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

(A• ni l, hn, hIP l111- ']"1 111111+ no, I|, h1 til)lli

lb-niole) (lb-mole) (Ib-mole) lb-lmole) bll-niole) lb-inole) (Ib-mnole) (Ib-nlole)

2 5. 7148A-04 1.86261 -05 0.00001 00 0.00001 + 00 0.OO0I1. 00) 3.18(05 1-05 1. 5948 -105 6.37051)-0

7 4.5 7091T-04 1 49261r-0h5 0.000()000 00000f 00 2 ,2•i01W 2. ... 1.2.79-O 533491-

0'lhis uiul- thatt the internal com tel icll t. i polyveti•i, -!'e r 3 I flolu F) P 1)F ttlc.,, and ( at - 7 --4 -muer cmi ,ire t[lot sealed.
n, molar quatitity of dry ain in ithe ga" inixture
II Iltnl•r qnauntit\ of výt\lx vapor in1 tile .U'i mIXtulr
Ii- molar qltiltlt., of e i, due to off''a,,itllm of the ýIhcoiw ruihbb.er jm(
Ili, l1oirl qItia tit) ut ais due to l'ui>'ini ot IOl poikxctih buat _"z,. ;u1 I. ind Itiurni 'hmu.
n.. IlOlial qtialtity orga' p due to ofh ual i i'&ý.','1 ofthe Telion ti,,
Ii . itil tii" llitttit\ of hoeyd u• e an z uh to 1lOIiv'+i5 t \v, tei -

II, 1ino 1ir1 qttatitity of ov.- n ' •i ta. tue' i tl w it• I M'\\atcr. ,u'id
i1 t(ta l tutI ) itailtitx ill tile ga" MllX tu lllC

order to determine the worst-case shipping configuration, the arrangements that minimize the void
volume inside the containment vessel are analyzed as follows:

1. one shipment will contain six cans with external dimensions of 10.8 cm (4.25 in.) diameter by
12.38 cm (4.875 in.) high cans;

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

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

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

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

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

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

8. one shipment will contain a brazed assembly of two cans with final external dimensions of 10.8 cm
(4.25 in.) diameter by 44.46 cm (17.50 in.) high. An empty can with external dimensions of 10.8 cm
(4.25 in.) diameter by 22.23 cm (8.75 in.) high will be placed on top of the 44.46 cm (17.50 in.) high
can,

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

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

3-15
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These arrangements are shown in Fig. 1.4. To determine the ES-3 100's maximum normal operating
pressure, the following assumptions have been used in the calculations:

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

2. The convenience cans and bottles are assumed to not be sealed to maximize the void volume inside
the containment vessel;

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

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

5. The mass of offgassing material (polyethylene bagging or bottles, Teflon bottles, silicone pads,
lifting slings) is assumed to be 1490 g for the oflgassing evaluationi of containment vessel
arrangement #7 and SOO g for containment vessel arrangement #6; and

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

The oftgassing material linits identified in assumptions 4 and 5 have been established based on
the needs of shippers. A\l Colonl igiiratioln are li nited to 500 g (.)['polyethylene in the torm of bags, slings,
and/or bottles, When the req u i rlcint to ship material ill Teflon bottles arose, the upper limit of 1490 g
o toffgassing material was established. This Ii not is a colnbi nation of three [etlon bottles (330 g per
bottle) and the original 50 o alllow ance for polyethylene material. Ihese offgýassing material limits have
been used in calculations pr-tainin !, to c(mtainuctit vcsscl piessuire, radioactive material leakage critieria,
and criticality control. Therefore. portion of the safety basis oftthis shipping package has been based on
these material limits.

NUR(EG-1609, Sect. 4.5.2.3. requires the applicant to demonstrate that any combustible gases
generated in the package during a 1 )eI rod of one ear do not exceed 5%,o (by volume) of the free "as
volume in any confined region of the package. No crcdit should be taken for getters, catal sts, or othecr
recombination devices. The analysis conducted in Appnctix 3.6.7 finther-evaluatcs the difllerent
packaging arrangements for the generation of lydrogcn -as due to the radiolysis of \k ater vapor, free
water, interstitial water. polyurcthaiae bags, and polyurethane or Teflon bottles. By limitiiutg the mass and
tile material composition as shon in Appendix 3.6.7, the combustible gas concentration limit stated in
NURE.G-1609 is not exceeded. These limits are fuirther discussed and shown in Tables 1.3 and 1.3a.
Getters, catalysts, or other reconbihat ion devices are not employed in any of the containment vessel
packaging arrangements. The analysis conducted in ,\ppcndix 3.0.4 predicts the IllaxiIImUm-l normal
operating pressure inside the containment % Cessel for tile variotis packaging arrangcmlents and masses
discussed previously. This appendix also includes the hydrogen gs generation predicted bv
Appendix 3.6.7.

3.1.4.2 Maximum HAC Pressures

Table 3.11 summarizes the results from Appendix 3.6.5 in which the pressure of the
containment vessel when subjected to the tests and conditions of HAC per 10 CFR 71.73 has been
determined for the most restrictive CVAs shipped in the ES-3 100. The shipping configurations discussed
in Sect. 3.1.4.1 are evaluated for HAC. To determine the maximum pressure generated inside the

3-16
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ES-3 100's containment vessel due to HAC conditions, the following assumptions have been used in the
calculations:

I. The initial pressure inside the containment vessel is the maximum normal operating pressure shown
in Table 3.10 for each CVA at standard temperature! 25 ( t ;7 VII;

2. The convenience cans and bottles are assumed to not be sealed in order to maximni/c the void
volume inside the containment vessel;

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

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

5. The mass of offgassing material (polyethylene bagging or bottles, Teflon bottles, silicone pads,
lifting slings) is assnmed to be 1490 g for the oftfias>.ing evahluaton ufcontainment vessel
arrangement #7 and .*00 g for containment vessel arrangement #6; and

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

The offgassing material 1iinits, ideuti fled in assuniptons 4 and 5 havc bccn estabiished based on
thec needs of shippfers. All configurations arc liminited to 500 ofl polyethlvIene in the toriv )" bags, sliings,
andoior bottles. Whein the requii-renient to ship material in Teloi bottles ar'osc, the upper liunit of 1490 g
of oftgassing mnaterial was establi shed. This linmit is a combination of'three Tellon bottles (330 g per
bottle) and the originial 500 g a]llowainice for polyethylene material. These otle assing matcral limits ha1\c
been used in calculations pertfinning to cotainment vessel ptressure, radioactive material leakage cnticia.
and criticalitv control Ilhere fr.c port ion of the sa f'etv basis oft his sh ipping package has beent based on
these nmaterial limits

Table 3.11. Total pressure inside the containment vessel at 123.85°C (254.93°F) a
I. l h , h 1. h

N7i A n M\, w \ , Il"' bmIt 1111- " 1"1 ilhn 'I n I h PI

(Ib-mole) (ib-nmole) (Ib-mole) (Ib-mole) (Ib-mole) (lb-mole) (lb-mole) (psia)
2 7.72261:-04 1.7303 r-)5 3.152TF-(04 0,0000i-00 3.!1895i-05 1.591SXi-05 1.15271--03 38.229
7 6.4581F-04 0.000tOi 00 3.1s29i-.-04 2.2296t.-5 2.5558i-05 1.2779ir.-05 1.02 1 71-03 42.2,8,8

Ihis a',stth es that the itctenal Con elcnce cans. pil,,th !cne or Tctofn ftI.I b tncs. ;rin ('t 27 -+-4 <pacer ci.o iic not seaIed.
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3.2 SUMMARY OF THERMAL PROPERTIES OF MATERIALS

3.2.1 Material properties

Thermal properties at various temperatures for the stainless steel used in the fabrication of the
drum, noncombustible cast refractory (Kaolite 1600), noncombustible neutron poison (BoroBond 4 or
Cat 277-4), silicone rubber pads, and air are listed in Table 3.12. Properties used to evaluate thermal
stresses due to differences in coefficient of thermal expansion are listed in Table 3.13.
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3.2.2 Component Specifications

Component specifications are listed in Tables 3.14 and 3.15.

