
Department of Energy 
Washington, DC 20585 

Attention: Document Control Desk 
Mark Lombard, Director 

July 12, 2016 

Division of Spent Fuel Storage and Transportation, 
Office of Nuclear Material Safety and Safeguards 
U.S. Nuclear Regulatory Commission 
Washington, D.C. 20555-0001 

Dear Mark Lombard: 

Ref. 71-9315 

The Department of Energy respectfully requests a revision to NRC Certificate of Compliance 
(CoC) Number 9315 to authorize air transport of U/Mo metal alloy with not more than 408 
grams U-235. 

DOE is requesting this amendment to sttppo1i a shipment of low-enriched uranium (LEU) in 
the form of U/Mo metal alloy to the Australian Nuclear Science and Technology Organisation 
(ANSTO). ANSTO would like LEU U/Mo plates as fuel targets to produce Mo-99 medical 
isotopes. BWX Technologies of Lynchburg, VA has prepared these plates and would like to 
ship in August 2016. There is only one shipment planned at this time, as ANSTO is using 
these target plates in trials. 

If NRC authorizes this content change in CoC 9315, DOE will them request a Department of 
Transportation certificate, based on endorsement of the NRC CoC, to authorize use of the 
package for expmi. 

DOE's basis for demonstrating compliance with 10 CFR Part 71 is an analysis-by-comparison 
of U/Mo metal alloy plates, with an enriclunent of 19.75% and a total U-235 content of 408 
gram per package, with TRIGA fuel components with a loading of up to 408 grams U-235 per 
package and a csr of 0.0. 

On June 28, 2007, NRC issued CoC 9315, Revision 4 for the Model ES-3100 package that 
authorized the air shipment ofTRIGA fuel components with a loading of up to 408 grams U-
235 per container anda.CSI of 0.0. This same content is authorized on page 7, in the latest 
revision of the CoC (Revision 14) issued by NRC on June 8, 2016. 

An excerpt from the latest Safety Analysis Report (SAR) (Y /LF-717 /Rev 5), pertinent to the 
criticality analyses of air transport ofTRIGA fuel with up to 408 grams ofU-235, is enclosed 
with this letter. Specifically, page 6-31 in the enclosure shows the U-235 loading analyzed for 
TRIG A fuel. Pages 6-51 to 6-55 in the enclosure discuss the air transport models used in the 
criticality safety calculations for TRIGA fuel. These models focus on the U-235 content only 



in a spherical configuration (geometry) which is meant to model a worst-case configuration of 
a damaged container. 

As such, another form of uranitnn, in this case, U/Mo metallic alloy plates, if modeled as a 
U-235 sphere would behave no differently than the TRI GA fuel model. Therefore, the 
criticality analysis by comparison with TRIGA fuel is bounding for U/Mo metal alloy plates 
with not more than 408 grams U-235. 

If you have any questions or need more details please call me at 301-903-5513 or email me at 
james.shuler@em.doe.gov. 

~·~((\,~ 
~James M. Shuler 

Manager, DOE Packaging Ce1tification Program 
U.S. Department of Energy 
Office of Packaging and Transpmtation 
EM-33, CLOV-2047 
1000 Independence Ave, SW 
Washington, DC 20585 

Enclosure SAR, Y/LF-717, Rev. 5, pages: 6-25 through 6-31and6-51through6-55 



Table 6.le. Summary of criticality evaluation for UNX crystals and unirradiated TRIGA reactor fuel elements 

'· UNX crystals unirradiated TRIGA fuel elements 
Conditions 

~ n,303g 235U ~ 92tg 235U 

General requirements for each fissile package (§71.55) 

"A package used for shipment of fissile material must be 
so designed and constructed and its contents so limited 
that it would be subcritical if water were to leak into the k~tr+ 2cr ~ 0.8630 k~tr+ 2cr ~ 0.5274 
containment system, ... so that under the following (cvcrpunhctl 1_10_15) ( cvcrtriga _ l _ 15) 
conditions, maximum reactivity of the fissile material 
would be attained:" (Paragraph "b") 

(1) the most reactive credible configuration consistent UNX crystals are homogenized with water over Three 5-in tall sectioned pieces ofUZrHx from a 
with the chemical and physical fonn of the the internal volume of the containmen~ vessel cylindrical TRI GA fuel element per convenience 
material, consistent with the high solubility properties of can. Sectioned pieces arranged in triangular pitch. 

UNX. Can spacers are not used. Hydrogenous No can spacers. Convenience can steel replaced 
packing material represented by 500 g. by water. 

