for determining the overall USL of a uranium system. Since the LEU
benchmark models resulted in'the global minimum bias (-0.0247), the bias for the combined systems is
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conservatively taken to be -0.025. Therefore, the bias used in this analysis and the USL determination is
adequate for all analyzed contents.

Section 6.8.3 will be revised as follows:

The USL is based on the non-parametric statistics-based lower tolerance limit
(LTL) for greater than 0.99/99% where there is a probability of greater than 0.99 that
99% of the population is greater than a specified result, reduced by additional margin.
From Table 1 of Y/DD-972R1 (Appendix 6.9.8), the LTL combining bias and bias
uncertainty is 0.975 for uranium systems, including HEU metal. Tables 4.2, 4.3, and 4.4
of Y/DD-896/R1 (Appendix 6.9.8) list the maximum (positive) and minimum (negative)
biases for HEU (metal, compound, solution), IEU (metal, compound) and LEU
(compound, solution) systems. Since the positive bias is conservatively treated as a
"zero" bias in the validation analysis, the negative bias is applied to determine the USL
for the systems. The minimum bias for the HEU, IEU, and LEU systems is given as
-0.0203, -0.0055 and -0.0247, respectively. The global minimum bias for these
systems [-0.0247 (conservatively rounded to -0.025)] is applied to all uranium
enrichments. Ordinarily, the USL would be 0.955 where an additional margin of
subcriticality of 0.02 is subtracted from the LTL of 0.975. However, NUREG/CR-5661
provides guidance that the USL should be established with a minimum margin of
subcriticality of 0.05. Thus, the USL is equal to.0.95 plus the minimum bias (-0.025),
giving a value of 0.925.
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and the top plug, which is above the containment vessel, includes a 12.55-cm (4.94-in.) thickness of
insulation.

1.2.1.3 Shielding

The ES-3 100 packaging does not require dedicated shielding materials of specific design to
control external radiation levels for the bulk HEU contents. However, the intervening packaging
materials of construction (stainless steel of the drum and containment vessel, the Kaolite material, and
the 277-4 material) provide some attenuation of the relatively low levels of penetrating radiation emitted
by the contents. The amount of shielding modeled for the NCT analysis is represented by the thickness
and density of the materials reported in Sects. 1.2.1.1, 1.2.1.2, and 1.2.2 and the packaging dimensions
(Appendix 1.4.8). HAC physical testing showed that the containment vessel and insulation remain
confined within the drum assembly. However, the HAC shielding evaluation conservatively assumes that
only the containment vessel remains for shielding purposes (i.e., no shielding credit is taken for the drum
and insulation in the HAC analysis).

1.2.1.4 Nuclear criticality safety

The packaging materials of construction in the ES-3 100 provide neutron absorption
(stainless steel and 277-4) and reflection (stainless steel and insulation). The 277-4 (or Cat 277-4 as it is
sometimes referred) material is a noncombustible cast neutron-absorbing material. This material is cast
into the innermost liner of the package adjacent to the containment vessel as shown in Fig. 1. 1. The
material is a high alumina borated concrete composed of aluminum, magnesium, calcium, boron, carbon,
silicone, sulfur, sodium, iron, and water. The 277-4 material was manufactured specifically for the
ES-3 100 package by adding boron carbide to a standard material (Cat No. 277-0) and increasing the
boron content from 1.56 wt % to 4.23 wt%. Additional information on the neutron-absorbing
characteristics of this material is presented in Appendix 6.9.3. Properties of the 277-4 material are
presented in Table 2.17 and Appendix 2.10.4. The cast material has a nominal density of 1681.9 kg/m3

(105 lb/ft). The procedure for mixing this material and casting it into the ES-3 100 shipping package is
documented in JS-YMN3-801580-A005, Casting Catalog No. 277-4 Neutron Absorber for the ES-3100
Shipping Package (Appendix 1.4.5).

• Although shown by tests up to HAC as not being credible, the criticality analysis considers water
leakage into the containment vessel in accordance with 10 CFR 71.55(b). Depending on the content
being shipped and the shipping configuration being used, criticality safety index (CSI) values for the
ES-3 100 package may range from 0 to 3.2 (see Sect. 1.2.3).

1.2.2 Containment System

A single containment vessel is used in the ES-3 100 shipping package for the transport of bulk
HEU contents. The ES-3 100 containment boundary (consisting of the containment vessel body, lid
assembly, and inner O-ring) is shown in Fig. 1.3.

During fabrication, all ES-3 100 containment vessels will be inspected and tested to the
requirements specified on the design drawings (Appendix 1.4.8) and equipment specification
(Appendix 1.4.3). Certification documents received from the vendor with each component acknowledge
the use of these drawings and specifications. These certifications are on file with the Y-12 Quality
Organization.

1-7
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Fig. 1.3. Containment boundary of the ES-3 100 shipping package.
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The containment boundary of the ES-3 100 package is a pressure vessel that is designed,
fabricated, examined, and tested in accordance with the ASME Boiler and Pressure Vessel Code,
Sect. III, Division 1, Subsection NB (B&PVC, Sect. III, Div. I). The ES-3 100 containment vessel body is
constructed of 304L stainless steel and may be fabricated by one of two methods. The first method uses
a standard 5-in., schedule 40 stainless-steel pipe (ASME SA-312 Type TP304L), a machined flat-head
bottom forging (ASME SA- 182 Type F304L), and a machined top flange forging (ASME SA- 182
Type F304L). Each of these pieces is joined with circumferential welds as shown on
Drawing M2E801580A012 (Appendix 1.4.8). The top flange is machined to provide two
concentric half-dove-tailed 0-ring grooves in the flat face, to provide locations for two 18-8 stainless
steel dowel pins, and to provide the threaded portion for closure using the lid assembly. The second
fabrication method for the ES-3 100 containment vessel uses forging, flow forming, or metal spinning to
create the complete body (flat bottom, cylindrical body, and flange) from a single forged billet or bar
with final material properties in accordance with ASME SA-182 Type F304L. The top flange area using
this fabrication technique is machined identically to that of the welded forging method.

The lid assembly, which completes the containment boundary structure, consists of a
sealing lid, closure nut, and external retaining ring (Drawing M2E801580A014, Appendix 1.4.8).
The containment vessel sealing lid (Drawing M2E801580A015, Appendix 1.4.8) is machined from
Type 304 stainless-steel bar with final material properties in accordance with ASME SA-479. The
containment vessel closure nut is machined from a Nitronic 60 stainless-steel bar with material properties
in accordance with ASME SA-479. These two components are held together using a WSM-400-S02
external retaining ring made from Type 302 stainless steel. The sealing lid is further machined to accept
a %a- 16 swivel hoist ring bolt, to provide a leak-check port between the elastomeric 0-rings, and notched
along the perimeter to engage two dowel pins. The swivel hoist ring is only intended for use when
loading and unloading the containment vessel. The swivel hoist ring will be removed for shipment. The
lid assembly, with the O-rings in place on the containment vessel body, are joined together by torquing
the closure nut and sealing lid assembly to 162.70 ± 6.78 NMm (120 ± 5 ft-lb). The sealing lid portion of
the assembly is restrained from rotating during this torquing operation by the two dowel pins installed in
the body flange.

The use of a design that includes two 0-ring seals permits assembly verification leak testing of
the containment vessel by measuring the leak rate from the volume between the inner and outer 0-rings.
An evacuation port is located between the 0-rings in the containment vessel to facilitate a pressure rise
or drop leakage test following assembly or 10 CFR 71 compliance testing. This port is sealed during
transport using a modified VCO threaded plug. Only the inner 0-ring is considered a part of the
containment boundary. All 0-rings on this containment vessel are fabricated to
ASTM D2000, M3BA712A 14B 13F 17.

The inner diameter of the containment vessel is 12.852 cm (5.06 in.) and the usable height
inside the containment vessel is 78.74 cm (31.0 in.). The wall thickness of the body excluding the flange
is 0.254 cm (0.10 in.). The maximum nominal diameter of the containment vessel body is 19.05 cm
(7.50 in.). The nominal thicknesses of the containment vessel's flat bottom is 0.635 cm (0.25 in.). The
overall height of the containment vessel without theswivel hoist ring is 82.296 cm (32.40 in.). The
containment vessel drawing number, drawing revision, and serial number are electroetched onto the
side of the containment vessel body, as well as onto the top of the sealing lid and the closure nut
(Drawing M2E801580A01 1, Appendix 1.4.8). All outer surfaces, unless otherwise specified, are
either sand- or bead-blasted, buffed, or sanded to a matte finish. No penetrations, connections, or fittings
into this sealed container exist.
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1.2.3 Contents

The ES-3 100 shipping package will be used to ship bulk HEU in the form of oxide (U0 2, U0 3, or
U30 8, UO0-Al. or UO,-Mg), uranium metal and alloy in the form of solid geometric shapes or broken
pieces, uranyl nitrate crystals (UNX),-and fuel elements from Training, Research, Isotopes, and General
Atomics (TRIGA) reactors, and research reactor fuel elements or fuel components. The ES-3 100
package has been designed to accommodate uranium oxide, UNX crystals, uranium metal, and uranium1
alloys. Actual loading limits are presented in1 subsequent sections of the SAR. The maximum weight of
all contents (including convenience cans or bottles, can spacers, polyethylene bagging and other packing
materials) shall not exceed 40.82 kg (90 lb). The maximum concentration of uranium isotopes permitted
in the ES-3 100 content are listed in Table 1.1. In addition to the uranium isotopes shown in Table 1.1,
transuranic isotopes (with the exception of 237Np) may be present in the contents at a maximum
concentration of 40.0 lig/gU. The concentration of 237Np is limited to 0.0250 g/gU. Unless otherwise
specified, the contents described in this section pertain to ground transport only. A discussion of
contents of air-transport is included in Sect. 1.2.3. I.

Table 1.1. Uranium concentration limits

Uranium isotope Limit
232u 0.040 lAg/gU
233

U 0.006 g/gU
234U 0.02 g/gU
235

U 1.00 g/gU
236

U 0.40 g/gU
238 U 1.00 g/gU

HEU Oxide

The HEU oxide content in the ES-3 100 package includes U0 2 , U0 3, and-U 30 8 , UO,:-Al, and
UO,-Mg. Eight different oxide categories have been identified (Appendix 1.4.7). Maximum overall
uranium isotopic weight percents representative of all eight oxide categories are presented in Table 1.2.
The physical form of all contents is dense, loose powder which may contain clumps. Moisture content in
oxide is limited to 3 wt % water (Note: loading restriction #8 in Sect. 1.2.3.8 also applies). Theoretical
densities of U0 2, U30 8, and U0 3 are 10.96 g/cm3, 8.30 g/cm 3, and 7.29 g/cm 3, respectively. Actual
working densities are expected to be significantly less. Oxide may be shipped in tin-plated carbon steel,
stainless steel, or nickel-alloy convenience cans; or T-elori or polyethylene convenience bottles: or glass
bottles (UO,-Mg oxide only).

Table 1.2. Bounding uranium isotopic concentrations in oxide

Isotope Bounding limit
232u 40 ppb
233u 200 ppm
2 3 4

U 2.0 wt %
23 5u 97.7 wt %

236U 40.0 wt %
238

U 80.0 wt %
a 

235U must be 220 wt %.
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For convenience, the eight oxide categories are referred to as Groups 1-8. Groups 1 to 6 are
product oxides and Group 7 is skull oxide. Group 8 is research reactor-related oxides. These groups are
briefly described below.

Group I oxides are in the form of UO,,. Material from this group contains at least
83.0% uranium by weight and displays typical isotopic content (•0.977 g235U/gU, •ý 0.0 14 g 234U/gU,
•0.010 g236U/gU, •50.040 lag 232U/gU, •ý50.0 lag 23 3U/gU with the balance of the uranium being 23.U).

Group 2 oxides are in the form of UOx. Material from this group contains at least
20.0% uranium by weight and displays typical isotopic content (•0.977 g 235U/g U, _<0.014 g 234U/g U,
•ý0.010 g 236U/g U, •<0.040 jig 232U/g U, •!50.0 jig 233U/g U with the balance of the uranium being 238U).

Group 3 oxides are contaminated with up to 40 jig Pu/g U and are in the form of UO,.
Material from this group contains at least 83.0% uranium by weight and displays typical isotopic
content for uranium (•<0.977 g 235U/g U, •0.0 14 g 234U/g U, •<0.0 10 g 236U/g U, •_0.040 jLg 232U/g U,
•50.0 jig 233U/g U with the balance of the uranium being 238U).

Group 4 oxides are in the form of U30 8. Material from this group contains at least
83.0% uranium by weight and displays typical isotopic content (•-0.977 g 235U/g U, •<0.014 g 234U/g U,
•!0.010 g 236U/g U, •0.040 jig 232U/g U, •ý50.0 jig 233U/g U with the balance of the uranium being 238U).