3.3 GENERAL CONSIDERATIONS

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

3.3.1 Evaluation by Analysis

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

3.3.2 Evaluation by Test

Full-scale testing of five ES-3 100 test units was conducted in accordance with 10 CFR 71.73 for
HAC. A single full-scale ES-3100 (TU-4) was assembled and subjected to both NCT testing and the
sequential tests specified in 10 CFR 71.73(c). The furnace used for thermal testing was the No. 3 furnace
at Timken Steel Company in Latrobe, Penn., which is a gas-fired furnace. This furnace employs
"pulsed" fire burners, in which the natural gas flow rate is varied based on furnace controller demands,
but the flow of air through the burners is constant, even when no gas is flowing. This ensures a very rich
furnace atmosphere capable of supporting any combustion of package materials of construction.

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

The most significant change to the definition of the HAC thermal test'in the current 10 CFR 71 is
the requirement for calculation purposes to base convective heat input on "that value which may be
demonstrated to exist if the package was exposed to the fire specified." This is not especially significant
for this package because it was tested in the gas-fired furnace with burners placed in an attitude which
produced a strong convective swirl. Careful examination of the thermal test data indicates that the total
heat imparted to the packages was significantly greater than the required total heat specified in
10 CFR 71.73(c)(4).
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Table 3.16. Summary of results of evaluation for the ES-3100 under NCT

Calculated Allowable SARP
results limit reference

Minimum package temperature, °C (OF) -40 (-40) -40 (-40) Sect. 3.4.1

Maximum drum assembly stress due to cold 61,150 (8,869) 132,379 (19,200) Appendix 3.6.3
conditions per 10 CFR 71.71(c)(2), kPa (psia)

Minimum containment vessel pressure, kPa (psia) 76.74 (11.13) 0.0 (0.0) Sect. 3.4.1

Maximum drum temperature with 117.72 (243.89)' N/A Appendix 3.6.2
insolation, 'C (°F) Sect. 3.4.1

Maximum drum assembly stress due to hot 66,934 (9,708) 132,379 (19,200) Appendix 3.6.3
conditions per 10 CFR 71.71(c)(l), kPa (psia)

Containment vessel temperature with insolation, 87.81 (190.06)' 427 (8 0 0 )b Appendix 3.6.2
°C (OF) Sect. 3.4.1

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

Maximum containment vessel pressure, kPa (psia) 18.43 (20 0717 ) d 801.2 (116.2)' Appendix 3.6.4
Sect. 3.4.2

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

vessel.
Maximum 0-ring seal life up to 150'C (302'F) for continuous service (Parker 0-ring Handbook, Fig. 2-24).
Appendix 3.6.4.

Appendix 2.10.1 allowable limit.

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

Condition Results Design SARPlimits references

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

Maximum containment vessel pressure during 2,IM.3 (.1(7 ) 1) b 801.2 (116.2) c Appendix 3.6.5
testing, kPa (psia) Sect. 3.5.3

Maximum adjusted 0-ring temperature, 'C ('F) 141.22 (286.20) 150 ( 3 0 2 )d Sect. 3.5.3

ASME Boiler and Pressure Code, Sect. 11, Part D, maximum allowable temperature for Sect. IlI, Div. 1, Subsection NB

vessel.
h Appendix 3.6.5.

Appendix 2.10.1 at 148.89°C (300°F).
d Maximum 0-ring seal life up to 150'C (302'F) for continuous service (Parker 0-ring Handbook, Fig. 2-24).
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3.4 THERMAL EVALUATION UNDER NORMAL CONDITIONS OF TRANSPORT

3.4.1 Heat and Cold

The ambient temperature requirement for NCT is 38°C (100'F). The 35.2 kg of HEU shipped
in the ES-3 100 package generates a maximum bounding heat load of 0.4 W. The insolation heat flux
stipulated in 10 CFR 71.71(c)(1) was used in the calculations. If the package is exposed to solar
radiation at 38°C (100°F) in still air, the conservatively calculated temperatures at the top of the drum,
on the top surface of the containment vessel, and on the containment vessel near the 0-ring sealing
surfaces, are 117.72, 87.81, and 87.72°C (243.89, 190.06, 189.90'F), respectively, for the ES-3 100.
Nevertheless, these temperatures are within the service limits of all packaging components, including
the O-rings. The normal service temperature range of the 0-rings used in the containment boundary is
-40 to 150 0C (-40 to 302'F), in accordance with B&PVC, Sect. III; thus, the seal will not be affected by
this maximum normal operating temperature.

Using the temperatures calculated for the conditions of 10 CFR71.71(c)(1), Appendix 3.6.4
predicts that the maximum normal operating pressure inside the containment vessel will be 138.43 k Pa
('20.077 psi]M. The design absolute pressure of the containment vessel is 801.17 kPa (116.2 psia), and the
hydrostatic test pressure is 1135.57 kPa (164.7 psia). Thus, increasing the internal pressure of the
containment vessel to a maximum of 1 1 V 3 k, 1 70.0T p077 during NCT would have no detrimental
effect. Stresses generated in the containment vessel at this pressure are insignificant compared to the
materials of construction allowable stress. Table 2.20 provides a summary of the pressure and
temperature for the various shipping configurations. As discussed in Sect. 2.6.1.4, the containment
vessel and vessel closure nut stresses for these pressure conditions are below the allowable stress values.

Summarizing 10 CFR 71.43(f), the tests and conditions of NCT shall not substantially reduce the
effectiveness of the packaging to withstand HAC sequential testing. The effectiveness of the ES-3 100 to
withstand HAC sequential testing is not diminished through application of the tests and conditions
stipulated in 10 CFR 71.71. The justification for this statement is provided by physical testing of both
the ES-2M and ES-3 100 test packages. Due to the similarities in design, fabrication, and material used in
construction of both the ES-2M and the ES-3 100 package, the Kaolite 1600 physical characteristics will
hold true for both designs. The integrity of the Kaolite 1600 is not significantly affected by the NCT
vibration and 1.2-m (4-ft) drop tests.

Prior to testing the ES-2M design (a similarly constructed shipping package), each test unit was
radiographed to determine the integrity of the Kaolite 1600 impact and insulation material. Following
casting of the material inside the drum, some three-dimensional curving cracks were seen in some
packages near the top thinner sections from the bottom of the liner to the bottom drum edge. After
vibration testing, radiography of the ES-2M Test Unit-4 showed that the lower half of the impact limiter
was broken into small pieces (Byington 1997). To evaluate these findings, Test Unit-4 was reassembled
and subjected to HAC sequential testing (Byington 1997). After vibration and impact testing, many
three-dimensional curving cracks were seen around the impact areas, and the inner liner was also visibly
deformed. Nevertheless, temperatures at the containment boundary were also similar to other packages
not subjected to vibration testing prior to HAC testing. No inleakage of water was recorded following
immersion. Also, Test Unit-4 of the ES-3 100 shipping package was subjected to the full NCT test
battery including vibration.

Following these tests, the containment vessel of the ES-2M Test Unit-4 was removed, and a full
body helium leak check was performed. The test unit passed the leak-tight criteria in accordance with
ANSI N 14.5-1997. The containment vessel was then reassembled into the previously tested drum
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assembly and subjected to the complete HAC testing. Based on the success of this unit and the similar
design of the ES-2M, it can be concluded that vibration normally incident to transport does not reduce
the effectiveness of the ES-3100 packaging during HAC testing. The ES-3100 has been tested to
determine the effectiveness of the package following a sequential NCT 1.2-m (4-ft) drop test and HAC
test battery. Throughout all of the vibration and structural testing, the effectiveness of the Kaolite 1600
material as an impact limiter and thermal insulation was not substantially reduced.