(2) moderation by water to the most reactive credible 
extent, 

flooding of the containment vessel same 

(3) close full reflection of the contaimnent system by 
water on all sides, or such greater reflection of the 

30.48 cm H20 surrounding the containment vessel same 
containment system as may be provided by the 
surrounding material of the packaging. 

6-25 

Y /LF-717 /Rev 5/ES-3100 HEU SAR/Ch-6/and/3-24-16 



- ---------------- --1 

Table 6.le. Summary of criticality evaluation for UNX crystals and unirradiated TRIGA reactor fuel elements 

Conditions 
UNX crystals unirradiated TRIGA fuel elements 
s; u,303g 235U s; 921g 235U 

"A package used for shipment of fissile material must be 
so designed and constructed and its contents so limited 
under the tests specified in §71. 71 (N onnal Conditions 
of Transport) .. ·"SParagraph "d") 

-
(1) the contents would be subcritical, k,:ff+ 2a ~ 0.7526 k~rr+ 2a ~ 0.4950 

(ncsrpunhctl 1_8_15) (ncsrtriga_ l _ 15_15) 

(2) the geometric fonn of the package contents would UNX crystals are homogenized with water over Three 5-in tall sectioned pieces ofUZrHx from a 
not be substantially altered, the internal volume of the containment vessel cylindrical TRIGA fuel element per convenience 

consistent with the high solubility properties of can. Sectioned pieces arranged in triangular pitch. 
UNX. Can spacers are not used. Hydrogenous No can spacers. Convenience can steel replaced 
packing material represented by 500 g. by water. 

(3) there would be no leakage of water into the 
containment system unless, in the evaluation of 
undamaged packages under §71.59(a)(l), it has 

moderation is present to such an extent as to cause 
been assumed that moderation is present to such an 

maximum reactivity same 
extent as to cause maximum reactivity consistent 
with the chemical and physical fonn of the 
material, 

(4) there will be no substantial reduction in the 30.48 cm H20 smrnunding the drum 
effectiveness of the packaging .... (d = 18.37 in., h = 43.5 in.) 

same 
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Table 6.le. Summary of criticality evaluation for UNX crystals and unirradiated TRIGA reactor fuel elements 

Conditions 
UNX crystals unirradiated TRIGA fuel elements 

:!> 11,303g 235U :s: 921g 235U 

"A package used for shipment of fissile material must be 
so designed and constructed and its contents so limited 
that under the tests specified in §71.73 (Hypothetical k~ff+ 2cr ~ 0.8144 k~ff+ 2cr ~ 0.4945 
Accident Conditions) the package would be subcritical. (icsrpunhct12_15_15) (hcsrtriga _ 1_15_15) 
For this determination, it must be assumed that:" 
(Paragraph "e") 

(1) the fissile material is in the most reactive credible UNX crystals are homogenized with water over Three 5-in tall sectioned pieces of UZrHx from a 
configuration consistent with the chemical and the internal volume of the containment vessel cylindrical TRIGA fuel element per convenience 
physical fonn of the contents, consistent with the high solubility properties of can. Sectioned pieces arranged in triangular pitch. 

UNX. Can spacers are not used. Hydrogenous No can spacers. Convenience can steel replaced 
packing material represented by 500 g. by water. 

(2) water moderation occurs to the most reactive 
credible extent consistent with the chemical and flooding of the package same 
physical form of content, 

(3) there is full reflection by water on all sides, as 
30.48 cm H20 surrounding the reduced diameter 

close as is consistent with the damage condition 
drum, (d = 17.20 in., h = 43.5 in.) same 

of the package. 
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Table 6.le. Summary of criticality evaluation for UNX crystals and unirradiated TRIGA reactor fuel elements 

Conditions 
UNX crystals unirradiated TRIGA fuel elements 
~ 11,303g 235U ~ 921g mu 

Standards for arrays of fissile material packages (§71.59) 

" ... the designer of a fissile material package shall 
derive a number "N" based on all the following 
conditions being satisfied, assuming packages are 
stacked together in any arrangement and with close 
reflection on all sides of the stack by water: " 
(Paragraph "a") 

Transport index based on nuclear criticality control, load-limited to 3297g mu 
no can spacers 

CSI = 0.0 no can spacers 

(1) five times "N" undamaged packages with nothing keff+ 2a ~ 0.9199 k~rr+ 2a ~ 0.5254 
between the packages would be subcritical, ndapunhctl 1_7_3 nciatriga _ 1_15 _3 