Group 5 oxides are in the form of UO,. Material from this group contains at least
20.0% uranium by weight and displays typical isotopic content (•0.977 g 235U/g U, •-0.014 g 234U/g U,
•0.010 g 236U/g U, :<0.040 jig 232U/g U, •ý50.0 jig 233U/g U with the balance of the uranium being 238U).
This material may contain considerable activity in the form of unspecified beta emitters.

Group 6 oxides are in the form of UO,,. Material from this group contains at least
20.0% uranium by weight and may display unusually high isotopic concentrations of 233U, 2 34U, and
1
36U (•<0.977 g 235U/g U, •ý0.020 g 234U/g U, •0.40 g 236U/g U, •<0.040 jig 232U/g U, •ý200.0 jig 233U/g U

with the balance of the uranium being 238U).

Group 7 oxides are in the form of U308. Material from this group is a mixture of graphite
and U30 8, also referred to as skull oxides. The uranium concentration is up to 84.5% by weight and
enrichment is up to 93.2% by weight. Concentrations of other uranium isotopes are •0.0 14 g 234U/g U,

•0.010 g 236U/g U, •ý0.040 jig 232U/g U, •ý50.0 jig 233U/g U with the balance of the uranium being 238U.
The carbon content in these oxides is limited to 921 g per ES-3 100 package.

Group 8 oxides arc in the form of UOQ-Al or UO,-Mg. The UO,-AI mixture (UO, dispersed
in powdered aluminum) contains -8 to 40 wt % U308. The uranium enrichment in UIO)-Al may be up
to 93.5 wt % 215U. The UO,-Mg mixture (UO, dispersed in powdered magnesium) contains -85 to
90 wt % UO_. The uranium enrichment in UO,-Mg is --10 wt % "•U.

The oxides in Groups 1, 3, 4 and 7 are high purity uranium oxide purity (the remainder is
only trace impurities). Oxide Groups 2, 5, and 6 are listed to contain at least 20% uranium by weight,
which allows up to 80% non-uranium material. As oxides, depending on the purity and chemical form,
3% to 17% of the total material composition will be oxygen, leaving up to 77% impurity or "filler".
These three oxide groups include a range of scrap and recovered materials. For the least pure uranium
oxides, the majority of the filler material is aluminum oxide (from recovered alumina traps or from
oxidized uranium-aluminum alloys). Other materials that occur in appreciable quantities in some scrap
materials are oxides and compounds of boron, calcium, iron, sodium, lead, zinc, magnesium, copper,
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molybdenum, and tungsten. These materials are essentially inert from the standpoint of criticality safety
and chemical interaction with the ES-3 100 convenience cans and bottles identified in this section for the
shipment of oxides.

Uranium oxide shipments must be completed within 12 months after sealing the containmcnt
vessel in order to prevent the buildup of hydrogen gas beyond 5 tool "ou. The time period begins when the
containment vessel is sealed. [Hydrogen generation calculations are provided in Appcndix 3.6.7.

HEU Metal and Alloy

HEU metal and alloy (such as alloys of uranium with aluminum or molybdenum) may be in the
form of solid geometric shapes. Solid shapes may include the following:

. ah1res are not iniht..d as. a ~ontent shlape,

I. cylinders having a diameter no larger than 4.25 in. (maximum of one cylinder per convenience can);

2. square bars having a cross section no larger than 2.29 in. x 2.29 in. (maximum of one bar per
convenience can); and

3. slugs having dimensions of 1.5 in. diameter x 2 in. tall (maximum of 10 per convenience can).

Vith the.•e...ptiuOI Of SlUg COlll, 3OliJt I nIEU lltal and allouy content of specif••lgeometric

atapes shall be..,.,,,,. ,, l oone iti., ,p convenience '-,,.., HEU bulk metal and alloy contents not
covered by the geometric shapes category specified above will be in the broken metal category, and will
be so limited.

Alloys of uranium may include aluminum or molybdenum. Uranium-aluminum alloys are
typically 70 to 95% aluminum. Uranium-molybdenum alloys are typically 1 to 12% molybdenum.
Uranium/molybdenum alloys may be plated with, clad with, or contain traces of aluminum, gold,
stainless steel, nickel and/or chromium.

HEU bulk metal and alloy contents in the broken metal category may be of unspecified geometric
form. HEU bulk metal and alloy in this category may also be of a specific shape where one or more of
the characteristic dimensions vary from piece to piece (i.e., the height, width, length, radius, etc.).

For pyrophoric considerations, HEU metal and alloy must meet the following restrictions:

1. Uranium metal and alloy (broken) pieces must have a surface-area-to-mass ratio of not greater
than I cm2/g or must not pass through a 3/8-in. mesh sieve.

2. Particles and small shapes which do not pass the size restriction tests in #1, and powders, foils,
turnings, and wires, are not permitted unless they are in a sealed, inerted container.

Metal and alloy may be shipped in tinned-carbon steel, stainless steel, or nickel-alloy
convenience cans. Hydrogenous packing material may not be ulsed inside the containment vessel when
shipping broken HEU metal.

Uranyl Nitrate Crystals

Uranyl nitrate crystals (UNX) are formed by dissolving uranium metal or any of the uranium
oxides in nitric acid. Uranyl nitrate hexahydrate (UNH) has a chemical formula of U0 2(N0 3) 2 +6 H2 0.
This most reactive form is used as the bounding composition for uranyl nitrate crystals in the criticality
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evaluation. Therefore, for UNX contents, X must be less than or equal to 6. The theoretical density of
UNH crystals is 2.79 g/cm3 ; however, the working densities will be less.

The user of the ES-3 100 for UNX shipments will be required to use non-metallic containers only
(•tch--a-m-Teflon ro bottles) as the convenience container.

Shipments o1 U NX ciystals 1m1USt be comunpleted within the times shoxvin in Table 1.3a in order to
prevent the builIdup of hydrogen gas beyond 5 mol ),. The time period begins vM hen the comatnncnt
vessel is sealed. Hydrogen gcnicration calctl l ions are proi ded in Appendix 3.6.7

TRIGA Fuel Elements

Fuel pellets from Training, Research, Isotopes, and General Atomics (TRIGA) reactor elements
are authorized to be shipped in the ES-3 100. The fuel shall be unirradiated. The TRIGA fuel shall be in
the form of uranium zirconium hydride (UZrHx), where x • 2. Fuel from three types of TRIGA fuel
elements are allowed; TRIGA Standard Fuel Elements (SFE), Instrumented TRIGA Standard Fuel
Elements (FTC), and TRIGA Fuel Follower Control Rods (FFCR). These fuel elements have three
fuel pellets (or sections) per element. The fuel pellets from the SFEs and FTCs to be shipped are
8.5 wt% uranium and 70% enriched. Fissile loading is 45.33 g 235U per pellet (136 g 215U per element)
and the dimensions are 5 in. in length and 1.44 in. in diameter. The fuel pellets from the FFCRs to be
shipped are 8.5 wt% uranium and 70% enriched. Fissile loading is 37.33 g 235U per pellet (113 g 235U per
element) and the dimensions are 5 in. in length and 1.31 in. in diameter. Specific TRIGA fuel element
data is given in Table 1.4.

TRIGA fuel may be shipped as crimped fuel elements or as UZrHx fuel pellets (if disassembled),
both of which shall be packed into convenience cans prior to shipment. Convenience cans of 4.25-in.
diameter by various lengths shall be used. Fuel pellets loaded into convenience cans shall be up to 5 in.
in length (full-length) and no more than three full-length pellets shall be loaded into a convenience can.
Crimped fuel rods are clad fuel pellets and can be up to 15 in. in length (full-length of the fuel section
from one fuel element). Cladding material is stainless steel or aluminum. Only the fuel section of the
TRIGA fuel element is allowed to be shipped (Fig. 1.5); however, there may be residual cladding up to
½/ in. in length at either end of the crimped fuel rod. Up to three 15-in. long crimped fuel elements shall
be loaded into a single 17.5-in. long convenience can for shipping (Fig 1.4). Maximum loading of bare
fuel pellets and crimped fuel elements shall be 3 fuel element equivalence per ES-3 100 containment
vessel. Only 70% enriched TRIGA fuel will be shipped. For SFEs and FTCs, the maximum allowable
loading is 408 g 235U per package, and for FFCRs, the maximum allowable loading is 339 g "U per
package. No spacer cans are required.

Research Reactor Fuel Elements and Components

Research reactor fuel elements or fuel components composed of clad U-Al, UO•O-Al, UO•, or
UO,-Mg will be shipped in the ES-3100 package. The fuel elements consist of multiple fuel components
in the form of plates, rods, and tubes clad in aluminum, stainless steel, or zircalloy and held together as a
single unit by other inert structural components. All cladding will be intact with no fuel exposed. The
fuel components are individual plates, rods, or tubes removed from fuel elements. The uranium in these
fuel elements and components is enriched to 10 to 93.5 wt % 2'U.

The U-Al fuel in the research reactor fuel elements and components is an alloy of uranium
and aluminum (U-Al) or in the form of UA 1-Al (alloy in an aluminum matrix). The U-AI fuel contains
-8 to 30 wt % uranium. The UO•-Al fuel is in the form of a U,O, compound contained in an aluminum
metal matrix. The U,O,-Al contains -8 to 40 wt /% U(, The UO, fuel is a ceramic compound. The
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UO,-Mg fuel is a ceramic UO0 compound contained in a magnesium metal matrix. The UO,-Mg fuel
contains -88 wt % UO,.

The research reactor fuel elements and components will be bundled together and placed inside a
modified convenience can [a 17.5-in.-tall can (two 8.75-in.-tall cans brazed together) or a 30-in.-tall can
(three I0-in.-tall cans brazed together)] or protected on each end with an open-ended convenience can
constructed of stainless steel, tinned-carbon steel, or nickel alloy (see Fig. 1.4).

1.2.3.1 Radioactive/fissile constituents

e.iticality artalysa, ae., p•s.ented iu Tabl 1.3 (fo1r grund t.r-a'• s• only). For the ES-3 100 package with
bulk HEU content, the maximum number of A2s is 294.00 (at 70 years) and the maximum activity is
0.3243 TBq (at 10 years) [Table 4.4].

Ground Transport

Fissile material loading limits for the contents of the FS-3 100, as determined by criticality
analyses and hydrogen gas generation evaluations, arc presented in Tables 1.3 and 1 3a.

Air Transport

Contents for air transport of the ES-3 100 include HEU in the form of unirradiated TRIGA fuel
pellets or crimped fuel elements, HEU oxides, broken HEU metal and alloy, and research reactor fuel
elements and components. Fissile material mass loading limits for these contents, as determined by the
criticality analyses, are presented in Table 1.3b for air transport. The characteristics of the air transport
contents shall be similar to the ground transport contents. Fissile loading per package will be as follows:

TRIGA fuel elements and pellets - 3 fuel element equivalence per package. Fuel shall be
70% enriched and in the form of SFEs. FTCs, and FFCRs. Maximum fissile loading for SFEs
and FTCs shall be 408 g 2"U per package, and for FFCRs, the maximum allowable load shall be
339 g 21-U per package.

HEU oxides - Oxides shall be in the form of UO, UO.-Mg. UO,, and UO,-Al with a maximum
enrichment of 93.5 wt % 215U.

HEU metal and alloy - These contents include broken HEU bulk metal and uranium-aluminum
alloy of unspecified geometric form with a maximum enrichment of 93.5 wt % 215U.

Research reactor fuel elements and components - The fuel elements and components in the form
of plates, rods, and tubes composed of U-Al, U,O,-AI, UO2, or UO.-Mg with a maximum
enrichment of 93.5 wt % 23'U.

1.2.3.2 Chemical and physical form

The fissile material contents are in solid (HEU metal, alloy,-or TRIGA fuel, or research reactor
fuel elements and fuel components), crystalline (UNX) or powder (HEU oxide) form. Some moisture (up
to 3 wt %) may be present in the HEU oxide material, thereby making the oxide content clump together.
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Table 1.3. Authorized content' and fissile mass loading limits b, , for ground transport

Content No Basis 277-4 can Basis
Crnptio Enrichment CSI spacers, for spacers, d for

description 235U (kg) limit 2 3 5
U (kg) limit

Cylinder A • 100% 0.0 15.000 Grit. 25.000 Grit.

Solid HEU Cylinder B • 100% 0.0 18.000 Crit. 30.000 (rit.

metal or alloy Square bars • 100% 0.0 30.000 Grit. 35.200 Struct.
(specified Slugs < 95% 0.0 17.374 Crit. -

geometric Slugs < 80% 0.0 - 29.318 Crit.
shapes)' Slugs > 80%, 95% 0.0 24.324 Crit.