Since the components to be shipped have an assumed decay heat load of 0.4 W, a thermal
analysis was conducted for the ES-3 100 package with and without full solar insolation. The package was
analyzed using the ABAQUS/Standard computer code, and the finite element geometry was constructed
for each model using MSC.Patran 2004. The predicted temperature, while stored at 38°C (100°F) in the
shade, for the drum lid center and the containment vessel flange near the inner O-ring, is 37.89°C
(100.20°F) and 38.22°C (100.80°F), respectively. The analysis shows that no accessible surface of the
package would have a temperature exceeding 50'C (122°F). Therefore, the requirement of
10 CFR 71.43(g) would be satisfied for either transportation mode (exclusive use or nonexclusive use).

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

P, @25-C = Pa + P, + Pf,

where,
Pa = 98.15 kPa (14.236 psia) (Appendix 3.6.4)
P = 3.20 kPa (0.464 psia) (Appendix 3.6.4)
Prf = 0 (no offgassing, Appendix 3.6.4)

At -40 0 C (-400 F), the partial pressure of the water vapor is conservatively assumed to be zero.
Therefore, the final pressure of the mixture at -40'C (-40'F) is calculated according to the ideal gas law
based solely on the partial pressure of the air.

where,
P = 98.15 kPa (14.236 psia)
T, = 25GC (298.15 K)
T = -40 0C (233.15 K)
Vl = V 2

rearranging and solving for P2,

P2  = P, (T2/T1)
= (98.15)(233.15/298.15)

P2  = 76.76 kPa (11.13 psia).

The cold condition for NCT specified in 10 CFR 71.71 is an ambient temperature in still air and
shade of -40 0 C (-40°F). The 35.2 kg (77.60 lb) of HEU contents in the ES-3100 package generates a
maximum bounding decay heat load of 0.4 W. However, in accordance with Regulatory Guide 7.8, the
thermal effects of this internal heat source are neglected during evaluation of the package performance at
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-40'C (-40'F). When exposed to this condition, the package component temperatures will stabilize
over time at a temperature approaching -40'C (-40'F). The package has been examined for use at
-40'C (-40'F) (Sect. 2.6.2). No detrimental effects on the package structure or sealing capability result
from this minimum temperature requirement. The normal service temperature range of the 0-rings used
in the containment boundary is -40 to 150 0C (-40 to 3020 F), in accordance with the Parker 0-ring
Handbook; thus, the seal will not be affected by this minimum package temperature in accordance with
10 CFR 71.71 (c)(2). Leak testing conducted on Test Unit-2 to the leak tight criteria stipulated by
ANSI N 14.5-1997 following compliance testing provides justification of the above statements.

3.4.2 Maximum Normal Operating Pressure

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

The maximum normal operating pressure is defined in 10 CFR 71.4 as the maximum gauge
pressure that would develop in the containment system in a period of one year under the heat conditions
specified in 10 CFR 71.7 l(c)(1). The internal pressure developed under these conditions in the ES-3 100
containment vessel is calculated in Appendix 3.6.4 for the most restrictive containment vessel
configurations. For conservatism, the decay heat of 0.4 W was used for the maximum internal heat load
in evaluating the package for NCT. The maximum calculated internal absolute pressure in the
containment vessel with solar insolation and the bounding case parameters is 138,43 kla 120.0Y77 '~i:.
This pressure incorporatc> offgassing ol the silicone rubber pads, polyethylene bottles, It'elonl
bottles, and polyethylene bagging aid hydroýcýcii tnit ,nciato i I' [i-m the radiolysis ot ' atcr mnd/or otlhcr
pikicnk, niiaterial,. The ii• nil enm\ in lnlinen ilimdIc the containment vessel w hcn assembled is at ambient
temperature and pressure with 100% relative humidity. The heat-transfer capability of the packaging is
not degraded due to gap creation caused by differences in the fabrication material's coefficient of thermal
expansion. Modeling assumed nominal gaps and position based on the engineering drawings of
Appendix 1.4.8.

3.4.3 Maximum Thermal Stresses

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

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

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

The design temperature range of the containment vessel is -29 to 148.89'C (-20 to 300'F)
(Appendix 2.10.1). However, the package has been evaluated to -40'C (-40'F) (Sect. 2.6.2). The
thermal properties of the stainless-steel container body, lid, and closure nut are not critical at these
temperatures. The O-ring seal is important for the containment properties of the containment vessel.
The normal service temperature range for the elastomer O-ring is -40 to 150°C (-40 to 302 'F) for
continuous service and up to 165 °C (329°F) for 72 h (Parker O-ring Handbook). The maximum
adjusted HAC temperature of the ES-3 100 containment vessel was based upon the thermal testing results
in the vicinity of the O-rings. The maximum temperature recorded in the vicinity of the ES-3 100 O-rings
(241 °F) is shown in Table 3.9. As shown in Sect. 3.5.3, the maximum temperature for the containment
vessel at the O-ring location was adjusted for the ES-3100 package to 141.22°C (286.20°F). Hence, no
damage would be expected to the O-rings during HAC.

The test packages were all preheated to above 38°C(100TF) prior to being placed in the furnace,
which was heated to over 800'C (1475 °F). As noted in the test report (Appendix 2.10.7), the
temperatures recorded on the containment vessels of all the test units were fairly uniform, both vertically
and circumferentially. The maximum temperature variation on the containment vessels was -50'F (from
the test temperatures reported in Table 3.9). No damage would be expected on the containment vessel
from thermal stresses resulting from a temperature differential of this magnitude. This conclusion is
based on the guidelines given in B&PVC, Sect. III. Thermal stress is defined as a self-balancing stress
produced by a nonuniform distribution of temperature (Paragraph NB-3213.13 of B&PVC, Sect. III).
This paragraph further states that there are two types of thermal stresses: general thermal stress and local
thermal stress. An example of a general stress is that produced by an axial temperature distribution in a
cylindrical shell (Paragraph NB-3213.9). This general stress is further classified (Paragraph NB-3213.9)
as a secondary stress (that is, a normal stress or a shear stress developed by the constraint of adjacent
materials or by self-constraint of the structure). Paragraph NB-3213.9 further states that the basic
characteristic of a secondary stress is that it is self-limiting. Local yielding and minor distortions can
satisfy the conditions that cause the stress to occur,-and failure from a single application would not be
expected. An example of a local thermal stress is a small hot spot in the wall of a pressure vessel
(Paragraph NB-3213.13). Local thermal stress is associated with almost complete suppression of the
differential expansion and thus produces no significant distortion. Such stresses are considered only
from a fatigue standpoint. Fatigue will not result from a one-time cyclic event such as an accidental fire.
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Following the thermal test, the volume between the 0-rings on the five containment vessels
(Sect. 2.7.4) was then leak tested and met the air leak-rate criterion of 10 ' ref-cm3/s. Following the
O-ring leak check, the five containment vessels were drilled and tapped for full body helium leak testing.
All five containment vessels passed the leak rate criteria for leaktightness per ANSI N 14.5-1997. The
containment vessels were then submerged under a pressure equivalent to 0.9 m (3 ft) of water for 8 h,
with no leakage noted. (Sect. 2.7.5). Visual inspection following testing and disassembly also indicated
that no distortion or damage occurred in the containment vessel wall, sealing lid, closure nut, O-rings, or
sealing surfaces. These tests and observations demonstrate that thermal stresses produced during testing
did not affect the containment capability of the containment vessel.