(2) two times "N" damaged packages, if each package 
were subject to the tests specified in §71.73 

k~ff+2a ~ 0.9180 k~rr+ 2a ~ 0.5261 
(Hypothetical Accident Conditions) would be 
subcritical with optimum interspersed hydrogenous 

hciapunhctl 2 _ 7 _3 hciatriga_ l _15 _3 

moderation, 

(3) the value of"N" cannot be <0.5. N(l,2) = oo same 

Transport index based on nuclear criticality control, 
can spacers can spacers 

CSI = 0.0 

(1) five times "N" undamaged packages .... 
not applicable 

kerr+ 2a ~ 0.4421 
nciatriga_2_15_3 

(2) two times "N" damaged packages, .... 
not applicable 

k~ff+ 2a ~ 0.4427 
hciatriga_2_15 _3 

(3) the value of "N" .... not applicable N(l,2) = oo 
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Table 6.le. Summary of criticality evaluation for UNX crystals and unirradiated TRIGA reactor fuel elements 

Conditions 
UNX crystals unirradiated TRIGA fuel elements 
s u,303g 235U s 92tg 235U 

Transport index based on nuclear criticality control, load-limited to 11,303g 235U 
no can spacers 

CSI =0.4 no can spacers 

(I) five times "N" undamaged packages .... k~tr+ 2a ~ 0.8730 
bounded by CSI=O, 

ncflpunhctl 1_24_3 

(2) two times "N" damaged packages, .... k,:tr+ 2a ~ 0.8423 
bounded by CSI=O hcf2punhct12 _ 24_3 

(3) the value of "N" .... N(l,2) = 202/162 same 

Transport index based on nuclear criticality control, 
can spacers can spacers 

CSI =0.4 

(I) five times "N" undamaged packages .... not applicable bounded by CSI=O 

(2) two times "N" damaged packages; .... not applicable bounded by CSI=O 

(3) the value of"N" .... not applicable N(l,2) = 202/162 
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Table 6.2a. HEU fissile material mass loading limits (case name) for surface-only modes of transportation 

Solid HEU metal of specified geometric shapes 
Transport index based on cylinders cylinders 

bars 
slugs a slugs 0 slugs 0 

nuclear criticality control (d s 3.24 in.) (3.24 in.< d s 4.25 in.) enr. s 95% 80% < enr. s 95% enr. s 80% 
No can spacers 

18,000 g mu 15,000 g mu 30,000 g mu 17,374 g mu · :~il~Jf ·· .,,, u;1~ 1.. .•• , :"·\·.~· ... 
CSI = 0.0 . < ... . '•\;· 

1·:• . ; . ..... .•. 
(nciacytl 1 18 1 3) (nciacyctl 1 15 1 3) (hciasqtl2 30 1 3) (ncia5stl 1 1 1 7 3) 

- '< '' < .. . . ....... · :. • .. : .. •!:' 

With can spacers 
30,000 g mu 25,000 g mu 36,000 g mu ·=-· 24,324 g mu 29,318 g mu 

CSI = 0.0 
(nciacytl 1 30 2 3) (nciacyctl 1 25 2 3) (nciasqtl 1 36 2 3) I:~ .. ' ... ") (hcia70st12 2 7 3) (hcia5estl2 2 2 5 3) 

,J,J; ·. : . •. . ....... 
·"~·····~· ·~ 1·: . : . . , 34,749 g mu b 29,318 g mu 

CSI = 0.4 :-· • .. \~.~~ ·• .... "-' ,, ' ' < 

: .· . • .. · .. ·. ". . .- ' ./y I:<» . . (ncfl5estl 1 2 2 7 3) (ncfl5estll 2 2 5 3) ,·•· . '. . ;. . ... 
Solid HEU metal of unspecified geometric shapes characterized as broken metal" 

Transport index based on 
95% < enr. s 100% 90% < enr. s95% 80% < enr. s90°/o 70% < enr. s80°/o 60°/o < enr. s70% enr. s60% nuclear criticality control 

No can spacers 

CSI = 0.0 can spacers required can spacers required can spacers required 
2,967 g mu 3,249 g mu 5,576 g Uranium 

(hciabmt12 4 1 5 3) (hciabmt12 5 I 4 3) (nciabmtl 1 6 1 3 3) 

CSI = 0.4 can spacers required can spacers required can spacers required 
5,192 g mu 5,848 g 235U 14,872 g Uranium 

(ncflbmtl l 7 I 5 3) (ncflbmtll 9 1 4 3) (ncflbmtl 1 15 1 3 3) 

CSI = 0.8 can spacers required can spacers required can spacers required 
8,900 g mu 13,646 g mu 28,814 g Uranium 