Slugs > 80%, < 95% 0.4 34.749 Grit.
> 95%, < 100% 0.0 Spacers req'd d _ 2.774 Grit.

0.4 Spacers req'd 5.549 Grit.
0.8 Spacers req'd 9.248 Grit.
2.0 Spacers req'd 13.872 Crit.

3.2 Spacers req'd 24.969 Grit.
> 90%, • 95% 0.0 Spacers req'd 3.516 Grit.

0.4 Spacers req'd 6.154 Crit.

0.8 Spacers req'd 10.549 Grit.
2.0 Spacers req'd 18.461 Crit.

3.2 Spacers req'd 26.373 Grit.
> 80%, < 90% 0.0 Spacers rcq'd 3.333 Grit.

0.4 Spacers rcq'd 7.500 Crit.
0.8 Spacers req'd 12.500 Crit.

2.0 Spacers rcq'd 20.000 Crit.

3.2 Spacers req'd 28.334 Grit.
Broken HEU metal or alloy > 70%, • 80% 0.0 2.967 Crit. 4.450 Grit.

0.4 5.192 Crit. 8.900 Grit.
0.8 8.900 Grit. 16.317 Grit.
2.0 17.059 Grit. 25.218 Grit.
3.2 27.692 Grit. 28.184 Grit.

> 60%, •70% 0.0 3.249 Grit. 5.198 (rit.
0.4 5.848 Grit. 12.996 Grit.
0.8 13.646 Grit. 20.793 Grit.
2.0 21.444 Crit. 24.692 Crit.
3.2 24.692 Grit. 24.692 Crit.

60% 0.0 5.576 kg U (!rit. 11.154 kg U Grit.

0.4 14.872 kg U Grit. 28.813 kg U Grit.
0.8 28.814 kg U Crit. 35.20 kg UW Struct.
2.0 35.20 kg U " Struct. 35.20 kg U' Struct.

3.2 35.20 kg U' Struct. 35.20 kg U' Struct.
15.13 kg oxide Crit,,

HEU oxide > 20%, g 100% 0.0 9.682 kg 'iUr gen Spacer not req'd
921 g carbon I

20 % 0.0 0.921 Grit. Spacer not reqd
R70 % 0.0 0.408 Crit. Spacer not reg'd
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Table 1.3. Authorized content a and fissile mass loading limits b,c for ground transport

Content No Basis 277-4 can Basis
description Enrichment CSI spacers, for spacers,d fordescription 23sU (kg) limit 235u (kg) limit

ResearchReearc U-Al See "Broken FIEU metal or alloy" loading limits in the rows abovereactor fuel

elements and UO,-Al, U0 2 , See "HiEU oxide" loading limit in the row above
components or UO,-Mg I________________________________

HEU in solution form is not permitted for shipment in the ES-3 100.
b All limits are expressed in kg 23.U unless otherwise indicated.

Mass loadings cannot be rounded up.
d 277-4 can spacers as described on Drawing No. M2E801580A026 (Appendix 1.4.8).

Geometries of solid shapes are as follows:
- Cylinder A is larger than 3.24 in. diameter but no larger than 4.25 in. diameter: maximum of I cylinder per can.
- Cylinder B is no larger than 3.24 in. diameter: maximum of I cylinder per can.
- Square bars are no larger than 2.29 in. x 2.29 in. (cross section): maximum of I bar per can.
- Slugs are a maximum of 1.5 in. diameter x 2.0 in. tall: a maximum of 10 per convenience can where the

actual number permitted is restricted by the stated loading limit.
Maximum planned content weight is 35.20 kg. Maximum analyzed for criticality safety is 35.32 kg.
JUO,-Mg enriched to -10 wt % 0•"U is also permitted up to the mass limits specified in this table.

Seal t i mc must be 12 months or less. Seal trine is the length of tinic after the FS-3100 containment vessel is
sealed that the shipment mus1t be complete.
Mass limits for alloys (such as uranium xwith aluminum or molybdenuin) must assuine that non-uranium
portion is J1>.

Table 1.3a. Uranyl nitrate crystal content loading limits for ground transport

Product' Seal time' CS I oading limit '. U content
(months) (kg U NX) (wt %)

UNX, 5 0.4 11.90 52 >- U 61
0< X, 3 12 1)4 6.70 52>U 61

U NX, 5 0.4 9.17 46 > 11 5 2
X > 3 12 0.0 4.75 46 >t." ,r 52

UNX is uranyl nitrate hydrate [1IOI(NO•, XIFOI where 0 -. X , 6. 1ranyl nitrate solution is not allowed
1Must be shipped in Teflon bottles.
Seal time length of time after the I.S- 100 contaiinien t vessel is sealed that the shipm lent must bc Com plete.

' Total mass of UNX crystals. Spacers atc not required tor this content type.
Loading linits for uranyl nitrate crystals are based on hydrogen generation calculations presented In Appendt\ 3.i• 7
Enrichment up to I 00%.

Table 1.3b. Authorized content and Fissile mass loading limits'- h for air transport

Content Enrichment CSI L

Description (kg)

Broken HEU metal or alloy . 20% 0.0 0.700
> 20% 0.0 0.500

20% 0.0 0.716

> 20% 0.0 0.408
TRIGA fuiel 20% 0.0 0.716

70% 0.0 0.408
S20% 0.0 0.700

Research reactor U-Al 20% 0.0 0.700

fuel elements and
c 20% 0.0 0.716

components U3O-AI, UO.,, or 1O:-Mg > 20% 0.0 0.408

All limits are expressed in kg 2"U unless otherwise indicated.
Mass loadings cannot be rounded tip.
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stainless-steel scrubbers may be used to fill the void space at the top of the containment vessel. If empty
cans are shipped, a minimum 0.32-cm (0. 125-in.)-diam hole must be placed through the lid to prevent
over-pressurization of the can in the event of a thermal accident. In addition, these empty cans must be
placed on top of the loaded cans. In configurations not requiring can spacers for criticality control, can
spacers may be shipped for convenience if placed on top of loaded cans in the containment vessel. The
HEU contents may be bagged or wrapped in polyethylene, and the convenience containers may also
be wrapped in polyethylene to further reduce the possibility of contamination. If metal cans or
polyethylene bottles are used as convenience containers, the total amount of offgassing material
(including polyethylene bottles, polyethylene bagging. and lifting slings) is limited to 500 g per package.
If Teflon bottles are used as convenience containers, the total amount of off-gassing material (including
Teflon bottles, polyethylene bagging, and lifting slings) is limited to 1490 g per package (limit
established by assuming three 330 -g [ctlon bottles and 500-g polyethylene bagging). lfpolrieth+lene
bUttlke are used as ýuUiI HCHIOIIl taiI• I SI , tI t0 hl linIUIoIt of .1 F-gassil i l atei l n!I(inih Idin

polIyethylene. bottles, polye.thy b agingj, and lifttng slintz, is li t .ited to 845 g per pac,,t . If closed
convenience cans with an outer diameter greater than 4.25 in. are used, the containment vessel cannot
contain any materials that off-gas. No hydrogenous materials may be present in the containment vessel
when shipping HEU broken metal. In some shipping configurations, silicone rubber pads will be placed
between the convenience cans to reduce vibration.

1.2.3.5 Maximum normal operating pressure

As defined in 10 CFR 71.4, the maximum normal operating pressure is the maximum
gauge pressure that would develop in the containment system in one year under an ambient temperature
of 38°C (100°F) in still air, with appropriate insolation in the absence of venting, external cooling by
an ancillary system, or operational controls during transport. Under these conditions, the maximum
normal operating pressure in the ES-3 100 containment vessel would be 138.43 kPa (20.077 psia). In
comparison, the design internal pressure of the containment vessel is 801.17 kPa (116.2 psia). The
design internal pressure is a conservatively assumed value that was assigned for the purpose of the
ASME code calculations in Appendix 2.10.1.

1.2.3.6 Maximum and minimum weight

The maximum gross shipping weight for the ES-3 100 package is 190.5 kg (420 lb). The
proposed maximum gross shipping weight of the ES-3 100 package with any proposed content is
187.81 kg (414.05 lb) [Table 2.8]. The total weight of the tested ES-3 100 units ranged from 157.4 to
203.7 kg (347 to 449 lb) [Table 2.9].

The weight of HEU contents in the ES-3 100 shipping package is limited to 35.2 kg (77.60 lb).
This limit has been established as a bounding case for the maximum structural, thermal, and containment
limit for the package. A minimum payload weight of 3.6 kg (8 lb) [including convenience cans, silicone
rubber pads, can spacers, and the uranium content] has been established as the lower bounding case for
the maximum structural, thermal, and containment limit for the package. This minimum content weight
corresponds to the lowest simulated payload weight used during the prototype testing of the ES-3 100
package. Actual mass restrictions for the various contents based on the various analyses presented in the
SAR are listed in Tables 1.3, 1.3a, and 1.3b. The maximum allowable payload weight of any
configuration, including packing components (convenience cans and bottles, polyethylene bags, silicone
pads, can spacers, etc.), is 40.82 kg (90 lb). ES-3 100 shipping package weights are discussed in greater
detail in Sect. 2 and are broken down into individual component weights in Tables 2.8 and 2.9.

The payload weight (including convenience cans, silicone rubber pads, can spacers, and the
HEU mockup) used in the ES-3 100 package tests ranged from a minimum of 3.6 kg (8 lb) to a maximum
of 50.3 kg (111 lb).
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1.2.3.7 Maximum decay heat

As shown in Sect. 3.1.2 , the conservatively calculated maximum heat generation rate of the
contents is approximately 0.4 W. The ES-3 100 package was designed for a maximum heat load of 20 W.
Thermal analyses have been performed assuming heat sources of 0.4, 20, and 30 W in the ES-3 100
containment vessel (Appendix 3.6.2).

1.2.3.8 Loading restrictions

Loading restrictions based upon the results of the criticality safety calculations presented in
Sect. 6.2.4 and additional limitations on packing materials outlined in Sect. 3 are as follows:

(1) HEU fissile material to be shipped in the ES-3 100 package must be placed in stainless-steel,
tin-plated carbon steel or nickel alloy convenience cans, polyethylene bottles, or Teflon bottles.
Enriched uranium oxide in the form of UO,-Mg will be shipped in glass bottles inside a metal
convenience can. Convenience containers used in the ES-3 100 package must have an outer
diameter less than or equal to 12.7 cm (5 in.). The height can vary up to the full internal height of
the containment vessel or 78.74 cm (31 in.). Any closure on the convenience can is allowed.

(2) Any combination of convenience cans is allowed in a single package, as long as the total height
(including silicone rubber pads and can spacers, if required) does not exceed the inside working
height of the containment vessel (approximately 31 in.).

(3) In situations where empty convenience cans are shipped in the package, they must be placed on top
of the loaded cans, and a minimum 0.32-cm (0. 125-in.)-diam hole must be placed through the lid to
prevent over pressurization of the can.

(4) The concentration of uranium isotopes in the content is limited as shown in Table 1.1.

(5) For pyrophoric considerations, HEU metal or alloy pieces must have a specific area not greater than
1 cm 2/g or must not pass through a 3/8-in. mesh sieve (or 0.95 cm). Incidental small pieces that do
not pass the size restriction tests, and powders, foils, turnings, and wires, may only be shipped if
they are in a sealed, inerted container. Glass bottles containing enriched uranium oxide in the form
of UO,-Mg must be placed in a sealed, inerted container.

(6) The content shall not exceed "per package" fissile material mass loading limits specified in
Table 1.3 based on the CSI. Where can spacers are required for a "per package" mass loading, the
quantity of fissile material located in any vacancy between or adjacent to can spacers shall not
exceed one-third of the mass loading limit in Table 1.3.

(7) The package content is defined as the HEU fissile material, the convenience cans and can spacers,
and the associated packing materials (plastic bags, pads, tape, etc.) inside the ES-3 100 containment
vessel.

(8) If metal cans are. used as convenience containers, the amount of polyethylene bagging and lifting
slings is limited to 500 g per package. If Teflon bottles are used as convenience containers, the total
amount of offgassing material (including Teflon bottles, polyethylene bagging, and lifting slings) is
limited to 1490 g per package. If metal cans or polyethylene bottles are used as convenience
containers, the total amount of offgassing material (including polyethylene bottles, polyethylene
bagging, and lifting slings) is limited to 500 g per package (see Item 7 in Sect. 6.2.4). If closed
convenience cans with an outer diameter greater than 4.25 in. are used, the containment vessel
cannot contain any materials that offgas. These mass limits do not include moisture in oxide.
Moisture is accounted for in criticality safety calculations (Sect. 6.1.2).