3.5 HYPOTHETICAL ACCIDENT THERMAL EVALUATION

3.5.1 Initial Conditions

Five full-scale packages were tested in the sequence shown in Table 2.19. Each ES-3100 test
package was subjected to the 1.2-m (4-ft) drop test in accordance with 10 CFR 71.71(c)(5) prior to the
sequential HAC tests in accordance with 10 CFR 71.73 (free drop, crush, puncture, thermal, and
immersion tests). One of these units (Test Unit-4) had previously completed the tests and conditions
stipulated in 10 CFR 71.71(c)(5) through (c)(10), excluding (c)(8). Two different mock-up
configurations were used to represent the minimum and maximum proposed shipping weight and to
simulate various center of gravity locations. The structural and thermal interface between the mock-up
component and the containment vessel was designed to match that of the actual hardware proposed for
transport. Based on LS-DYNA-3D drop simulations (Appendix 2.10.2) the five test units with their
associated test weights represent the worst drop orientations for the ES-3 100 package. Test Unit-5 used a
near replicate of the lightest weight contents for its mock-up component. NCT free-drop, 9 m (30 ft) free
drop, 9 m (30 ft) crush and puncture tests were made as specified in 10 CFR 71.7 1(c)(l), and 73(c)(1)
through (c)(3) on all five full-scale test packages prior to thermal testing. The results of this testing are
discussed in Sects. 2.7.1, 2.7.2, and 2.7.3. The 1.2-m (4-ft), 9-m (30-ft) drop and crush test orientations
were as follows: two tests with the long axis of drum at an oblique angle of 120 to impact surface; a
center of gravity over the comer of the drum lid; a drop with the long axis of drum parallel with the
impact surface; and a vertical drop on to the drum's lid. The subsequent 40-in. puncture drops were
made at various orientations as shown in Table 2.19.

Prior to the thermal test, each test unit was preheated to the maximum temperature extreme in
accordance with 10 CFR 71.73(b)(1). Since the containment vessels were initially assembled at
-101.35 kPa (14.7 psia) at 25°C (77°F), the initial internal containment vessel pressure was -105.70 kPa

(15.33 psia) at 38°C (100°F) using the ideal gas law. In accordance with 10 CFR 71.73(b)(1), the
internal pressure should be that calculated for the maximum normal operating pressure or 13N.43 k0a:
(20.077 psia). This slight pressure differential has little or no effect on the thermal test results. The
maximum decay heat load of the contents is calculated to be 0.4 W based on 35.2 kg of HEU. Analysis
of the ES-3 100 package after thermal HAC tests both with and without the decay heat load has been
performed. The maximum projected temperature differential between the two packages following furnace
exposure, as calculated in Appendix 3.6.2, would be 0.4°C (0.7°F) at the top center of the containment
vessel lid , 0.4°C (0.7°F) at the containment vessel flange near the O-rings, 0.45°C (0.8°F) at the
containment vessel bottom center, and 0.6°C (1.1 F) at the containment vessel mid body. These
temperature differentials are representative for both the Kaolite 1600 densities evaluated.
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convenience can from the top. Based on the temperature recorded on the containment vessel wall and
convenience can [92.78 0 C (199°F)], the average temperature of gas in this region is 92.78°C (199°F).
Using the temperature adjustment of 27.89°C (50.20'F) for this region, the adjusted average temperature
in the second region is 120.67°C (249.20'F). The third and final volume is represented by the gas
adjacent to the bottom convenience can. Again based on the convenience can temperature [87.78°C
(190°F)] and the containment vessel end cap temperature [98.89°C (210°F)], the average temperature of
gas in this region is 93.33°C (200'F). Using the temperature adjustment of 24.94°C (44.90'F) for this
region, the adjusted average temperature in the third region is 1 18.28°C (244.90'F). Averaging these
three temperatures, an average adjusted gas temperature of 123.85°C (254.93°F) is determined for the
containment vessel.

As shown in Appendix 3.6.5, the maximum adjusted average gas temperature and pressure in the
containment vessel during accident conditions was calculated to be 123.85°C (254.93 °F), and
280.63 kflP; (10.70 1 pjis), respectively.

The maximum adjusted temperature on the surface of the containment vessel, adjacent to the
O-rings, was 141.22°C (286.20'F). This is well within the design range for the packaging. The full
body helium leak test on all test units following thermal testing meets the "leaktight" criteria in
accordance with ANSI N 14.5-1997. Visual inspection following testing and unloading indicated that no
distortion or damage occurred in the containment vessel wall, sealing lid, closure nut, O-rings, or sealing
surfaces. No water was visible inside the containment vessel following the 0.9-m (3-ft) water immersion
test or the 15-m (50-ft) water immersion test on Test Unit-6.

The ES-3 100 package satisfies the requirements of 10 CFR 71.73 for transport of the 35.2-kg
(77.60-1b) arrangements shown in Table 2.8. Section 2.7 has additional details to support this
conclusion.

3.5.4 Accident Conditions for Fissile Material Packages for Air Transport

The expanded fire test conditions specified in 10 CFR 71.55(f)(1)(iv) for fissile material package
designs for air transportation was not conducted. The issue of subcriticality is addressed in Section 6
with content mass limits as addressed in Section 1 for air transport.

3-39

Y/LF-717/Rev 2/Page Change 3/ES-3 100 HEU SAR/Ch-3/rlw/2-26-09



3-40

Y/LF-717/Rev 2/ES-3 100 HEU SAR/Ch-3/rlw/3-06-08



Page Change 3

3.6 APPENDICES

Appendix Description

3.6.1

3.6.2

3.6.3

3.6.4

3.6.5

3.6.6

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

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

THERMAL STRESS EVALUATION OF THE ES-3 100 SHIPPING CONTAINER
DRUM BODY ASSEMBLY FOR NCT (FINAL DESIGN WITH CATALOG 277-4
NEUTRON ABSORBER)

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

CONTAINMENT VESSEL PRESSURE DUE TO HYPOTHETICAL ACCIDENT

CONDITIONS FOR THE PROPOSED CONTENTS

SILICONE RUBBER THERMAL PROPERTIES FROM THERM 1.2 DATABASE
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Appendix 3.6.4

CONTAINMENT VESSEL PRESSURE DUE TO
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Appendix 3.6.4

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

The following calculations determine the pressure of the containment vessel when subjected to
the tests and conditions of Normal Condition of Transport per 10 CFR 71.71 for the most restrictive
convenience can arrangements shipped in the ES-3100. The following packaging arrangements are
evaluated for shipment:

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

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

3. one shipment will contain three cans with external dimension of 4.25-in. diameter by 8.75-in. high

and two can spacers;

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

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

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

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

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

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

10. one shipment will contain three cans brazed together with external dimensions of4.25-in, diameter

by -30 in. high.

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

1. The HEU contents are loaded into convenience cans which are placed inside the ES-3 100
containment vessel at standard temperature (Tamb) and pressure (P,) [25°C (77°F) and 101.35 kPa
(14.7 psia)] with air at a maximum relative humidity of 100%.

2. The convenience cans are assumed to not be sealed, which .. i..ii--" the void volume inside t'-

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

4. If metal convenience cans are used, the total amount of polyethylene bagging and lifting slings is
limited to 500 g per containment vessel shipping arrangement.
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5. 1ie mass of offgassing material (polyethylene bagging or bottles, Teflon bottles, silicone pads,
lifting slings) is assumed to be 1490 g for the offgassing evaluation of containment vessel
arrangement #7 and 500 g for containment vessel arrangement #6.