(ncf2bmtl 1 12 1 5 3) (ncf2bmtl 1 20 1 4 3) (ncf2bmtl l 29 1 3 3) 

CSI = 2.0 can spacers required can spacers required can spacers required 
17,059 g mu 21,444 g mu 35,320 g Uranium 

(nd3bmtl 1 22 1 5 3) (ncf3bmtl 1 31 1 4 3) (ncf3bmtl l 36 1 3 3) 

CSI = 3.2 can spacers required can spacers required can spacers required 
27,443 g mu 24,692 g mu 35,320 g Uranium 

(ncf5bmtl 1 35 1 5 3) (ncf5bmtl l 36 1 4 3) (ncf5bmtl l 36 1 3 3) 
With can spacers 

CSI = 0.0 
2,774 g mu 3,516 g mu 3,333 g mu 4,450 g mu 5,198 g mu 11,154 g Uranium 

(hciabmt12 3 2 8 3) (hciabmt12 4 2 7 3) (hciabmt12 4 2 6 3) (hciabmt12 6 2 5 3) (nciabmtl 1 8 2 4 3) (hciabmt12 12 2 3 3) 

CSI = 0.4 
5,549 g mu 6,154 g mu 7,500 g mu 8,900 g mu 12,996 g mu 28,813 g Uranium 

(ncflbmtl 1 6 2 8 3) (ncflbmtll 7 2 7 3) (ncflbmtl 1 9 2 6 3) (ncflbmtll 12 2 5 3) (ncflbmtl l 19 2 4 3) (ncflbmtl 1 29 2 3 3) 

CSI = 0.8 
9,248 g mu 10,549 g mu 12,500 g mu 16,317 g mu 20,793 g mu 35,320 g Uranium 

(ncf2bmtl l 10 2 8 3) (ncf2bmtl 1 12 2 7 3) (ncf2bmtl 1 14 2 6 3) (ncf2bmtl 1 21 2 5 3) (ncf2bmtl 1 30 2 4 3) (ncf2bmtl 1 36 2 3 3) 

CSI = 2.0 
13,872 g mu 18,461 g mu 20,000 g mu 25,218 g mu 24,692 g mu 35,320 g Uranium 

(ncf3bmtl 1 14 2 8 3) (ncf3bmtl 1 20 2 7 3) (ncf3bmtl 1 23 2 6 3) (ncf3bmtl 1 32 2 5 3) (ncf3bmtl 1 36 2 4 3) (ncf3bmtl 1 36 2 3 3) 

CSI = 3.2 
24,969 g mu 26,373 g mu 28,334 g mu 28, 184 g mu 24,692 g mu 35,320 g Uranium 

(ncf5bmtl l 25 2 8 3) (ncf5bmtl 1 28 2 7 3) (ncf5bmtl 1 35 2 6 3) (ncf5bmtl 1 36 2 5 3) (ncf5bmtl 1 36 2 4 3) (ncf5bmtl 1 36 2 3 3) 
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Table 6.2a. HEU fissile material mass loading limits (case name) for surface-only modes of transportation 

HEU oxide and UNX crvstals 
Transport index based on HEU product oxide, HEU skull oxide, UNX crystals, unirradiated TRIGA fuel 
nuclear criticality control no can spacers no can spacers no can spacers elements, no can spacers c 

20% enrichment 70% enrichment 

CSI = 0.0 
9,682 g mu 15,673 g 235U and 921 g C 3,297 g mu 921g 235U 408 g 235U 

(hciapdoxt12_ l_l_l 1_3) (nciask_9 _15) (nciapunhctl 1_7 _3) (nciatriga_ 1_ 15 _3) (nciatriga70_1_15 _3) 

CSI = 0.4 
12,323 g mu e - 11,303 g 235U - -(5hcf2pdoxtl2_1_1_11_3) (ncflpunhctl 1_24_3) 

• When can spacers are not used, the mass limit = 17,374 g 235U. 
b When can spacers are used, a greater fissile mass limit is permissible based on enrichment. For CSI=O and enrichments above 80 wt%, the fissile mass must be reduced below the volumetric limit. 