(9) Only non-hydrogenous packing materials may be used in the containment vessel if broken 1IEU
metal is being shipped.

1-22

Y/LF-717/Rev 2/Page Change 3/ES-3100 HEU SAR/Ch-1/rlw/2-26-09



Page Change 3

1)) Shilpmcnts of' I >NX cr~sik iII'n, he oowmlnlCtCd in hC to P)ol pcrnl noted in "hI e '. a. Shir nontl of,
tni'Mlnitllo oxide rlnnt-st he comlected in I Iolit[h.hk lii tIinc !riod h0o > 111Chon the conlllntllnell
vessel is Scaled

I I) Iho tmass ofill ny unidentitiod Coll',[Inl ts in ronlitenllt tO shipped iII tile [-S-3 I10 IIIntIst 11o tOuiWll
against tile fissile Imc is loazdint 11mit. (onlt ltnt ns t Cae llIt tiln ne xitloatu d tmiocratiltt2 mam•oi>ia .

1.2.4 Operational Features

The ES-3 100 package is a Type B fissile material package designed in accordance with DOT
and NRC regulations. These regulations require that the package be operated without undue risk to
the public, even in the event of a severe accident, and that the dose rate and nonfixed radioactive
contamination on the external surface of the package conform with 49 CFR 173.441 and 173.443,
respectively. These requirements are translated into the designs for the containment, shielding, and
nuclear criticality safety of the contents when subjected to NCT and HAC. Designs for containment,
shielding, and nuclear subcriticality safety are supported by operational procedures for loading,
unloading, and refurbishing to ensure that those design features are used and maintained in a manner
commensurate with their intended function. Drop tests, crush tests, puncture tests, thermal tests, and
water immersion tests (Sects. 2.6 and 2.7) show that the drum assembly maintains the insulation and the
containment vessel in their intended configurations when subjected to NCT and HAC.

The decay heat generated by the contents (maximum of approximately 0.4 W) is negligible for a
package of this size (Sect. 1.2.3.7 and Sect. 3.1.2).

Design features that provide shielding, containment, and nuclear criticality control perform these
functions in a passive manner. No valves, connections, gauges, active coolants, or operationally
pressurized parts are integral to the ES-3 100 package.

1.3 GENERAL REQUIREMENTS FOR ALL PACKAGES

This section demonstrates compliance with 10 CFR 71.43(a) and (b), "General Standards for All
Packages."

1.3.1 Minimum package size

Requirement. The smallest overall dimension of a package may not be less than 10 cm (4 in.).

Analysis. The drum's outside diameter (including the chimes or rolling rings) is 49.2 cm
(19.37 in.), and the outside height including the lid is 110.49 cm (43.5 in.). The minimum outside
diameter of the ES-3 100 containment vessel is 13.36 cm (5.26 in.), and the overall height is 82.30 cm
(32.4 in.). Therefore, the packaging meets this requirement.

1.3.2 Tamper-indicating feature

Requirement. The outside of a package must incorporate a feature, such as a seal, that is not
readily breakable and that, while intact, provides evidence that the package has not been opened by
unauthorized persons.

Analysis. The removable drum head is attached to the body by eight 5/8-1 I-UNC-2B
silicon bronze nuts and 5/8-in. nominal washers. Two 0.51-cm (0.20-in.)-thick lugs with 0.953-cm
(0.375-in.)-diam holes project through slots in the drum lid and provide attachment for wire-type TIDs.
These TIDs consist of a stainless-steel cable with an aluminum crimp closure or equivalent. The
requirement is satisfied by the TIDs, which are installed as specified in Sect. 7.1.2.2. The seal is only
required when HEU is in the package. It is not required for empty shipments.
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Appendix 1.4.1

PACKAGE CERTIFICATION DRAWING

Drawing No.

M2E801580A037

Rev. Title

C ES-3 100 Shipping Container, Consolidated Assembly Drawing
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Appendix 1.4.8

DETAILED ENGINEERING DRAWINGS

Rev. TitleDrawing No.

M2E801580A001
M2E801580A002
M2E801580A003
M2E801580A004
M2E801580A005
M2E801580A006
M2E801580A007
M2E801580A008
M2E801580A009
M2E801580A010
M2E801580A0 I1
M2E801580A012
M2E801580A013
M2E801580A014
M2E801580A015
M2E801580A016
M2E801580A024
M2E801580A026
M2E801580A031

B
B
B
B
B
B
B
B
C
D
C
C
B
B
C
B
B
C
D

Drum Assembly
Body Weldment
Inner Liner Weldment (2 sheets)
Double Open Head Reinforced Drum
Misc. Details
Drum Lid Weldment
18.25" Diameter Drum Lid
Top Plug Weldment
Pad Details
Data Plate Details
Containment Vessel Assembly
Containment Vessel Body Assembly (2 sheets)
Containment Vessel O-ring Details
Containment Vessel Lid Assembly
Containment Vessel Sealing Lid
Containment Vessel Closure Nut
Containment Vessel Vibration Absorbing Silicone 4.25" Can Pad
Heavy Can Spacer Assembly
Main Assembly
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contain any materials that off gas at the temperatures associated with NCT or HAC. The contents that
cannot be packaged in the proposed cans due to the contents' overall dimensions, such as the unirradiated
research reactor fuel elements, will be bundlcd together and protected on each end with an open-ended
can (Fig. 1.4). When space is available inside tile containment vessel, stainless-stcel metal scrubbers will
be placed on the top and bottom of this partially canned assembly or an empty convenience can will be
placed on top of this assembly inside the containment vessel. Additionally, glass bottles with enriched
uranium oxide (UO.-Mg) will be packed inside metal convenience cans and treated as pyrophoric
contents. The polyethylene bottles have a diameter of -12.54 cm (4.94 in.) and a height of -22.1 cm
(8.7 in.). A total of three polyethylene bottles may be loaded into the containment vessel. The Teflon
FEP bottles have a diameter of - 11.91 cm (4.69 in.) and a height of.- 23.88 cm (9.4 in.). A total of three
Teflon FEP bottles may be loaded into the containment vessel. Polyethylene bags may be used inside or
outside any convenience can or bottle. In some packing arrangements, silicone rubber pads will be used
between convenience cans. Also, some arrangements will require spacers between cans. These spacers
are thin stainless-steel cans filled with the noncombustible cast neutron poison. Each convenience can
and spacer is equipped with a stainless-steel band clamp and nylon coated wire for loading and unloading
operations. The spacers are -10.11 cm (3.98-in.) in diameter by 4.45 cm (1.75 in.) in height and a
maximum weight -0.58 kg (1.27 lb). In order to minimize displacement of convenience containers
during transport, stainless-steel scrubbers or polyethylene bags may be added on top of the last can or
bottle in the containment vessel. If partial loading configurations are employed and empty cans or bottles
are used, these empty cans or bottles will be loaded last and will require a minimum 0.32 cm (1/a in.)
diameter hole to be placed through the lid.

2.1.2 Design Criteria

2.1.2.1 General standards for all packages

The general design standards for all packages in accordance with 10 CFR 71.43(a) through (e),
(g) and (h) are addressed in the following paragraphs.

10 CFR 71.43(a)

Requirement: The smallest overall dimension of a package shall not be <10 cm (4 in.).

Compliance: The drums' outside diameter over the rolled rings is 49.20 cm (19.37 in.), and the
outside height including the lid is 110.49 cm (43.50 in.). The minimum outside diameter of the ES-3 100
containment vessel is 13.36 cm (5.26 in.), and the overall height is 82.30 cm (32.40 in.). Therefore, the
packaging meets this requirement.

10 CFR 71.43(b)

Requirement: The outside of the package must incorporate a feature, such as a seal, that is not
readily breakable and that, while intact, would be evidence that the package has not been opened by
unauthorized persons.

Compliance: The removable drum head is attached to the body by eight %- 11-UNC-2B silicon
bronze nuts and %-in. nominal washers. Two 0.51-cm (0.20-in.)-thick lugs with 0.953-cm
(0.38-in.)-diam holes (Drawing M2E801580A005, Appendix 1.4.8) project through slots in the drum
lid and provide attachment for tamper-indicating devices (TIDs). These TIDs consist of a stainless-steel
cable with an aluminum crimp closure or equivalent. The requirement is satisfied by the TIDs, which are
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installed as specified in Sect. 7.1.2.2. The TID is only required when the containment vessel has HEU in
the package. It is not required for empty shipments.

10 CFR 71.43(c)

Requirement: Each package must include a containment system securely closed by a positive
fastening device that cannot be opened unintentionally or by pressure that may arise within the package.

Compliance: The fastened lid on the drum with tamper-indicating features provides assurance
that the drum assembly will not be unintentionally breached. The containment boundary is sealed using
the lid assembly and closure nut to ensure that this boundary will be breached only through a deliberate
effort, and then only after the drum assembly is breached. The design of the containment boundary is
analyzed in Appendix 2.10.1 for a differential pressure of 699.82 kPa (101.5 psi) internal and 150 kPa
(21.7 psi) external. The internal design pressure exceeds the maximum differential pressure of
113.43 kPa (16.451 psi) and 190.21 kPa (27.588 psi) attained during NCT (Sect. 2.6.2) and HAC
(Sect. 3.5.3), respectively. In addition, calculation results are provided in Sects. 2.6.1 and 2.7.4.3 to
demonstrate that the stresses in the containment boundary and closure nut threads do not exceed the
stress limits established by the ASME code for NCT and HAC. Therefore, the containment boundary
will not be breached during any mode of transport due to pressurization of the containment boundary.

10 CFR 71.43(d)

Requirements: A package must be made of materials and construction that assure that there
will be no significant chemical, galvanic, or other reaction among the packaging components, among
package contents, or between the packaging components and the package contents including possible
reaction resulting from inleakage of water, to the maximum credible extent. Account must be taken of
the behavior of materials under irradiation.

Compliance: Compliance with the regulatory requirements are discussed in Sect. 2.2.2.

10 CFR 71.43(e)

Requirement: A package valve or other device, the failure of which would allow radioactive
contents to escape, must be protected against unauthorized operation and, except for a pressure relief
device, must be provided with an enclosure to retain any leakage.

Compliance: No penetrations, connections, or fittings into the containment vessels exist;
therefore, the requirements of 10 CFR 71.43(e) are not applicable.

10 CFR 71.43(g)

Requirement: A package must be designed, constructed, and prepared for transport so that in
still air at 38°C (100°F) and in the shade, no accessible surface of a package would have a temperature
exceeding 50'C (122°F) in a nonexclusive use shipment or 85°C (185°F) in an exclusive use shipment.

Compliance: Since the components to be shipped have a calculated maximum decay heat
load of 0.4 W, thermal analyses were conducted for the ES-3 100 package; results are summarized in
Appendix 3.6.2. The predicted temperatures, while the package is stored at 38°C (100TF) in the shade,
for the drum lid center, and the containment vessel flange, are approximately 38.3°C (101 TF). The
analysis shows that no accessible surface of the package would have a temperature exceeding 50'C
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maximum normal operating pressure). As shown in Table 2.6, the containment vessel design stresses are
well below the allowable stresses (see Fig. 2.1 for stress locations). Therefore, this ES-3 100 containment
vessel is capable of shipping at a higher internal pressure. The external pressure requirement from
10 CFR 71.73(c)(6) is 150 kPa (21.7 psi) gauge. These design and operating pressures were used to
calculate the stresses (Appendix 2.10.1) in all components of the containment boundary, which are well
below the allowable limits at all operating conditions. The maximum normal operating pressure
calculated for NCT in accordance with 10 CFR 71.4 and 10 CFR 71.71 (c)(1) for the bounding load case
is 13 8.43 kPa (20.077 psia). The maximum internal gauge pressure calculated for NCT is 113.43 kPa
( 16.45! psi), which is the maximum normal operating pressure minus the reduced external pressure
condition of 10 CFR 71.71(c)(3) [138.43 - 25.00 kPa (20.077 - 3.626 psia)] (Sect. 2.6.3). A summary of
the package's design, NCT, and HAC pressures and temperatures is presented in Appendices 3.6.4 and
3.6.5. Allowable stress intensity limits and calculated stresses at the design evaluation conditions for the
containment vessel are summarized in Tables 2.4 through 2.6. The stresses used in the design of all
metal containment vessel components are in the elastic range of the material properties.

For conditions addressed by analysis, the margin of safety is calculated. The margin of safety (M.S.) is
defined as:

Margin of Safety = Allowable Stress/ Actual Stress - 1.