The offlassing material hinits identitied in assumptions 4 and 5 ha c bcc e>tablished based on the
needs of shippers. All configurations are limited to 500 g of polyethylene in the t'on olf bags. slings. and.or
bottles. When the requirement to ship material in Tellon bottles arose, the Upper limit of 1490 g of offýassing
material was established. This limit is a combination of three Teflon bottles (330 g per bottle) and the original
500 g allowance for polyethylene material. These offgassing material limits have been used in calculations
pertaining to containment vessel pressure, radioactive material leakage criteria, and criticality control.
Therelore, portion of the safet\y basis of this shipping package has been based onl these material limits.

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

To calculate these molar properties, the void volume of the containment vessel must be
determined. The volume inside an empty ES-3 100 containment vessel was determined from Algor finite
element software to be 637.18 in.3 (10,441.51 cm3).

I. Molar quantity determination for dry air and water vapor

According to Fundamentals of Classical Thermodynamics,

"Relative humidity (0F) is defined as the ratio of the mole fraction in the mixture to the mole
fraction of vapor in a saturated mixture at the same temperature and total pressure."

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

Therefore,

(1) = P ,/ P 9.

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

P = 1.0 (0.464) psia,

P - 0.464 psia.

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

Pa P, P- P,
= 14.7 - 0.464
= 14.236 psia.

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

Pv" Vv Pa" Vv
n, *2 na=

nnR. - Tamb"- 12 ' R " Tamb• 12
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To determine the number of moles, the void volume of the air mixture must be determined. The void
volume (Vv) in the containment vessel for each CVA is calculated as follows:

Vv = VECV - VsP VPB3 - V•,( - VCS - VCHI

where
VECV volume inside an empty containment vessel,
VsP = silicone pad volume,
VPB = polyethylene bagging or lifting sling volume,
V"(( structural volume of the convenience cans or bottles,
Vcs = external volume of the can spacers,
Vc -- external volume of the convenience can handles.

A summary for each CVA is shown in Table 1.

Table 1. Containment vessel void volume for each CVA

CVA VEcV VsP a Va V,(( Vcs VcR Vv
(in.) (in.3) (in.) (in.3) (in.3) (in.3) (in.3)

I Six 4.875-in.-high cans 637.18 9.35 30.51 7.4.f 0.00 1.02 588.46
Seven silicone pads
Six can handles

2 Five 4.875-highcans 637.18 12.03 30.51 6.47 60.60 1.36 520.21
Nine silicone pads
Three Cat 277-4 spacers
Eight can handles

3 Three 8.75-in.- highcans 637.18 8.02 30.51 514 40.40 0.85 S52 26
Two Cat 277-4 spacers
Six silicone pads
Five can handles

4 Three 10-in.-high cans 637.18 5.35 30.51 5 ," 0.00 0.51 3.?_1,

Four silicone pads
Three can handles

5 Six 4.75 in.-high nickel cans 637.18 0.00 30.51 12. 64 0.00 1.02 393 01
6 Three 4.94 in. OD polyethylene bottles 637.18 0.00 1) 46 21 _L 0.00 0.00 ,(606.67

7 Three 4.69 in. OD Teflon FEP bottles 637.18 0.00 30.51 27.95 0.00 0.00 578.72

8 One 17.5-in.-high can loaded
One 8.75-in.-high can empty Tis configuration is bounded by CVA 43
Three silicone pads
Two can handles

9 Two open-ended cans
One empty convenience can
with height s 8.75-in. This configuration is bounded by CVA #4 h

Three silicone pads
rwo can handles

10 Three 10 in. cans brazed together
Two silicone pads This configuration is bounded by CVA #4
One can handle
This assumes that the internal convenience cans, polyethylene or Teflon FEP bottles, and Cat 277-4 spacer cans are I,1

sealed.
Although CVA 49 may slightly exceed the height of the combined three 25.4 cm (I 0 in.) can height (CVA #4). the
open-ended cans and contents produce a larger void volume and thereby lower overall pressure inside the containment
vessel.
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The hounding cade based on the x olumens listed in Table I a> (iVs \ 2 at 26.2 1 in. To
determ11inc the 1111i111nmum wzolumc loi this config0uration, the mass hinit of I 5. 13 k- of oxides is used in
conjunction %\ ith the lox\est densit\ oxide of 7.3 kg 1 (1 fA [he tCsultite ývolumei 15.13 kg,, 7.3 kg I

I ft 28.32 I. 17 in./I ft 1 20.464 in.. Ihcrefor.c the houding oluc for ('VA2 is
520.21 in.• 126,.4 4 in, ý 399.746 in.

)nly ( VA 7 can accmnun okdate the uranyl nitrate crystals held in the Teflon hottles. (VA 7 is
limited to 9. 12 kg of thc uran lI nitrate hcxahydrate crystals and 1 1.9 kg of uranvl itiratc tlrihydrate
crystals (scc Appendix 3.6.7. F0.or the hounding pressure calculation, the smallest resulting free volumne
in ('I\ 7 is then 578.72 11.9 k '2.181 kga 1, I t-' /28.32 1.x 1728 in. ft' .. 78.72 in.' 258.4 in.

' 0.32 in..

tising the above molar equiations and boundi ng x ol lames, the nuimher of nioh's for wx ater %apor
and dry ain in the xvessel tot ('V/k' 2 and 7 arc summarized in Tahle 2.

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

CVA P. P, Vv R. Tamb n, n.
(psia) (psia) (in.') (ft-lb/lb-mole.R) (R) (Ib-mole) (lb-mole)

+ 4.236 0:464 25.83• +-4- 53- 4.005E--0 3.0855E-94
2 14.236 0.464 399.75 1545.32 537 1.08681-05 5.71487-04

3-i 11423 0.:464 244 545 .3- 9.822-6 I06 .0227-04
4, 9, o;0 4.36 0:464 -204.62 +545. § 95344E06 2.9252E-04

_ 5 _+4.236 0:464 4.2 +545.32 5 1.9163E 0 4-9 .795E-04
6 +4236 0:464 4.34 545.32 5-3- .8- 2.9206E 04
7 14.236 0.464 320.32 1545.32 537 1.49261i-05 4.57931,-04

II. Molar quantity determination due to offgassing for each containment vessel arrangement

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

Using the above calculated results and the specific gas generation of polyethylene bags and
silicone rubber pad measurements at temperatures up to 170'C (338'F) conducted by the Y-12
Development Division, the amount of gas (Vb, and Vpo) generated due to offgassing of the polyethylene
bags and bottles, and silicone rubber can pads at any temperature is estimated by first determining the
offgassing volume per unit mass at temperature and multiplying that by the total mass of the bags and can
supports inside the containment vessel. Based on testing at a temperature of 93.33 'C (200'F), no
recordable offgassing occurred in the polyethylene bags and bottles, or silicone rubber pad material as
documented in Y/DZ-2585, Rev. 2 (Appendix 2.10.4). The data showed that the Teflon FEP material
offgassing volume per unit mass (Vf) was conservatively assumed to be 0.25 cm 3/g@STP
(Appendix 2.10.9). These values are used to determine the offgassing volumes as shown below:

Vp = WP x 0.0 / 16.387 (in.) (offgassing volume of silicone rubber pads)

Vbo Wb x 0.0 / 16.387 (in.3) (offgassing volume of polyethylene bags and bottles
or lifting sling)

V~f = Wtf x 0.25 / 16.387 (in.3) (offgassing volume of Teflon bottles)

3-152

Y/LF-717/Rev 2/Page Change 3/ES-3 100 HEU SAR/Ch-3/rlw/2-26-09



Page Change 3

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

nio
Py. V

R. •T•ffh • 12

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

Table 3. Molar quantity of gas generated due to the silicone rubber pad offgassing
CVA Wp VpO Pv R. T.mb ap,

(g) (in.3) (psia) (ft-lb/lb-mole. R) (R) (lb-mole)

+ 186.4 000 +44-4 +545.32 5+-7 0.9090E.o

2 240.09 0.00 14.7 1545.32 537 0.0000E+00

+4Or0H 160.06 +5453-2 5-7 ..9..0E..