For CSI=0.4, fissile mass is volumetrically limited by the size of the slugs. Note that within a fixed volume, the HEU mass increases slightly with decreasing enrichment. 
' For ground transport, TRI GA reactor fuel element content will be limited to three fuel sections ("meats") per loaded convenience can and up to three loaded cans per package. The TRI GA fuel content 

may also be configured as clad fuel rods, each rod derived from a single TRI GA fuel element. A -15 inch long rod consists of the three fuel pellets and an exterior sheath of clad, where protruding clad 
at each end has been crimped in. Clad fuel rods will be packed into convenience cans, with a maximum of three fuel rods per loaded convenience can and one loaded can per containment vessel. 

d Uranium/aluminum, uranium/molybdenum, and uranium/zirconium alloys may be loaded to the broken metal mass limits by assuming the mass of the alloy is all uranium. 
0 See Appendix 6.9.9. 

Table 6.2b. HEU fissile material mass loading limits for air transport mode of transportation 

Solid HEU metal of specified geometric shapes 

One per convenience can 
cylinders cylinders 

bars slugs · (d = 3.24 in.) (3.24 < d ~ 4.25 in.) 

500g mu 500g mu 500g mu 500g mu 
Solid HEU metal of unspecified geometric shapes characterized as broken metal 

enr. ~ 20% 20% < enr. ~ 100% 

700g mu 500g 235U 

HEU oxide, UNX crystals, unirradiated TRIGA fuel elements 

HEU product oxide HEU skull oxide UNX crystals unirradiated TRIGA • 

20% enrichment 70% enrichment 

not allowed not allowed not allowed 716g mu 408g mu 
• For air transport, TRIGA reactor fuel element content will be limited to fuel sections or clad fuel rods as described for surface-only modes of transportation in footnote "c" of Table 6.2a 

and the fissile mass limit specified herein, whichever is more limiting. 
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The deformation of the outer diameters of the drum as predicted by finite element analysis is 
presented in Table 6.3. These diameters measured along the 90-270° and 0-180° axes are specified at 
five node points located along the vertical axis of an upright package. These node points are designated 
in a downward direction from the top of the drum as "UR," "MUR," "MR," "MLR," and "LR." 
Equivalent circular diameters for representing the deformed drum in the calculation models for the HAC 
study (Appendix 6.9.2) are based on the assumption that the drum cross section at each deformation point 
is ellipsoidal. 

The package water content in the void spaces external to the containment vessel and the 
interstitial spaces between drums is varied in the calculation model while maintaining the Kaolite in the 
dry condition. At a low moisture content where neutronic interaction between packages of an array is 
greatest, there is no statistically significant difference in the calculated neutron multiplication factor for 
package models based on the "MR," "MLR," and "LR" node points. At high moisture content where a 
statistically significant difference in the calculated neutron multiplication factor occurs, the packages of 
an array are nearly isolated. The slight increase in k.ffat the smaller diameters is not numerically 
significant. A calculation model based on the "MLR" node point is used to represent HAC. 

As concluded in Sect. 6.9 .2.3, the criticality analysis of an array of HAC packages based on 
the "MLR" package model (diameter= 17.20 in.) in rectangular pitch bounds the analysis of damaged 
packages (diameter= 17.26 in.) in close-pack array configurations. Considering both the irregular shape 
of the deformed drums and the fact that overall (maximum) dimensions rather than a mean or minimum 
dimension for a damaged package would establish array spacing-this assumption is a reasonable one, 
and the model is conservative. 

The neutron poison, Kao lite refractory material, and stainless-steel components of the 
ES-3100 package were not significantly damaged during thermal testing. The principal material change 
of consequence that occurred during the thermal test was the loss of volatile material (Sect. 2.7.4). No 
ioss of volatile material other than steam from the :K.aolite was experienced during prototype testing of 
the Model ES-3100 package. 

Physical damage is significant in terms of criticality safety when the amount of volatile 
hydrogenous material available for interstitial moderation is reduced. Conversely, the package could be 
saturated with water during water immersion conditions. Both possibilities affect only the amount of 
interstitial moderation. The representation of the changes to material composition fro_ni temperature 
extremes and water intrusion is addressed in Sect. 6.3.2. 

In the case of broken metal content, the ETP geometry specification using the "MLR" package 
model (diameter= 17.20 in.) produces a 16x3 package configuration having a correspondingly higher · 
CSI value than a Sx5x2 package arrangement. This allows for a greater fissile payload. 

6.3.1.4 Calculation models for catastrophically-damaged packages (air-transport) 

It is possible for accidents to be substantially more severe in the air transport mode than in the 
surface transport mode. Thus, the performance requirements for packages designed to be transported by 
air are more stringent. Regulatory Guide 7 .9 states that the criticality evaluation should evaluate a single 
package under the expanded accident conditions specific in 10 CFR 71.SS(f). 
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Table 6.3. Deformation of 18.37-in.-diam ES-3100 drum projected by finite element analysis 
Case ''3100 RUNlHL Lower Bound Kaolite May 2004" 

Deformation 
Equivalent circular 

point 
FEAnode Diameter at 90° Diameter at 180° diameter 

(in.) (in.) (in.) 