In Regulatory Guide 7.11, below Table 1, the following quote is found: "Although
NUREG/CR- 1815 (Ref. 2) addresses the use of ferritic steels only, it does not preclude the use of
austenitic stainless steels. Since austenitic stainless steels are not susceptible to brittle failure at
temperatures encountered in transport, their use in containment vessels is acceptable to the staff and no
tests are needed to demonstrate resistance to brittle failure." According to Regulatory Guide 7.11,
because the containment vessel is manufactured from type 304L stainless steel (which is an austenitic
stainless steel), "no tests are needed to demonstrate resistance to brittle failure." Therefore, brittle or
fatigue failures are not anticipated under any design, transport, accident, or storage condition (Sects. 2.6
and 2.7). Material specifications for the ES-3 100 packaging components are listed in Table 2.7.
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Table 2.3. Summary of load combinations for normal and hypothetical accident conditions of transport

Applicable initial condition
Ambient internal

Normal or accident condition Ambent Insolation Decay heat Inernar Fabrication SAR

38°C I -290C Max 1 0 MaxI 0 Max Mi stresses reference
Normal conditions (analyze separately)

Hot environment (38 °C ambient X X X X Sect. 2.6.1
temperature)
Cold environment (-40 'C ambient
temperature) X X X X Sect. 2.6.2
Increased external pressure (20 psia) X X X X X Sect. 2.6.4
Minimum external pressure (3.5 psia) X X X X X Sect. 2.6.3
Vibration and shock: X X X X X X 2.6.5 a
Normally incident to the mode of transport X X X X X
Free drop: X X X ____XtX X2Sect.
.1.2-m drop X X X X X

Compression test Sect. 2.6.9aX X X X X

Penetration test X X X X X Sect. 2.6.10aX X X -X-r X
Accident conditions (apply sequentially)

Free drop: 9-m drop X X _ _ X X X Sect. 2.7.1cX X X X X

Crush: 9-m drop X X X X X Sect. 2.7.2cX X X X X

Puncture: 1-in drop onto bar X X X X X Sect. 2.7.3r

Thermal: fire accident X X X X X Sect. 2.7.4
' This condition was conducted at room temperature with atmospheric pressure inside the containment vessel.
b This condition was conducted at ambient temperature at the time of the test except for Test Unit-2. The containment vessel was at atmospheric pressure except for

Test Unit-2. Justification for compliance with the environmental requirements of Reg. Guide 7.8 is provided in Sect. 2.6.
This condition was conducted at ambient temperature at the time of the test except for Test Unit-2. The containment vessel was at atmospheric pressure except for
Test Unit-2. Justification for compliance with the environmental requirements of Reg. Guide 7.8 is provided in Sect. 2.7.
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Table 2.8. Packaging weights for various ES-3100 shipping package arrangements

ES-3100
ES-3100 ES-3100 Three 8.75"

Item ES-3100 ES-3100 Five 4.875" tall Six 4.75" tall tall
Three 10" tall Six 4.875" tall can can can

can configuration can configuration configuration configuration configuration
kg (Ib) ',d kg (lb) kg (lb) kg (Ib) kg (Ib)'

Drum assembly

121.96 (268.87) 121.96 (268.87)Drum assembly (drum
body, lid, bottom, mid
liner, inner liner, cast
refractory insulation,
cast neutron absorber,
nuts, washers, and data
plates) b

Top plug

Silicone support pads

Total drum assembly
weight

Containment vessel
(flange, dowel pins,
cylindrical body, and
end cap)

Lid assembly (sealing
lid, VCO plug, retaining
ring, closure nut and
O-rings)

Total containment
vessel weight

121.96 (268.87)

8.9 (19.6)

1.04 (2.29)

131.89 (290.76)

10.18 (22.44)

4.92 (10.85)

15.10 (33.29)

0.72 (1.59)

0.11 (0.23)

0.5 (1.10)

35.2 (77.60)

36.52 (80.52)

121.96 (268.87) 121.96 (268.87)

8.9 (19.6)

1.04 (2.29)

131.89 (290.76)

8.9 (19.6)

1.04 (2.29)

131.89 (290.76)

8.9 (19.6)

1.04 (2.29)

131.89 (290.76)

10.18 (22.44)

8.9 (19.6)

1.04 (2.29)

131.89 (290.76)

10.18 (22.44)

Containment Vessel

10.18 (22.44) 10.18 (22.44)

4.92 (10.85) 4.92 (10.85) 4.92 (10.85) 4.92 (10.85)

Convenience cans with
handles

Silicone vibration pads

Nickel cans

Polyethylene bottles

Teflon FEP bottles

Spacers with handles

Polyethylene bagging or
lifting sling

Metal scouring pads

HEU or HEU/AlIoy
content

Total proposed
content weight

Total shipping
package weight

15.10.(33.29)

Contents

1.0 (2.22)

0.18 (0.41)

0.5 (1.10)

15.10 (33.29)

0.84 (1.85)

0.16 (0.353)

1.88 (4.14)

0.5 (1.10)

15.10 (33.29) 15.10 (33.29)

1.84 (4.07)

0.5 (1.10)

0.67 (1.47)

0.11 (0.23)

1.25 (2.76)

0.5 (1.10)

......-- 0.14 (0.30)

35.2 (77.60) 35.2 (77.60) 24(52.91) 35.2 (77.60)

36.89 (81.33) 38.57 (85.04) 26.34 (58.08) 37.86 (83.46)

183.51 (404.57) 183.88 (405.38) 185.56 (409.09) 173.33 (382.13) 184.84 (407.51)
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Table 2.8. Packaging weights for various ES-3100 shipping package arrangements a

ES-3100 ES-3100 ES-3100 ES-3100 with
Three 8.7" tall Three 9.4" tall Empty CV maximum

bottle configuration bottle configuration configuration weight contents

kg (Ib) kg (Ib) kg (Ib) kg (Ib)

Drum assembly

Drum assembly (drum body, lid, 121.96 (268.87) 121.96 (268.87) 121.84 (268.61 )b 121.96 (268.87)
bottom, mid liner, inner liner, cast
refractory insulation, cast neutron
absorber, nuts, washers, and data
plates)

Top plug 8.9 (19.6) 8.9 (19.6) 8.9 (19.6) 8.9 (19.6)

Silicone support pads 1.04 (2.29) 1.04 (2.29) 1.04 (2.29) 1.04 (2.29)

Total drum assembly weight 131.89 (290.76) 131.89 (290.76) 131.78 (290.50) 131.89 (290.76)

Containment Vessel

Containment vessel (flange, dowel pins, 10.18 (22.44) 10.18 (22.44) 10.18 (22.44) 10.18 (22.44)
cylindrical body, and end cap)

Lid assembly (sealing lid, VCO plug, 4.92 (10.85) 4.92 (10.85) 4.92 (10.85) 4.92 (10.85)
retaining ring, closure nut and O-rings)

Total containment vessel weight 15.10 (33.29) 15.10 (33.29) 15.10 (33.29) 15.10 (33.29)

Contents

Convenience cans with handles

Silicone vibration pads

Nickel can

Polyethylene bottles 0.345 (0.76) ......

Teflon FEP bottles -- 0.99 (2.18) ....

Spacers with handles --

Polyethylene bagging or lifting sling I0. 155 Il0. 1 ) 0.50 (l.10)

Metal scouring pads

HEU content 24.0 (52.91) 24.0 (52.91) ....

Total proposed content weight 24.51) (54.1) 1) 25.49 (56.19) 0 40.82 (90)

Total shipping package weight 171.49 (378.07) 172.47 (380.24) 146.88 (323.79) 187.81 (414.05)

Calculated weight using Pro/ENGINEER software with nominal dimensions and densities (Pro/ENGINEER Version 20).
Weight excluding tamper indicating device.
I he weight of this configuration bounds the weight of the bundled fuel rods, tubes, or plates N% ith open-ended cans on either end.
Ihe weight of this coniguiration bounds the wveight of the three 25 4 cm t f0 in ) high cans brazed together containing fuel rods, tubes, or
platcs
The weight of this configuration bounds the weight of the two 22.2 cm (8.75 in.) high cans that are brazed together containing the
TRIGA fuel elements.
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those conducted during the compliance testing phase for certification. The results of the structural
deformation from compliance testing, drop simulation using BoroBond4 and drop simulations using
Cat 277-4 material are presented in Sect. 2.7.8. The analytical structural deformation results shown in
Tables 2.52 through 2.61 are nearly identical between the two neutron poisons. The analytical results
are also well representative of the results recorded during compliance testing. Analytical strain
prediction in the structural components are also compared. Although there are minor differences
between simulations, the overall magnitude of the strains are very similar. The thermal aspects of these
changes are addressed in Sect. 3. NCT and HAC results predicted for an undamaged package show
that the change in neutron poison actually reduces the final temperature of the containment vessel
components. Therefore, the substitution of Cat 277-4 material and the minor changes in the inner and
mid liners for production hardware should. not reduce the effectiveness of the packaging when subjected
to the regulatory requirements of 10 CFR 71 and the results of compliance testing would be analogous.

The contents used as surrogate payloads for the test units are shown on
drawings M2E801580A029, and M2E801580A027. In the light-weight configuration, the contents
consist of three 25.4 cm (10 in.) high convenience cans with handles, and 4 silicone rubber pads. These
convenience cans, handles and silicone rubber pads are identical to those proposed for transport. The
bottom convenience can was filled with tungsten grit until the convenience can and grit assembly
weighed -3 kg (6.6 lb). The actual weight of the tungsten grit was 2.77 kg (6.11 lb). The total content
weight for the light- weight content configuration including the convenience cans, silicone rubber pads,
can handles, and tungsten grit was -3.6 kg (8 lb). In the heavy-weight configurations, the surrogate
payload consists of three steel cylindrical shaped components with handles, two can spacers filled with
BoroBond4 and handles, and 6 silicone rubber pads. The can spacers, handles and silicone rubber pads
are identical to those proposed for transport. These components weighed a total of approximately 50 kg
(110.2 lb). These different weight assemblies bound the range of possible content configurations and
structural deformation resulting from compliance testing. Since the decay heat of the proposed contents
is -0.4 W, little or no impact on the pressure or temperature of the package components will result during
NCT. Differences in thermal capacitance of these surrogate payloads from the proposed HEU contents
during HAC thermal testing are evaluated in Sect. 3.5.3.

2.5.2 Evaluation by Analysis

Although physical testing of the ES-3 100 containers was performed generally at or near room
temperature except for Test Unit-2, the effectiveness of the Kaolite insulating material at various
temperature extremes was examined through the use of laboratory testing and structural analysis of a
similar package, the ES-2LM (Handy 1997). For low-temperature service, Kaolite specimens were tested
at -28.89 and -40'C (-20 and -409F). These tests showed little change in the response of the material
as compared to room temperature. Furthermore, structural analyses, for bounding soft and stiff material
cases were run. The Kaolite 1600 data used in these bounding analyses were from laboratory
experiments that used a heavily cured sample (stiff) and a sample to which borax had been added
(soft) [Oaks 1997]. Following the production run for the ES-2 100 and DPP-2 shipping containers, new
casting specimens were available for compression testing. In order to reduce the total cost of Kaolite
testing, specimens were tested to approximately -40*C(-40°F) to cover both the cold conditions
stipulated in 10 CFR 71.71 (c)(2) and the - 29'C (- 20'F) temperature stipulated in 10 CFR 71.71 (b)(1)
and at 38°C (100°F). The results of Kaolite specimen testing are documented in Y/DW-l1890 (Smith and
Byington, Appendix 2.10.3) and Y/DW-1972 (Smith, Appendix 2.10.3). Upon further review of the data,
the new test data was somewhat stiffer in the cold/high-density specimens than the data previously used
in Y/DW-1972 (Smith, Appendix 2.10.3). Therefore, in order to encompass the extremes of all existing
data, an additional drop simulation sequence using the new bounding curves has been conducted on the
ES-3100 package as documented in Appendix 2.10.2. In addition to the analytical effort, the ES-3100
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Test Unit-2 was pre-chilled to a nominal temperature of -40'C (-40'F). This was accomplished by
placing the unit in an environmental chamber in Bldg. 5800 at ORNL and initially setting the chamber
control to - 56.7°C (- 70'F) for 24 hours. After this initial period, the control on the environmental
chamber was set to -42.8°C (-45' F) for at least 48 hours. Prior to the initiation of structural testing of
this unit, it was removed from the environmental chamber and placed in an insulated box and transported
to the NTRC. High-temperature [up to 38°C (100°F)] behavior was not addressed. However, in light
of the fact that the insulation material is typically used as a cast refractory insulation in furnace
applications, and that structural tests were performed in the range of 20.8 to 30.6°C (69.4 to 87'F) or
just 7.4 to 17.2°C (13 to 30'F) below the high-temperature limit, it is not anticipated that any decline in
impact absorption would be detrimental at 380 C (100 0 F).