4. 9,tr ,4 +6.1 e4900 +5453-2 5-3-7 9.00•0E .00

5 9:09 0-00 +4- +545-.3-2 53-7 9099E 00

6 O.00 +4-.- +545.3 599 0.00909 --09

7 0.00 0.00 14.7 1545.32 537 0.OOOOE+00

Table 4. Molar quantity of gas generated due to the polyethylene bag, sling and bottle offgassing
CVA Wb Vb. PV R. Txmb nbo

(g) (in.3) (psia) ft-lbilb-mole R) (R) (lb-mole)

+ 5%00.9 ft.- +47 +545.3 599 90~000E -l-00

2 500.00 0.00 14.7 1545.32 537 0.OOOOE+00

3 m if 508.0 ~ 0-0 +449 545.3 5-3- 9.0000EO09

4, 9.oi 0 580000-0 +47- +545.3 53-9 9000GE 09

5 5800.0 - +4-. +545.32 5997 0.0000E 00

6 845.00 0-00 +4-- +545.3 59979.0OE0

7 1500.00 1 0.00 1 14.7 1 1545.32 1 537 10.OOOOE+00I

Table 5. Molar quantity of gas generated due to the Teflon bottle offgassing

CA W V1, PR.k Tamb ntf

()(in.') (psia) 1(ft-lb/lb-mole-R) (R) (lb-mole)

7 990.00 15.10 14.7 j 1545.32 537 J2.2296E-05
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Ill. Gas generation due to radiolvsis of water

Buildup of liydrogen gas (IV) and Oxygen (la" (() ) ill thc I3S-3 1()0 containnient \Cssel d(Ie to
radiolvsis is incorporated into the pres.•nrc calculation h." assuining that 5 1ool of the lice volume is
hydrogen gas. Since each mole of I[4 generated is acconipan ied \ 0).5 nole of'( ). the concentration of
11, will reach 5 1n101 when v \olumC of 11, is 0.05405 tinics the initial v\id \olumne (see Sect. 3.0,7.8, of
Appendix 3.0.7). Using the ideal gas law. the number of gas moles of hydrogen in the ,,olumC at
standard temperature anId prs'sure isý

n, ~R., • T.,,h 1 2

wiere
individual molar quantity lbr hydrogen and oxygen gas;

V volume of gas assuned generated by radiolysis.
A summary of the results for hydrogen and oxygen generation due to radiolysis using the above equation

is presented in Table 6.

Table 6. Molar quantity of oxygen and hydrogen gqas generation due to radiolysis

C x V J V P, R,, F /. 1r Il l,
_ VA (in.3) (in. 3) (psia) (ft-lb/Ib-mole R) (R) (Ib-rnole) (lb-mole)

2 39 .75 1.61 14 7 1 545. ;2 1 ,7n 3.18 51:-5 I .594M F-5

7 320.32 117.31 14.7 1545.2 537.0 2.5558i-5 1.27791!-5

IV. Total pressure due to offgassing and NCT temperatures inside the containment vessel

The total pressure of the mixture at 87.81 °C (190.06'F), PT, for the bounding containment vessel
arrangement is the sum of each of the previously calculated molar quantities. Table 7 summarizes the
molar constituents and total pressure of each bounding containment vessel arrangement. The following
equation is used to calculated the final containment vessel pressure:

P87.81o -C (ni R" T" 12 )/VGMV,

where
ni = individual molar quantity for each gas,
T average gas temperature = 87.81°C (190.06°F),
VGMV Vv = gas mixture volume.
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Table 7. Total pressure inside the containment vessel at 87.81°C (190.06°F) a

CVA n. n, npo nbo i, Ho _' n, PT
(lb-mole) (lb-mole) (lb-mole) (lb-mole) (lb-mole) (Ib-nlole) (Ib-niolv) (lb-mole) (psia)

+ 3.855E 04 1.0054E 05 9.0000E i-o0 99 4.9091 9 9.90Eo--o i .86-l-t-04 17.786
2 5 71481-04 1.86261 -05 O.OOOOE+00 O.OOOOE+00 O.OOOOE+00 3 1S95t-05 I 594,- t05 6 .3-951l-04 I9 2i

301 2~O-24 4 9.82-E 6 0.0000E 199.00 00O~O 9.0090E 1 17.~- 4 + 6
-,9,oi 1. 2.9. 2 . 4 9.5344E 06 9.9000E 09 0.9E+9 0.00E .00vv 3.0.O4 + 66

5 1..963E .5 5849SE 04 •.9 .... .. 9. 9E. . 9. 0000E..... 6.94--E--04 + .86

6 2.0206E0-4 6.4858E96- 0.90000E 09 0.0000E+00 0.9E 2.86SEO4 ... 61
1 7 14.5793 1-04 1 1926 10.000013+00 10.00E0 .2 .22961 -05 2.55 ,581 -05 1.27 791-05 - .33491(-.04 20 (O 7

This assumes that the internal convenience cans, polyethylene or Teflon FEP bottles, and Cat 277-4 spacer cans are tiot sealed.
ali~hott. 1 ('VA 149 ;mw IielhiW, eiteeed the heieht ofthe ex,;t"Nnex thee 25.J14 f~ 410 4 .1...n hei"At 4,14 44Sh .40--. -14,::l

l I I

n, mo•ar qtilidn t)t ot dry a it ii tihe gis ioi\tturc;

t1 lt(1o ll" lltlau tit, of',x\ ihtCr vapor iII the g•e '• l ixtill-tc
Itt ilolat q1 tal.ititV oat ' •; (hic to otas•inp of thlhc I • iicilc It )hc( la(d ,;
it,,, molar qttiatlitIt, ot ' i,'1 h, to ot'la•ýa,itg iu lhc tte polx'tC oe ht;e l'ttlc!'. ml Itied 1i tliq' ,
n . ll ilr q)tiilitt I ot •as i ilet it) ttea ,iitt offlic I chlto hoitllc"
[1 o l IIIt ttttttiIV of? hdroctLei I-,eI, d c ItI ratI tod IoV I " o \a t I cVi

11,< 1111ltl cik !i l ) LI M t~t', f \\!!ell 7;.-'t dtUC III •tt ol l \ý1tritor: Alldt
[I, t i• illo, tlf tllt'al 'il t III Ow • t i i\iVxti.ll

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

Pv,
T,

P2V
T22

where
Pt
Ti
T2
V,

14.236 psi,
770F

-40°F
V2-

= 536.67 R,
= 419.67 R,

Rearranging and solving for P2,

P 2

P2

- P, (T 2/TI),
= (14.236)(419.67/536.67) = 11.13 psia.
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Appendix 3.6.5

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

The following calculations determine the pressure of the containment vessel when subjected to
the tests and conditions of Hypothetical Accident Conditions per 10 CFR 71.73 for the most restrictive
convenience can arrangements shipped in the ES-3 100 package. The following packaging arrangements
are evaluated for shipment:

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

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

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

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

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

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

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

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

9. one shipment will contain fuel rods, or tubes, or plates greater than 17.00 in. in length.
These items are bundled together and protected on both ends with an open-ended can with
external dimensions of •_5.0 in. diameter by !:8.75 in. high. Total assembly height will be
•30.5 in. If space is available inside the containment vessel, stainless-steel metal
scrubbers will be added on the bottom and top of this assembly or an empty convenience
can will be placed on top of this assembly- and

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

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

1. The highly enriched uranium (HEU) contents are loaded into convenience cans and placed
inside the ES-3 100 containment vessel at standard temperature [25 'C (77°F)] and at the
maximum normal operating pressure (see Table 5 of Appendix 3.6.4) with air at a
maximum relative humidity of 100%.
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2. The convenience cans are assumed to not be sealed to ihinitlize the -..void vjuui..,s i the..
conktainivient vesl

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

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

5. The mass of offgassing material (polyethylene bagging or bottles, Teflon bottles, silicone
pads, lifting slings) is assumed to be 1490 g for the offgassing evaluation of containment
vessel arrangement #7 and 500 g for containment vessel arrangement #6.