UR 098194 20.02 15.60 17.67 

MUR 100238 20.74 15.07 17.68 

MR 101589 20.74 14.18 17.15 

MLR 103012 22.00 13.44 17.20 

LR 105786 20.92 12.92 16.44 

For a fissile material package designed to be transported by air, 10 CFR 71.55(f) requires the 
criticality evaluation demonstrate that the package be subcritical, assuming no water inleakage and 
reflection by 20 cm (7.9 in.) of water, when subjected to the sequential application of the HAC free drop 
and crush tests of 10 CFR 71.73(c)(l and 2) and the modified puncture arid thermal tests of 
10 CFR 71.55(f)(l)(iii and iv). 

Physical testing of Type-B fissile material packages transported by air was not conducted for the 
ES-3100. In lieu of testing, criticality calculations are performed using calculation models that conform 
to the basic requirements of 10 CFR 71.55(f) regarding both the reflection of the package by 20 cm of 
water and the absence of water inleakage. In addition, the air-transport calculation models incorporate 
features exhibiting the worst-case assumptions made regarding the geometric arrangement of the 
packaging and package contents. No credit is taken for the geometric form of the package content. 
Spherical geometry is used to represent the ultimate configuration of the ES-3100 package which 
undergoes catastrophic destruction. 

The criticality analysis for air transport does not credit the ES-3100 for maintaining the geometry 
configuration of the packaged content. Fissile material is configured spherical in shape for optimization 
of neutron multiplication. Also, the criticality analysis does not credit the ES-3100 packaging for 
structural integrity of the containment and the confinement. The reactivity "enhancing" materials of 
the packaging and of the accident environment may be interspersed with the fissile material content. 
However, selective removal of the neutron absorbing material of the package (i.e., Kao lite and stainless 
steel) accompanied by retention of the moderating constituents of the neutron absorbing material 
(i.e., bound water in the Kaolite) is not a credible condition. Moreover, a calculation model where the 
fissile material is homogenized with moderating material, is only an appropriate representation when the 
fissile material content being shipped consists of numerous solid pieces uranium ("broken metal"), oxide, 
or crystals. Homogenization of fissile material with moderating material is not performed with exclusive 
preference given to specific constituents of the moderating material. 

A set of six calculation models are constructed in order to determine the worst case or most 
reactive configuration with consideration given to the efficiency of moderators, loss of neutron absorbers, 
rearrangement of packaging components and contents, geometry changes, and temperature effects. The 
fissile material component is dry in each case. 
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Model 1 (Fig. 6.11) represents the fissile material content configured into a spherical core with 
a 20.0-cm thick water reflector. All ES-3100 packaging material (Kaolite, stainless steel, 277-4 neutron 
poison, etc.) is excluded from Model 1. The fissile material content considered in the calculation model 
consists of a specific material form: solid HEU metal (7 - 10 kg 235U); TRIG A fuel (I 0 kg UZrHx having 
921 g mu); or broken HEU metal(~ 7 kg mu). The presence of hydrogenous packing material inside 
the containment vessel is also addressed in this calculation model. 513 g of polyethylene is used to 
represent a maximum amount of hydrogenous packing material in the ES-3100. For 7 kg 235 U HEU 
homogenized with 513 g of polyethylene, the radius of the core is 6.0547 cm. The parametric variation 
of both the mu mass and the enrichment in Model 1 is used to establish a reference point for the 
evaluation neutron reflection and absorption effects on k,ffprovided by the stainless steel and Kaolite 
packaging material, addressed separately in Models 2 and 3. 

Model 2 (Fig. 6.12) represents a spherical core of Model 1 blanketed by a variable-thickness 
shell of stainless steel, and a 20.0 cm thick water reflector external to the shell. The shell at maximum 
thickness corresponds to the 66,133 g stainless steel of the containment vessel and the liner and drum 
assembly. For 7 kg mu HEU metal, the radius of the core is 6.0547 cm while the outer radius of the 
stainless steel shell is 13 .0264 cm. 