2.6 NORMAL CONDITIONS OF TRANSPORT

This section demonstrates compliance with 10 CFR 71.43(f) and with 10 CFR 71.5 l(a)(l)
and (b) following the tests and NCT conditions stipulated in 10 CFR 71.71. It is shown that the package
will not experience any loss in shielding effectiveness or spacing and will not release any radioactive
content or undergo leakage of water into the containment vessel during exposure to NCT. The four tests
(water spray, free drop, compression, and penetration) made on Test Unit-4 were conducted in the 20.8 to
22.4°C (69.4 to 72.4'F) range, with the 1.2-m drop test conducted at 22.4 0C (72.4'F). The maximum
regulatory reference air leakage rate is •3.8430 x 10-3 ref-cm3/s. Compliance with this permitted activity
release limit is not dependent on filters or mechanical cooling systems. Following NCT compliance
testing, the package was subjected to the sequential HAC test battery.

Title 10 CFR 71.71(b) specifies that the tests for NCT be conducted at the most unfavorable
ambient temperature within the range of -28.89 to 38'C (-20 to 100°F). The drum is fabricated from
type 304 stainless steel, and the containment boundary is fabricated from type 304L stainless steel, which
is particularly suitable for low-temperature service. The Izod impact strength for the stainless steel used
in the package components remains constant over a large range [specifically, from 21.11 to - 195.5 *C
(70 to -320°F)] (Stainless Steel Handbook). Tensile strength increases from a minimum of 4.826 x 10'
to 1.696 x 106 kPa (70,000 to 246,000 psi), and the yield strength increases about 10% over the same
temperature range. The 0-rings in the containment vessel have a normal service temperature range of
-40 to 150 0C [-40 to 302°F (Table 2.15)]. The normal service temperature range of the drum and
containment vessel is -40 to 426.70 C (-40 to 800 0 F) [ASME, B&PV Code, Sect. 11, Part D]. At
-28.89°C (-200 F), the impact limiting material has been shown by tests to be stiffer than at 22.4°C
(72.4°F). This condition has been evaluated by the compliance testing conducted on Test Unit-2. The
reduction in tensile strength of the stainless steel from 22.4 to 380 C (73 to 100°F) is only approximately
2%, and the impact-limiting material test trends show that the impact-limiting material may become
slightly softer. However, these slight reductions in tensile strength and absorption characteristics should
not affect the results significantly compared to those conducted at 38°C (100 °F).

Title 10 CFR 71.71 (b) also states that the initial internal pressure within the containment
system during NCT drop testing shall be considered as the maximum normal operating pressure. The
maximum normal operating pressure is defined in 10 CFR 71.4 as the maximum gauge pressure that
would develop in the containment system in a period of I year under the heat conditions specified in
10 CFR 71.71(c)(l). The internal pressure developed under these conditions in the ES-3100 containment
vessel is calculated in Appendix 3.6.4 and discussed in Sects. 2.6.1.1 and 3.4.2. As noted in these
sections, the internal pressure is calculated to be 138.43 kPa (20.077 psia). As shown in
Appendix 2.10.1, the design absolute pressure of the containment vessel is 801.17 kPa (116.2 psia),
and the hydrostatic test pressure stipulated in JS-YMN3-801580-A001 is 1135.57 kPa (164.7 psia).
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Thus, increasing the internal pressure of the containment vessel to a maximum of 13,.43 k la
(20.077 psila during NCT would have no detrimental effect. Table 2.20 provides a summary of the
pressures and temperatures in the various shipping configurations. As discussed in Sect. 2.6.1.4, the
containment vessel and the closure nut stresses for this pressure condition are well below the allowable
stress values.

Title 10 CFR 71.71(c) specifies that the package service temperature must extend from -40 to
38°C (-40 to 100°F) with solar insolation. As shown in Sect. 3.4.1 and calculated in Appendix 3.6.2,
the upper service temperature with solar insolation is calculated to be 87.81 'C (190.06'F) for an empty
ES-3 100 containment vessel. Thermal cycling of the packages over the above temperature range from
-40'C (-40 'F) is considered an unlikely event, and the change would occur over a long period of time.
In any event, the 127.81 'C (230.06'F) thermal cycle would not result in brittle fracture or fatigue failure
in the packaging. The acceptability of the packaging against brittle fracture is discussed in Sect. 2.6.2.
The only concern for fatigue or endurance failure is related to the containment boundary cyclic pressure
changes as the temperature varies from low to high. A 250 C (77°F) ambient temperature normally
exists for the containment boundary during assembly. The containment boundary is sealed at an absolute
pressure of -101.35 kPa (14.70 psi). The internal absolute pressure at an average gas temperature of
87.81°C (190.06°F) is 138.43 kPt (20.077 psi) for the ES-3100 containment vessel (Table 2.20). The
absolute internal pressure at -40'C or -40'F is 76.74 kPa (11.13 psi) for the containment vessel.
Therefore, the maximum cyclic pressure differential for the containment vessel from low to high
temperatures is ( 138.43 - 76.74) kPa or 61.69 k Pa (8.947 psi). This cyclic pressure is insignificant when
considering the integrity of the containment boundary as shown by the stress levels discussed in
Sect. 2.6.1.3.

The ES-3 100 package has been tested to determine the effectiveness of the package following
a sequential NCT 1.2-m (4-ft) drop test and an HAC test battery. Testing conducted on Test Unit-4
showed that there would be no loss or dispersal of radioactive contents and no significant increase in
external surface radiation levels if the actual contents had been subjected to these tests, and no
substantial reduction in the effectiveness of the packaging to survive the HAC testing. Thus, the
requirements of 10 CFR 71.43(0 are satisfied.

Table 2.20. Summary of temperatures and pressures for NCT

Average gas evaluation temperature Containment vessel absolute internal pressure
*C (OF) kPa (psia)

-40 (-40)a 76.74 (11.13)

25.0 (77) b 101.35 (14.70)

87.81 (190.06)c 138.43 (20.077)
Analysis conducted with no decay heat load in accordance with 10 CFR 71.71(c)(2).

b Assembly temperature and pressure.
Due to the lack of measurable off-gassing, all ES-3 100 containment vessel configurations with solar
insolation, and 0.4 W decay heat produce the same internal pressure (Appendix 3.6.4).
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2.6.1 Heat

Requirement. Exposure to an ambient temperature of 38°C (100°F) in still air and insolation as
stated in l0 CFR 71.71(c)(l).

Analysis. An increase in ambient temperature to 38°C (100°F) with insolation will have no
effect on the ability of the containment boundary to provide containment.

The maximum normal operating pressure is defined in 10 CFR 71.4 as the maximum gauge
pressure that would develop in the containment system in a period of I year under the heat conditions
specified in 10 CFR 71.71(c)(l). The internal pressure developed under these conditions in the ES-3 100
containment vessel is calculated in Appendix 3.6.4 and discussed in Sects. 2.6. 1.1 and 3.4.2. As noted in
these sections, the internal pressure varies with temperature. Based on the isotopic determination of the
proposed contents, a decay heat of 0.4W was calculated and used for the maximum internal heat load in
evaluating the package for NCT (Sect. 3.1.2). The maximum calculated internal absolute pressure in
the containment vessel with solar insolation and using the bounding case parameters is 138.43 kPa
(20.077 psia). The design absolute pressure of the containment vessel is 801.17 kPa (116.20 psia), and
the hydrostatic test pressure is 113.55 kPa (164.7 psia). Thus, increasing the internal pressure of the
containment vessel to a maximum of 1 38.43 kPa (20.077 psia} during NCT would have no detrimental
effect. Table 2.20 provides a summary of the pressures and temperatures for the various shipping
configurations. As discussed in Sect. 2.6.1.4, the containment vessel and closure nut stresses for these
pressure conditions are well below the allowable stress values. If the package is exposed to solar
radiation at 38°C (100°F) in still air, the conservatively calculated temperatures at the top of the drum,
on the surface of the containment vessel, and on the containment vessel near the O-ring sealing surfaces
are 117.72°C (243.89°F), 87.81 °C (190.06'F), and 87.72°C (189.9°F), respectively (Sect. 3.4.1).
Nevertheless, these temperatures are within the service limits of all packaging components, including
the O-rings. The normal service temperature range of the O-rings used in the containment boundary is
-40 to 150 0 C (-40 to 302 0 F) as shown in Table 2.15.

2.6.1.1 Summary of pressures and temperatures

An ambient temperature of 25°C (77°F) is assumed for the packaging at assembly. Since
there are four ventilation holes near the top of the drum, and holes in the liner encapsulating the neutron
poison material that are not hermetically sealed, the drum assembly will not become pressurized as the
temperature increases. The containment boundary is sealed; thus, the internal pressure will change with
temperature. Maximum calculated pressures at various temperatures (Sect. 3.4. 1) are listed in
Table 2.20.

2.6.1.2 Differential thermal expansion

The drum, inner liners, and containment vessel are all -constructed of type 304 or 304L stainless
steel. Radial and vertical expansion among these components will not cause any interferences or
thermally induced stresses due to design clearances at assembly. Due to similarities of the coefficient
of thermal expansion between type 304/304L and the containment vessel closure nut material
(ASME SA-479), the compression of the O-rings does not change appreciably during the temperature
excursion from 25°C (77°F) to the maximum temperature of 87.81 'C (190.06'F).

The Kaolite 1600 insulation and Cat 277-4 material is poured and cast in place during the
fabrication of the drum weldment (Drawing M2E801508A002, Appendix 1.4.8). Although some
contraction of these materials may occur during curing, it is assumed for analysis purpose that a zero gap
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As previously noted, the containment vessels will be assembled for shipment in a temperature
environment of -25°C (77'F). If the package should be exposed to -40'C (-40°F) for an extended
period, all components will equalize near this low temperature. The absolute internal pressure inside the
containment boundary would decrease to a pressure of 76.74 kPa (11.13 psi), assuming no decay heating
(Table 2.20). Therefore, the pressure differential across the containment vessel at -40'C (-40'F)
is -24.61 kPa (-3.57 psia) [76.739 - 101.35 kPa] (11.13 - 14.7 psia). Due to similarities of the
coefficient of thermal expansion between type 304/304L and the containment vessel closure nut material
(Nitronic 60, ASME SA-479), the compression of the O-rings does not change appreciably during the
temperature excursion from 25°C (77°F) to -40'C (-40'F). The calculated stresses shown in
Table 2.21 were determined by multiplying the stress at the design conditions (Appendix 2.10.1 and
Table 2.6) by a factor equal to the ratio of operating pressure to design pressure and adding any
contribution from the closure nut preload. This methodology is based on linear elastic material behavior.
As shown in Sect. 2.6.1.4, all stresses in the containment boundary components are well below the
ASME Boiler and Pressure Vessel Code allowable stress intensity limits. As demonstrated by the
information presented above, the packaging is acceptable for NCT at -40'C (-40*F).

2.6.3 Reduced External Pressure

Requirement. An absolute external pressure of 25 kPa (3.5 psi) is required by
10 CFR 71.71(c)(3).

Analysis. Reducing the absolute external pressure from ambient pressure to 25 kPa
(3.626 psi) will have no effect on the drum assembly because the plastic plugs and aluminum tape
covering the ventilation holes for the Cat 277-4 will allow the internal pressure of the drum assembly to
equalize. This reduced pressure and a maximum internal pressure produces the maximum pressure
differential across the containment boundary of 1 13.43 kfl' ( 16.451 psi) [ 138.43 - 25 (20.077 - 3.626)].
The containment boundary is designed and fabricated in accordance with Sects. III and IX of the
ASME Boiler and Pressure Vessel Code for an internal pressure differential of 699.82 kPa (101.5 psi) as
shown in Appendix 2.10.1. A summary of the resulting stress intensities at various locations identified in
Fig. 2.1 on the containment vessel in comparison with the ASME code allowable limits for this condition
is shown in Table 2.22. These tabulated stresses were determined by multiplying the stress at the design
conditions (Appendix 2.10.1 and Table 2.6) by a factor equal to the ratio of operating pressures to design
pressures and adding any contribution from the closure nut preload. This methodology is based on linear
elastic material behavior. As shown in Table 2.22, all stresses in the containment boundary components
are well below the ASME Boiler and Pressure Vessel Code allowable stress intensity limits. Therefore,
the ES-3 100 packaging is acceptable for NCT at an absolute external pressure of 25 kPa (3.626 psi).

2.6.4 Increased External Pressure

Requirement. An absolute external pressure of 140 kPa (20 psi) is required by
10 CFR 71.71 (c)(4).