[he offgassing material limits identified in assumptions 4 and 5 have been established based on
the needs of shippers. All configurations are limited to 500 g of polyethylene in the form of bags. slings,
and/or bottles. When the requirements to ship material in Teflon bottles arose, the upper limit of 1490 g
of offgassing material was established. This limit is a combination of three Teflon bottles (990 g) and
the original 500 g allowance for polyethylene material. These offgassing material limits have been used
in calculations pertaining to containment vessel pressure, radioactive material leakage criteria, and
criticality control. Therefore, portion otf the safety basis of this shipping package has been based on these
material limits.

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

To calculate these molar properties, the void volume of the containment vessel must be
determined. The volume inside an empty ES-3 100 containment vessel was determined from Algor finite
element software to be 637.18 in.3 (10,441.51 cm3).

I. Molar quantity determination based on MNOP

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

n. 11, h n11112I02 I
(lb-mole) (lb-mole) (lb-mole) (lb-mole) (lb-mole) (lb-mole) (Ib-mole) (lb-mole) (psia)

2 5.7148F-04 1.86261--05 0.0000i-t-00 0.0000•i 00 O.0000rjOO 3.1895--05 1.5948t:-05 6.3795t--04 19,238

7 4,5793i:-04 1.49261,-05 0.0000i>-00 .0000j.t))00 2.22961-05 2.5558t-05 l.2779t--05 5.33491-04 20.077

This assumes that the internal convenience cans. polyethylene or Teflon FEIP bottles, and Cat 277-4 spacer cans are not sealed.
bn, molar quantity of dry air in the gas mixture:
n, molar quantity ofwater vapor in the gas InixtUr.:
n,,,, molar quantity of gas due t o offgassing of thc si icone rub her pads:

mu,, tolar qua ntity of gas due to offgassing ofthe polyethylene bags, bottles, and lifting sling;
m. niolar quantity of gas due to offtassing of the Teflon bottles:
II, molar quantity of hydrogen gas duIe to radiolysis of watet:
n,. molar quantity of oxygen gas due to radiolysis of water: and
ii, total molar quantity in the gas minxture.
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To use the maximum normal operating pressure at standard temperature, the number of lb-mole of gas
needs to be increased using the following equation:

Pr. Vv
nMNOP -- P 1

Ru• -amb" 12

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

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

CVA PT Vv R. Tomb nMNOP

(psia) (in.') (ft-lb/lb-mole.R) (R) (lb-mole)

+ -7-.--6 2+5.83 +545.32 53-+7 8549E 04

2 19-138 399,75 1545.32 537 7.7221 -0)4

3-or-H -7.-.6 -2+.44 +545.32 53-7-
.... or 10- "1-7R86 -204.6-2 "1545.32 5-3-7" 3.654"7E-04

5 7.786 4+.2-7 +545.32 53- 7.345-4e-04

6 + 7.76 -4-.34 -45.32 5-3-7 2.5-24

7 2) 077 -20 3 k 1545.32 537 6. 458 11 ý-04

HI. Molar quantity determination due to offgassing for each containment vessel arrangement

To determine the maximum pressure inside the containment vessel as a result of thermal testing,
the average adjusted gas temperature must be calculated based on the results shown in Sect. 3.5.3. The
approach used is to divide the containment vessel volume into three distinct equal regions and then
average the three together. The first volume is represented by the gas adjacent to the containment vessel
lid and flange region and the top most convenience can. Based on the temperature recorded near the
0-rings [ 116.11 'C (241 OF)] and the temperature recorded on the external surface of the convenience can
[98.89-C (210 0 F)], the average temperature of the gas in this region is 107.50°C (225.50'F). Using the
temperature adjustment of 25.11 'C (45.20'F) for this region, the adjusted average temperature in the
first region is 132.61 °C (270.700F). The second volume is represented by the gas adjacent to the second
convenience can from the top. Based on the temperature recorded on the containment vessel wall and
convenience can [92.78°C (199°F)J, the average temperature of gas in this region is 92.78°C (199°F).
Using the temperature adjustment of 27.89°C (50.20'F) for this region, the adjusted average temperature
in the second region is 120.67°C (249.20'F). The third and final volume is represented by the gas
adjacent to the bottom convenience can. Again, based on the convenience can temperature [87.78°C
(190'F)] and the containment vessel end cap temperature [98.89 0C (210 0 F), the average temperature of
gas in this region is 93.33°C (200°F). Using the temperature adjustment of 24.94°C (44.90'F) for this
region, the adjusted average temperature in the third region is 118.28°C (244.90°F). Averaging these
three temperatures, an average adjusted gas temperature of 123.85°C (254.93 °F) is determined for the
containment vessel.

Using the above calculated results and the specific gas generation of polyethylene bags and
silicone rubber pads measurements at temperatures up to 170'C (338 °F) conducted by the Y-12
Development Division (Appendix 2.10.4), the amount of gas generated due to offgassing of the silicone
rubber can pads, the polyethylene bags and bottles, and the Teflon FEP bottles at 123.85 'C (254.93 OF),
(Vpo, Vbo , and Vt) is estimated by first determining the offgassing volume per unit mass at temperature
and multiplying that by the total mass of the bags, bottles, slings, and silicone rubber can supports inside
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the containment vessel. Based on testing at an approximate temperature of 141.11 'C (286.000F), values
of-7.0 and -0.8 cm3/g @STP for the polyethylene bagging and bottles, and silicone rubber pads,
respectively, were taken from the curves for the offgassing volume per unit mass as documented in
Y/DZ-2585, Rev. 2 (Appendix 2.10.4). The data showed that the Teflon FEP material offgassing
volume per unit mass (Vtf) was conservatively assumed to be 0.25 cm3/g@STP (Appendix 2.10.9).
These values are used to determine the offgassing volume as shown below:

VP 0

Vb.

Vtf

= WP x 0.8 16.387 (in. 3)

Wb x 7.0/ 16.387 (in.3)

= Wtf x 0.25 / 16.387 (in. 3)

(offgassing volume of silicone rubber pads)

(offgassing volume of polyethylene bags,
bottles, and lifting sling)

(offgassing bottles of Teflon FEP bottles)

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

Pv. 'V
ni

Ri, "Tmb " 12

A summary of the results obtained using the above equations for each containment vessel

arrangement is presented in Tables 3, 4, and 5.

Table 3. Molar quantity of gas generated due to the silicone rubber pad offgassing
CVA W V T n

(g) (in.3) (psia) (ft-lb/lb-mole.R) (R) (lb-mole)
+ +8&-_4 _______ ____ _ +545-3- 5-3-i

2 240.09 11.72 14.7 1545.32 537 1.7302E-05

3-+I 160.06 ____ +47 1545.32 5-3-7 _. 1535E-05

4,9,oi- 0 W671 52 +4- +545.32 5-3- 7.69,iE 9-_ 6

5 6700 ____ _ +545.32 5-3- 0.9090E...
6 e-.00 0-00 _____ +545.32 5-3-7 0.9009. 1..

7 0.00 0.00 14.7 1545.32 537 0,0000E+0

Table 4. Molar quantity of gas generated due to polyethylene bag, sling, and bottle offgassing
CVA Wb VbO P, R. Tamb ni.