Model 3 (Fig. 6.13) is configured the same as Model 2 with the exception that the 
variable-thickness shell is composed of the Kao lite instead of stainless steel. At maximum shell 
thickness, the 128,034 g of Kao lite corresponds to the mass of water-saturated Kao lite inside the drum 
body weldment and the drum top plug. The 76,819 g of saturation water corresponds to the amount 
of water in the Kao lite cast-slurry prior to baking. For 7 kg mu HEU metal, the radius of the core is 
6.054 7 cm while the outer radius of the Kao lite shell is 31.0814 cm. The parametric variation of shell 
thickness in Models 2 and 3 is performed for the purpose of evaluating the effect on k,ff of neutron 
reflection and absorption provided by each packaging material. 

Models 1-3 are applicable for establishing loading limits for air transport packages having a 
single piece or several pieces of solid HEU metal where the integrity of the content can be established 
based on package tests or dynamic impact simulations per Type-C test criteria. Otherwise, the criticality 
evaluation of additional accident models is required for those situations where: ( l) data is not available or 
is inadequate for discounting fragmentation of the fissile content in the air transport accident, or (2) the 
fissile material is in a physical form (crystals, oxide, or multiple pieces of solids) having the potential to 
blend with the other material of the package in the air transport accident. 

Fig. 6.11. Model 1. 
7 kg mu (red) reflected by 
20 cm of water (blue). 
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Fig. 6.12. Model 2. 
7 kg mu (red) blanketed by a 
stainless-steel shell (gray), 
reflected by 20 cm of water 
(blue). 
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7 kg mu (red) blanketed by a 
Kaolite shell (green), reflected 
by 20 cm of water (blue). 



Model 4 (Fig. 6.14) depicts a spherical core of broken metal homogenized with water-saturated 
Kaolite and hydrogenous packing materials inside the containment vessel represented by 513 g of 
polyethylene. A 20-cm thick water reflector blankets the spherical core. All other ES-3100 packaging 
material (stainless steel, 277-4 neutron poison, etc.) is excluded from Model 4. For 25 kg of HEU (5 kg 
of 235 U), the radius of the homogenized core ranges from 31.4499 cm with dry Kao lite to 39.1608 cm with 
water saturated Kaolite. Model 4 also applies to TRI GA fuel content. 

Model 5 (Fig. 6.15) is an extension of Model 3 applied to the case ofTRIGA fuel and broken 
metal contents. Excess water from saturated Kaolite is homogenized with the fissile material in the core. 
For 25 kg of HEU where 5 kg of 235U is homogenized with 513 g of polyethylene and 7,461 g of excess 
water from water saturated Kaolite, the radius of the spherical core is 13.0681 9m. The exterior Kaolite 
shell containing 69,357.9 g of water and the 51,214.9 g of vermiculite-cement constituents; has an outer 
radius of 31.7599 cm. At the extreme condition where the entire 74,614.0 g of excess water excess from 
the water saturated Kaolite is homogenized with the core, the radius of the spherical core is 26.3485 cm. 
The exterior shell of dry Kao lite, containing 2204. 7 g of bound water and 51,214.9 g of vermiculite 
cement constituents, has an outer radius of36.3668 cm. Although an unlimited amount of moderator 
could be imparted from the environment, optimum moderation is addressed simply by considering the full . 
range of potential moisture from the Kao lite interspersed with pieces of fissile material. 

Model 6 (Fig. 6.16) is configured similarly to Model 4 with the exception that only a partial 
amount of broken metal resides in the homogenized core. The remainder of the fissile material is · 
modeled as a shell external to the spherical core and internal to the 20.0 cm thick water reflector. The 
amount of fissile material in the homogenized core is varied in 500 g increments from the full amount of 
Model 5 minus 500 g to a minimum amount of 500 g HEU. In the case of 25 kg of broken metal where 
4.5 kg of 235U is homogenized with 513 g of polyethylene and water-saturated Kaolite, the radius of the 
core is 39.1539 cm while the outer radius of the exterior 0.5 kg shell of 235 U is 39.1609 cm. In the case 
where 0.5 kg of 235U is homogenized with 513 g of polyethylene and water-saturated Kaolite, the radius 
of core is 39.0992 cm while the outer radius of the exterior 4.5 kg shell of235U is 39.1609 cm. Model 6 
addresses potential redistribution of fissile material consisting of multiple· pieces, specifically the broken 
metal content. The parametric variation of shell thickness in Model 6 is performed for the purpose of 
evaluating the effect on keffof moderation efficiency of the core and enhanced neutron multiplication of 
the shell. 