Analysis. Increasing the absolute external pressure from ambient pressure to 140 kPa (20.31 psi)
would have no effect on the drum assembly because the plastic plugs and aluminum tape covering the
ventilation holes for the Cat 277-4 will allow the internal pressure of the drum assembly to equalize. At
this increased external pressure, the maximum pressure differential across the containment boundary
would be -63.26 kPa (-9.18 psi) [76.74 - 140 (11.13 - 20.3 1)], assuming the vessel's absolute pressure
and temperature to be 76.74 kPa (11. 13 psi) and -40'C (-40*F), respectively. Each containment
boundary is designed and fabricated in accordance with Sects. III and IX of the ASME Boiler and
Pressure Vessel Code for a minimum external pressure of 150 kPa (21.7 psi) gauge. A comparison of
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Table 2.21. ES-3100 containment boundary evaluation for both hot and cold conditions a

Hot conditions Cold conditions Allowable
110 CFR 71.71(c)(1)] 110 CFR 71(c)(2)] stress or

Stress locations containment boundary stress containment boundary stress shear

shown in @ 37.07 kPa @ -24.61 kPa capacity

Fig. 2.1 5.377 psi) gauge (-3.57 psi) gauge (AS)

kPa (psi) or kPa (psi) or kPa (psi) or
kg (Ib) M.S. kg (lb) M.S. kg (lb)

Top flat portion of sealing 3.653 x 10- 361 2.425 x 102 545 1.324 x 10'
lid (center of lid) (53.0) (35.17) (19,200)b

Closure nut ring 4.639 10' 8.9 4.246 x 1041 9.8 4.571 x 10i
(away from threaded (6728) (6158) (66,300)c
portion)

Top flat head 1.804 , 10' 13.7 1.665 x 1041 14.9 2.648 x 101
(sealing surface region) (2616) (2415) (38,400)c

Cylindrical section 1 .059 - 10 Ix2.3 7.030 x 102 124.5 8.825 x 104

(middle) (154) (102) (12,800)d

Cylindrical section 8.466 10W 30.3 8.034 x 103 32 2.648 x 101
(shell to flange interface) (1228• (1165.2) (38,400)y

Cylindrical section 2.716 × 10' 96.5 1.803 x 103 145.8 2.648 x 101
(shell to bottom interface) (394) (261.5) (38,400)1

Body flange threads load, 9.678 x 102 20.2 9.072 x 10' 21.6 2.053 x 104

kg (lb) (2134) (2000) (45266)ý

Body flange thread region 2.642 ýý 10' 9 2.256 x 1041 10 2.648 x 10'
(under cut region) (3832) (3272) (38,400)'

Flat bottom head 2.557 x 10• 50.8 1.698 x 103 77 1.324 x 10'
(center) (371) (246.2) (19,200)b

Closure nut thread load, 9.678 10W 35.6 9.072 x 102 f 38.1 3.545 x 104

kg (lb) (2134) (2000) (78154)'

b

d

C

f

Calculated stresses were determined by multiplying the stress at the design conditions (Appendix 2.10.1) by a factor
equal to the ratio of operating pressures to design pressures (independent of pressure direction) plus contribution from
preload. Allowable stress values are taken from Table 2.5.
Stress interpreted as the sum of P, + Pb; allowable stress intensity value is 1.5 x S.
Stress interpreted as the sum of P, + P6 + Q; allowable stress intensity value is 3.0 x Si.
Stress interpreted as the primary membrane stress (P,); allowable stress intensity value is Sm.
Allowable shear capacity is defined as 0.6 x Sm x thread shear area. Thread shear area = 38.026 cm2 (5.894 in.2 ).
Stress and shear load in these areas are dominated by the 162.7 ± 6.8 N-m (120 ± 5 fi-lb) preload.
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Table 2.22. NCT ES-3100 containment boundary stress compared to the allowable stress at
reduced and increased external pressures'

Reduced external pressure Increased external pressure Allowable
110 CFR 71.71(c)(3)1 110 CFR 71.71(c)(4)1 stress or

containment boundary stress containment boundary stress shear
Stress locations @ 113.43 kPa @ -63.26 kPa capacity

shown in (16.451 psi) gauge (-9.18 psi) gauge (AS)
Fig. 2.1 kPa (psi) kPa (psi) (AS)

kPa (psi) or kPa (psi) or kPa (psi) or
kg (lb) M.S. kg (lb) M.S. kg (lb)

Top flat portion ofsealing lid I 118 1 I 11- 6.236 x 102 211.3 1.324 x 10
(center of lid) (162.1) (90.4) (19, 2 0 0 )b

Closure nut ring 5. 133 , 10' 7.9 4.246 x 1041 9.8 4.571 x 101
(away from threaded region) (7445) (6158) (66,300)'

Top flat head 1.924 x 10' 12.8 1.665 x 104f 14.9 2.648 x 10'
(sealing surface region) ('279 1) (2415) (38,400)c

Cylindrical section 3240. 10 26.2 1.808 x 10' 47.8 8.825 x 104

(middle) 170 (262.2) (12,800)d

Cylindrical section 1.11 1 2.1 9.374 x 101 27.2 2.648 x 10'
(shell-to-flange interface) (•I 1) (1359.6) (38,400)c

Cylindrical section 3 10 - 10 30.9 4.637 x 103 56.1 2.648 x 101
(shell-to-bottom interface) H1205) (672.5) (38,400)c

Body flange threads load, 1O,03 - 1W 17.8 9.072 x 102 f 21.6 2.053 x 104

kg (lb) (2409) (2000) (45266)

Body flange thread region 3.036 , 10' 7.7 2.397 x 104f 10 2.648 x 101
(under cut region) (4403) (3476) (38,400)y

Flat bottom head 78,3 2 10 I5. 4.365 x 101 29.3 1.324 x 10'
(center) ( 1135) (633) (19,200)b

Closure nut thread load, 1.093 10W 31.4 9.072 x 102 38.1 3.545 x 104c

kg (Ib) (240(9) (2000) (78154)
a Calculated stresses were determined by multiplying the stress at the design conditions (Appendix 2.10.1) by a factor

equal to the ratio of operating pressures to design pressures (independent of pressure direction) plus contribution from
preload. Allowable stress values are taken from Table 2.5.

b Stress interpreted as the sum of P, + Pb ; allowable stress intensity value is 1.5 x S..
Stress interpreted as the sum of P + P, + Q; allowable stress intensity value is 3.0 x S..

8 Stress interpreted as the primary membrane stress (Pr.); allowable stress intensity value is S,.
Allowable shear capacity is defined as 0.6 x Sm x thread shear area. Thread shear area = 38.026 cm2 (5.894 in.2 ).
Stress and shear load in these areas are dominated by the 162.7 ± 6.8 N-m (120 ± 5 fI-lb) preload.

the resulting stress intensities at various locations on the containment vessel (Fig. 2.1) with the ASME
code allowable limits for this condition is shown in Table 2.22. These tabulated stresses were
determined by multiplying the stress at the design conditions (Appendix 2.10.1 and Table 2.6) by a
factor equal to the ratio of operating pressures to design pressures and adding any contribution from the
closure nut preload. This methodology is based on linear elastic material behavior. As shown in
Table 2.22, all stresses in the containment boundary components are well below the ASME Boiler and
Pressure Vessel Code allowable stress intensity limits. Therefore, the ES-3 100 packaging is acceptable
for NCT at an external absolute pressure of 140 kPa (20.31 psi).
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2.6.5 Vibration

Requirement. Vibration normally incident to transportation is required by 10 CFR 71.71(c)(5).

Analysis. Vibration testing on a prototypical ES-3 100 package (Test Unit-4) was conducted
in accordance with the ES-3 100 test plan (Appendix 2.10.8) and documented in the test report
(Appendix 2.10.7). Testing was conducted with the package restrained as shown in Fig. 2.3. The
containment vessel was assembled with the mock-up content weighing 49.90 kg (110 lb). The total
weight of the test unit was 201.8 kg (445 lb). The unit was subjected to an endurance test with random
vibrations modeled after the power spectral density plot for the Safe-Secure Trailer/Safeguards
Transporter (SST/SGT) vibration envelope in the vertical axis (Cap, Appendix 2.10.6). At this level of
vibration intensity, the test unit compares with MIL-STD-810F. MIL-STD-81OF is a standard random
vibration test for basic transportation vibrations generated by a large truck or tractor-trailer combination.
MIL-STD-8 1 OF defines 60 min of testing as equal to 1609 km (1000 miles) of common carrier
transportation. Assuming that the two random vibration tests are similar in intensity, Test Unit-4
had about 6436 km (4000 miles) of simulated random vibration testing. Based on a nominal shipping
distance of 3218 km (2000 miles), Test Unit-4 was subjected to a test that was approximately two times
more severe than that required by 10 CFR 71.71 (c)(5). As shown by the following paragraphs,
containment, shielding effectiveness, and subcriticality were maintained even when the package was
subjected to such an arduous environment.

The test was run at -22.8°C (73 *F) rather than at the high or low temperatures specified for
NCT. This was reasonable because the thermal coefficients of expansion of the flange and closure nut
materials are very close. Theref6re, the temperature extremes would not have a significant effect on the
closure tightness.

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 (Byington 1997) and ES-3 100 test packages. Due to the similarities in design,
fabrication, and construction materials of the ES-2M and the ES-3 100 packages, the physical
characteristics of the Kaolite 1600 will hold true for both designs. The integrity of the Kaolite 1600 is
not significantly affected by the NCT vibration and 1.2-m drop tests. Prior to testing the ES-2M design,
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 thinner top 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. In order to evaluate these findings, Test Unit-4 was reassembled
and subjected to HAC sequential testing. After vibration and impact testing, many three-dimensional
curving cracks were seen around the impact areas, and the inner liner was visibly deformed.
Nevertheless, Test Unit-4 maintained the adequate spacing required for shielding effectiveness and
subcriticality. 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. Additionally, Test Unit-4 of the ES-3100 test series was subjected to tests and conditions
stipulated in 10 CFR 71.71 (c)(5) through (c)(l 0), excluding (c)(8). Following completion of both the
NCT and HAC tests, the containment vessel was removed, and a full-body helium leak test was
conducted to the leaktight criterion (•2 x 10-7 cm 3/s) in accordance with ANSI N14.5-1997.
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Title 10 CFR 71.73(b) requires that the HAC tests, except for the water immersion tests, be
conducted at the most unfavorable ambient temperature within the range of- 29 to 38 *C (-20 to 100'F).
This requirement was previously discussed in Sect. 2.6 for NCT, in which it was concluded that the tests
performed at 70 to 90°F ambient temperatures should provide essentially the same results, except for
thermal, as those made at any ambient temperature between -29 to 38'C (-20 to 100°F). Buckling
failures are not anticipated for this package design. This assumption is based on the fact that no evidence
of buckling occurred when the package was subjected to the compression test in accordance with
10 CFR 71.71(c)(9); the water immersion tests in accordance with 10 CFR 71.73(c)(5) and 71.73(c)(6);
and the 1.2-m and 9-m drop test conducted on Test Unit-4. Code calculations further substantiate that
buckling failures of the containment vessel are not anticipated for this package design (Appendix 2.10.1).

Title 10 CFR 71.73(b) states that the HAC initial pressure within the containment boundary
vessel during testing shall be considered as the maximum internal normal operating pressure. The
internal pressures in the ES-3 100 containment vessel at various temperatures for NCT are discussed in
Sects. 3.4.1 and 3.4.2 and tabulated in Table 2.20. The maximum normal absolute operating pressure due
to insolation and the bounding case parameters is 138.43 k1la (20.077 psia) for the containment vessel.
This pressure is well below the design internal gauge pressure of 699.82 kPa (101.5 psi). Increasing the
internal pressure in the containment boundary to the value noted above before a free drop (Sect. 2.7.1),
crush (Sect. 2.7.2), puncture (Sect. 2.7.3), or water immersion (Sect. 2.7.5) testing would have no
detrimental effect on the containment boundary's structural integrity due to the low stresses shown in
Table 2.21. Temperature and pressure increases in the containment boundary due to the compliance
thermal tests are discussed and evaluated in Sects. 2.7.4 and 3.5.3. A summary of these pressures is
presented in Appendix 3.6.5.