Fig. 6.14. Model 4. 
Homogenized sphere of 
5 kg mu, polyethylene, and 
water saturated Kaolite (red), 
reflected by 20 cm of water 
(blue). 
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Fig. 6.15. Model 5. 
Homogenized sphere of 
5 kg mu and excess moisture 
from Kaolite (red), blanketed 
by Kaolite shell (lt. green), 

· reflected by 20 cm of water 
(blue). 
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Fig. 6.16. Model 6. 
Homogenized sphere of 
4.5 kg mu, polyethylene, and 
water saturated Kao lite (red); 
blanketed by shell of 
0.5 kg mu (not visible), 
reflected by 20 cm of water. 
(blue). · 



Models 1-6 are applicable to air transport of the ES-3100 package given that the physical 
integrity of the fissile content following the air transport accident can not be established, or that the 
physical form of fissile material content may be multiple solid pieces or oxide. 

6.3.2 Material Properties 

Criticality calculation models include the definition of material compositions in the geometry 
model for both NCT and HAC. The materials which affect nuclear criticality safety and may be present 
in the ES-3100 package during these conditions are fissile material content (HEU metal, aluminum, 
molybdenum, and zirconium alloys of uranium, HEU product or skull oxide, UNX crystals, or UZrHJ, 
stainless steel, 277-4 neutron poison, Kaolite, silicon rubber, Teflon or polyethylene, and various amounts 
of water. Other materials are present in the package (e.g., tin-coated steel convenience cans, nylon 
bagging, rubber 0-rings, and trace impurities). However, these other materials are not present in amounts 
that will significantly affect the reactivity of the package. Detailed discussion of the package content and 
packaging materials is contained in Appendix 6.9.3. Specific topics are summarized in this section as 
required to support the discussion of the criticality calculations presented in Sects. 6.4-6.6. 

277-4 neutron poison is designed to maximize the hydrogen content necessary for thermalizing 
fast neutrons for capture in the boron constituent. 277-4 is a formulation of Thermo Electron 
Corporation's Cat 277-0, a boron carbide additive, and water. This mixture is cast and dried. "Loss 
On Drying" (LOD) tests are used to measure the amount of water in the as manufactured 277-4 casting. 
The as-manufactured neutron poison material at 100 lb/ft3 and 31.8% LOD has a hydrogen concentration 
of 3.56 wt% and a natural boron concentration of 4.359 wt%. (DAC-PKG-801624-AOOl, Table 5) 

The testing of 277-4 reveals that the material will dehydrate at elevated temperatures. Test 
specimens were dried at 250°F for 168 hours to reach the NCT state, and weight measurements were 
taken. These specimens where subsequently heated to 320°F for 4 hours to reach the HAC state, and 
weight measurements were again taken. The compositions of277-4 at NCT and HAC states were derived 
by adjustment of the formulation specification for measured losses taking into account the statistical 
variations in the data. Conservation of mass for non-volatiles was observed in the derivation of material 
specifications based upon testing. Given that hydrogen presence is key to the effectiveness of the neutron 
poison, conservative material specifications were derived for minimum hydrogen content and minimum 
material density. 

The NCT material specification for 277-4 at minimum density (95.39 lb/ft3) and minimum 
hydrogen (25.15% LOD) is given in Table 11 of DAC-PKG-801624-AOOl. The average density of 
277-4 in the ES-3100 package used for NCT calculations in KENO V.a is 1.52797 g/cm3

; the boron 
constituent is 7.31015e-2 g/cm3

; the residual base is 1.07070 g/cm3
; and the water component is 

3.84169e-Ol g/cm3 (Appendix 6.9.3, Table 6.9.3.3-2). The HAC material specification at minimum 
density (95.32 lb/ft3) and minimum hydrogen (25.09% LOD) is given in Table 12 of 
DAC-PKG-801624-AOOl. The average density of277-4 used for HAC calculations in KENO V.a is 
1.52680 g/cm3

; the boron constituent is 7.310 l 5e-2 g/cm3
; the residual base is 1.07071 g/cm3

; and the 
water component is 3.82995e-l g/cm3 (Appendix 6.9.3, Table 6.9.3.3-3). 

A set of 20 canned spacer assemblies as-manufactured has an average weight of 591.5 5 g. 
On average, the weight of an empty can with a lid is 86.05 g, and the 277-4 is 505.5 g. On the basis of 
volumetric measurements, the neutron poison is ~10.075 oz or 297.95 cm3

• The resultant 277-4 density 
is 1.6966 g/cm3

• The corresponding minimum mass is 473.84 g (given that the 277-4 material 
inside the spacer can is ~4.07-in. diam and 1.31-in. thickness). Based on model dimensions of 
4.13-in. diam x 1.37-in. height and use of composition data from Table 11 ofDAC-PKG-801624-AOOl 
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