Summarizing 10 CFR 71.43(f) and 71.55(d)(4), the tests and conditions of NCT will 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, and the analytical structural deformation
predicted in Appendix 2.10.2 (summarized in Sect. 2.7.8). Due to the similarities in design, fabrication,
and material used in construction of both the ES-2M and the ES-3 100 package, the physical
characteristics of the Kaolite 1600 will hold true for both designs. The integrity of the Kaolite 1600 is
not significantly affected by the NCT vibration and 1.2-m (4-ft) drop tests. Prior to testing the ES-2M
design, 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 thinner top 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. In order to evaluate these findings, Test Unit-4
was reassembled and subjected to HAC sequential testing. After vibration and impact testing, many
three-dimensional curving cracks were seen around the impact areas, and the inner liner was visibly
deformed. Nevertheless, the ES-2M Test Unit-4 maintained the adequate spacing required for shielding
effectiveness and subcriticality. 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. Additionally, Test Unit-4 of the ES-3100 test series was subjected to tests and
conditions stipulated in 10 CFR 71.71 (c)(5) through (c)(10), excluding (c)(8). Following completion of
these NCT tests, the test unit was subjected to the full HAC test battery. Following these tests, the
containment vessel was removed and subjected to a full-body helium leak test. Criteria for a leaktight
condition was achieved. Based on the success of these units, vibration normally incident to transport
does not reduce the effectiveness of the packaging during HAC testing. Thus, the requirements of
10 CFR 71.43(f) and 71.55(d)(4) are satisfied.
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2.7.1 Free Drop

Requirement. A free drop of 9 m (30 fi) onto a flat, unyielding, horizontal surface, striking the
surface in a position for which maximum damage is expected is required by 10 CFR 71.73(c)(1).

Analysis. Five test packages were drop tested from 9 m (30 ft) in accordance with
10 CFR 71.73(c)(1) with the set up as shown in Fig. 2.8. A description of the drop pad is presented in
Sect. 2.6.7. Four different drop positions were used in the testing based on the analytical results from
LS-Dyna drop simulations. The ES-3 100 test units were designated as Test Units-I, through -5.
Test Unit-4 was subjected to the full NCT testing (water spray, 1.2-m (4-fl) drop, compression,
penetration, and vibration) prior to HAC testing. The gross weight of the ES-3100 test units varied
between 157.4 kg (347 Ib) and 203.7 kg (449 lb). Mock-up components weighing between 3.6 kg (8 lb)
[Test Unit-5] to 50.3 kg (111 lb) [Test Unit-3] were used during testing. Discussion of the damage to
each test package resulting from the 9-m (30 fi) drop is given in subsequent paragraphs. Rationale for the
four drop positions is included in the discussion for each test unit. Minor changes to the mid liner and
the substitution of the neutron poison from BoroBond4 to Cat 277-4 are further evaluated in Sect. 2.7.8.

Fig. 2.8. 9-m drop test arrangement for all test units.
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(Appendix 2.10.8) The drums were disassembled, and the damage was photographed. The post-thermal
test weight of each loaded containment vessel was also recorded. Each package was visually inspected,
and the condition of the package and any observations were recorded.

After the containment vessels were removed from Test Units 1 through 5, two different leak tests
were performed on each containment vessel. An operational leak test was conducted between the O-rings
using a CALT5 leak tester. Following this operational leak test, a full body helium leak test was
conducted. Details of these leak tests are provided in the test report (Appendix 2.10.7) and the results are
summarized in Table 2.23. All five containment vessels were then removed from the drum assembly and
immersed under a head of water of at least 0.9 m (3 ft) in a horizontal position for a period of Ž8 h.
Following the immersion test of 10 CFR 71.73(c)(6), the containment boundary of Test Units-1 through
-5 were opened to remove the contents, gather available data and look for signs of water in-leakage. No
water in-leakage was detected in any of the units.

The blackout.temperatures on the surface of all five containment boundaries, inner liners, and
mock-up components used in the test packages are given in the test report (Test Form 5 for each test
unit). Maximum blackout temperatures recorded on the surface of all test units are tabulated in
Table 2.50. These values and temperature adjustments are discussed in Sect. 3.5.3.

Conclusion. All five test packages were intact following the 30-min exposure to the high-
temperature thermal environment as required in 10 CFR 71.73(c)(4). Examination during disassembly
showed that the containment boundary surfaces, flanges, fasteners, sealing surfaces, and O-rings were not
damaged by the thermal testing. All five containment boundary assemblies met the subsequent 0.9-mr
(3-ft) water immersion test and maintained a full-body helium leak rate -2.0 x 107' cm 3/s. Following
compliance testing, minor changes were made to the mid liner, and the neutron poison was changed from
BoroBond4 to Cat 277-4. In order to evaluate the impact of these changes, extensive analytical drop
simulations were utilized. A detailed description of the models, material properties, and drop
orientations evaluated is shown in Appendix 2.10.2. Results comparing structural deformation and
maximum strainsin the various material of construction are, shown in Sect. 2.7.8. Based on theHAC
analytical structural deformation results shown in Sect. 2.7.8, similar compliance test results would be
expected had testing been conducted on packages employing the new proposed Cat 277-4 neutron poison.
Therefore, the requirements of 10 CFR 71.73(c)(4) were satisfied, and containment was maintained.

2.7.4.1 Summary of pressures and temperatures

The ES-3100 shipping packages will typically be loaded at an ambient temperature and absolute
pressure of-25°C.(770 F) and 101.35 kPa (14.70 psi), respectively. If the temperature of the package
increases during shipment due to external temperature or solar insolation, the drum will not pressurize
because four ventilation holes are drilled near the top of the drum, and the drum is not sealed at the
drum lid-flange interface. The containment boundary is sealed at assembly. The internal pressure will
increase due to transport temperatures, solar insolation (Sect. 3.4.1), decay heating, and the temperatures
during HAC (Sect. 3.5.3). Temperature and pressures are summarized in Tables 3.21 and 3.11.
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Table 2.50. Maximum HAC temperatures recorded on the test packages' interior surfaces

ES-3100 Test Unit

Temperature patch location * 1 2 3 4 5

°C (OF) 0 C (OF) °C (OF) °C (OF) °C (OF)

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 (3 5 0 )b 121 (250)

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

CV body wall middle 99 (210) 93 (199) 116 (2 4 1)b 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 (2 4 1)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)

Refer to figures for exact locations and to Test Form 5 in the test report for recorded values. (ORNL/NTRC-0 13)
b Temperature indicating patch may have been damaged due to impact with surrounding structure. See Test Form 5 in

ORNL/NTRC-013 for additional information.

The maximum HAC internal absolute pressure in the containment boundary of the ES-3 100 has
been calculated to be 280.63 kPa (40.701 psia). This predicted pressure is based on a conservative
maximum adjusted average gas temperature of 123.85°C (254.93 °F) as shown in Sect. 3.5.3 and
Appendix 3.6.5.

2.7.4.2 Differential thermal expansion

The drum, inner liner, and containment vessel are all constructed of type 304 or 304L stainless
steel. Because of design clearances used during assembly, radial and vertical expansion among these
components will not cause any interferences or thermally induced stresses. Due to similarities of the
coefficient of thermal expansion between type 304/304L and the containment vessel closure nut
(ASTM A-479 and ARMCO Nitronic 60), the compression of the O-rings and the closure nut and
containment vessel thread load do not change appreciably during the temperature excursion from 25 °C
(77'F) to the maximum adjusted containment vessel temperature of 152.22'C (306.0°F) [Sect. 3.5.3].
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The Kaolite 1600 insulation and Cat 277-4 neutron poison are poured and cast in place during
the fabrication of the drum assembly weldment (Drawing M2E801580A002, Appendix 1.4.8). This
process produces a zero gap between the insulation and the bounding drum and inner liner and zero gap
between the neutron poison and the mid and inner liners. Because of differences in coefficients of
thermal expansion, some radial and axial interferences are expected from thermal growth of the liners.
These radial and axial interferences have been addressed by the HAC thermal test. The results show
that the stresses induced are minimal and do not reduce the effectiveness of the drum assembly.

Since there are ample clearances between the various size convenience containers and HEU
contents, no induced thermal stresses from differences in coefficient of thermal will exist.

2.7.4.3 Stress calculations

The temperature gradient on the containment boundary was essentially uniform from top to
bottom during the thermal tests (Table 2.50). The gradient around the periphery of the six test units was
also essentially uniform and similar to the vertical gradient. As noted in the ES-3 100 test report, 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 -5 0 'F
(from the test temperatures reported in Table 2.50). 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 the ASAIE Boiler and Pressure Vessel Code, Sect. III, Div. 1. Thermal
stress is defined as a self-balancing stress produced by a nonuniform distribution of temperature
(ASME B&PVC, Sect. III, Paragraph NB-3213.13). This paragraph further states that there are two
types of thermal stresses: general thermal stress and local thermal stress. An example of a general
stress is that produced by an axial temperature distribution in a cylindrical shell (ASME B&PVC,
Paragraph NB-3213.9). This general stress is further classified (Paragraph NB-3213.9) as a secondary
stress (that is, a normal stress or a shear stress developed by the constraint of adjacent materials or by
self-constraint of the structure) [ASME B&PVC, Paragraph NB-3213.9]. 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 (ASME B&PVC, 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.

The principal effect of the elevated temperature on stress levels is caused by the increase in the
internal pressure. The calculated stresses as shown in Table'2.51 were determined by multiplying the
stress at the design conditions (Appendix 2.10.1) by a factor equal to the ratio of operating pressures to
design pressures and adding any contribution from the closure nut preload. This methodology is based
on the application of linear elastic material behavior. As shown in Sect. 2.7.4.4, all stresses in the
containment boundary components (based on nominal dimensions for the components) are well below
the ASME Boiler and Pressure Vessel Code allowable stress intensity limits.

2.7.4.4 Comparison with allowable stresses

As noted in Sect. 2.7.4.3, the differential stresses resulting from temperatures recorded during
HAC are negligible. Also, as shown in Table 2.51, stresses of this low magnitude do not affect the
adequacy of the packaging. Corresponding calculated stress regions are shown in Fig. 2.1.
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2.7.5 Immersion-Fissile Material

Requirement. In those cases for which water leakage into the containment boundary has not
been assumed for criticality analysis, the specimen must be immersed under a 0.9-m (3-ft) head of water
in an attitude for which maximum leakage is expected, as required by 10 CFR 71.73(c)(5).

Table 2.51. HAC ES-3100 containment boundary stress compared to the allowable stress'

Thermal condition Immersion condition
10 CFR 71.73 (c)(4) 10 CFR 71.73 (c)(6) Allowable

Stress locations containment boundary stress containment boundary stress stress
shown in @179.27 kPa (26.001 psi) gauge @- 150 kPa (-21.76 psi) gauge (AS)

Fig. 2.1 & 123.85°C (254.93°F) & -2.22 0C (28°F)
kPa (psi) kPa (psi)

kPa (psi) M.S. kPa (psi) M.S. kPa (psi)

Top flat portion of sealing 176"6 , 10' 74 1.478 x 10' 88.6 1.324 x 10'
lid (center of head) 125 6) (214.4) (19,200)'

Closure nut ring •,5•, - !o, 4.246 x 104f 4.571 x 10'
(away from threaded '800 4.246 9.8 (66,4.571potion) W) (6158) 98(66,300)Cportion)

Top flat head 2.021 t lo, 1.665 x 104 149 2.648 x 10'
(sealing surface region) 21941 ) (2415) (38,400)c

Cylindrical section I 0 ) 10, 4.285 x 103 8.825 x 10'
(middle) (713) (621.5) (12,800)1

Cylindrical section 1. 33 -0 1.238 x 104 20.4 2.648 x 10'
(shell-to-flange interface) W)12 I2) (1795.3) (38,400)y

Cylindrical section 1.13 10 1.099 X 104 23.1 2.648 x 10'
(shell-to-bottom interface) 190 0) (1594.2) (38,400)'

Body flange threads load, 1.200 1 t0. 9.072 x 102 2 2.053 x 104

kg (lb) (2040) t(2000) (45266)e

Body flange thread region 373 .- I W 2.397 x 1041 10 2.648 x 10'
(under cut region) ( Ix'9)" (3476) (38,400)c

Flat bottom head 113o H, 9.7 1.035 x 104 1.324 x 10'
(center) ( 17093) 9. (1500.7) 11.8 (19,200)b

Closure nut thread load, 1.200 , 10 2 9.072 x 102 3 3.545 x 104

kg (lb) (2641) 1 (2000) (78154)`

b

c

d

€

f

Calculated stresses were determined by multiplying the stress at the design conditions (Appendix 2. 10. 1) by a factor
equal to the ratio of operating pressures to design pressures (independent of pressure direction) plus contribution from
preload. Allowable stress values are taken from Table 2.5.
Stress interpreted as the sum ofP, + Pb ; allowable stress intensity value is 1.5 x Sm.
Stress interpreted as the sum of P, + P, + Q ; allowable stress intensity value is 3.0 x S.
Stress interpreted as the primary membrane stress (P_,); allowable stress intensity value is S,,.
Allowable shear capacity is defined as 0.6 xS,, x thread shear area. Thread shear area = 38.026 cm 2 (5.894 in.2).
Stress and shear load in these areas are dominated by the 162.7 ± 6.8 N-m (120 ± 5 ft-lb) preload.
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