(g) (in.') (psia) (ft-lb/lb-mole-R) (R) (lb-mole)

+ 5004H H3.584 +54532 5-3-7 3.59E4

2 500.00 213.58 14.7 1545.32 537 3.1529E-04

___ 500.06 213.58 +4-.- +545.3 -4 3.1529E 04

4,9..... 50:06 235 44.9 +545.32 5-3 3.1529E4

5 500:00 2+3.58 +4- +545- 5-3-7 3.529E04
6 845.00 360:96 +4- +545.32 53-7
7 500.00 213.58 14.7 1545.32 537 3.1529E-04
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Table 5. Molar quantity of gas generated due to the Teflon FEP bottle offgassing

CVA WIV VI Pl Ru Tamb nI
(g) (in.3) (psia) (ft-lb/lb-mole.R) (R) (lb-mole)

7 990.00 15.10 14.7 1545.32 537 2.2296E-05

III. Total pressure due to offgassing and HAC temperatures inside the containment vessel

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

P23.85oC = ( Yn i • R" T" 12 ) / VGmv,

where
ni

T
VGMV

individual molar quantity for each gas,
= average gas temperature

V, = gas mixture volume.
123.85-C (254.93-F),

Table 6. Total pressure inside the containment vessel at 123.85°C (254.93 0F) a

CVA nMNOP nP. No ntf nT I' P,
(lb-mole) (lb-mole) (lb-mole) (lb-mole) (lb-mole) (psia)

+ 38549E-04 1.3458F-9 3-529E 04 0.0000E.. : 41424 04 43852
2 7,722• -)4 1.7303t -0* 3.1529E-04 0.OOOOE+00 1. 10491 -03 30.i42

_ _ 3.4465E-04 1...... 0 3.1529E 04 0.0000E+ .. 4O448E--4 44.15+

4,9 rR 3.6544E 04 7.6901E6 3.159E 94 0.0900 6.8845E 04 44.565
5 4.3454E-"4 0.0000E+-0 3.529E4 4 0..00-0E 00 10499E--0 338-29
6 2.524SE 04 9.0009EO j 0 .384E-04 0.000E o~ 4.529E 04 73.625
7 6.45 1 <-04 0.OOOOE+00 3.1529E-04 2.2296E-05 9.8 3401-04 - 0704

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

sealed.
A lth'u4 Al g Jhily~ e Iee !he height Ofth zxlme II - 25.1 enf (10 ml .. ; h-i iin t2'~ ), ;he-

I )\I\-. 111O, 11-I ttltl ý alt
1  

[li eih ml xu, l l t IIa tXIat ,lld nol mat l opetal itgd pl,ýjn ; tt,,tarpll •. l t [ C( (-7 F)

III_ molar I'l itiIiy of'g g " ki (In ntoo nsing o t1 tIie SiIicoiie Ilbhcr pads..
ii.> kiloli Liquantii ohgis dtie i Off 'h.asiin ot the piol\,,hIy~Cne bag., hotilLc, Lnd hiliniýe ' Inl.
n1 lltlal quantuii\ ofi'gas lic io o|itig ni n t 1ihie fle onl hotilc,'

total T il kl ol lailld k'_ Ill the liias niT1\1l I.
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Appendix 3.6.7

ESTIMATES OF HIYDRO(;EN BUI)LDUP INJ TlE ES-3100 PACWKA(;E
(ONTAININ(; iltl(tIl' ENRI(JllI) URANIUM

3.6.7.1 Summary

Table 3.6.7. 1 bclo,, indicates that the LS-3100 package ith a contaimcnt x esse arrangemen
((VA) 2 (see Appendix 3.0.4) can accommodate a 15. 13-kg load of uranium oxide with 3 mt '0 water
ifthe time allowed to generate 5 ol "o, ot hydrogen is assnmed to be 1.2( years (1 4.4 mn( )nthW). Lor the
same time period, with iVA 7. the LS-3 10)0 can accommodate 4.75 ko of uranvl nitrate hexahvdrate
crystals (X 6. 2 1.6 wt 'o water) or 6).70 kg of uranyl nitrate trihydrate crystals (X--3, 12.1 wt ')o x atert.
If the time allowed is assumed to be 0.501 5 years (6.02 months), the FS-3 100 can accommodate 9.12 kg
ofL .N6 and I 1.90 kg of UN3 crystals. For additional mnargin of safety (20%). the _I-3100 loadig

conditions wviii specify a hydrogeni build-tup time limit ot 5 moniths and 12 months tor these two U1NX
cases, instead of 6.02 and 14.4 months as analyzed, respectively.

(Calculations of permeation and di t''usion From closed convenience containers (bottles and
cans) indicate that the steady-state concentration fl hydrogen can be as high as 0.2 mol "', 0when all
conserv'at1ixe assuimptionis are used. These result" do not take into account the leakage of hydrogen that
will be experienced through the closed lid of these Containers, xxhich would result in a steady-state
concentration lower than 0.2 mol 0o.

The calculated 0.2 110 I % hydrogeiin iitial steady-state conccntration is accounted lor in the
mass loading allowahles given in Table 3)6.7. I. A,,s indicated. the time to reach 5 nol ( hydrogen in the
FS-3 100 containment vessel (including the initial condition of 0.2 inol `') is 20', greater than the time
allowed for shipping these materials (Sect. 1 .2.3.8, condition 9). With this satety Factor in place, and
with other conser\atiVe assumptions, it will not be necessary to vent containers before loading into the
F3S-3 100. [he time himit for the shipment (5 or 12 1months. as appropriate) begins when the conta i iionlnt
vessel is sealed.

Table 3.6.7.1. Sunmmnary of allowable weights

Weight Water lI ime to reach 5 mol •ho hydrogen
(kg) X I wt ' Years Months

O()ihcs 'A)., U. ) 1, /0 c1,'.1- 7/
15.13 3.0 1.20 17.4

{'()() /V(_' -? I0 C .t 7/1)

4.75 61 21.6 1(20 111.4
6.720 3 12.1I 1.20 14.4
9.12 76 21.6 0.5015 4.02

11.90 3 12.1 0.5015 0.)2
(VA 2 consists It'f t Ivc cans of which onc is cnnpty (,cc Scct. 3.1.4. 1i.

h (VA 7 con.ists ofihrec Tctlon bonilc, Is,,cc Scci 1.4 I 1

3.6.7.2 Introduction

There is a concern about the possible builIdtup ot hydrogen gas (H.) in the FS-3 100 package,
and it is necessary to show that the 1t1, concentration in the package xxi 11 not exceed 5 mol , in one year
(established as a limit for the purposes of this analysis). The alloxable materials inchlde uranium oxide
(U(), lbJ(),, and (J(),) ani uran'vl nitrate crystals IUNX or U().(No(), • XI (.()I. lihe water in INX
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ranges from X- to X 6 (0 to 2 1 .0 wt % ) :molecular weigdhts ofturanyl nitrate I ( 1(),(N() ) I and 1,0() are
391 and 18. respectively, and 6 18 1391 1 6 , 181 - 0.2 16:. The water associated w,,ith oxides ranges
from 0 to 3 wt % (Sect. 1.2.3). There is no liquid water (sorbed or interstitial) associated with other
authorized contents. The air in the void spaces of the package contains water vapor (humidity). 1-1 can
be generated from water by radiolysis and/or chemical reaction. Radiolysis applies to any chemical form
of HEU, but onyV the metal can have a chemical reaction w\ith water. Radiolvsis can also generate 11,
From other materials containing hydrogen (e.g.. polyethylene bags). f lowever. radiolvsis of water is

the major source of II, for uraninim oxides and uranyl nitrate crystals.

3.6.7.3 Hydrogen Generation by Chemical Reaction with Water

HEU metal can combine with the oxygen in water to release [L. Fhe only source of
water for HEU metal is the humidity of the air initially in the void spaces of the package. The air
is assumed to be at 25"C, I atm (101.3 kPa) and 100% relative humidity. The vapor pressure of
water at 25'C is 3.1690 kPa (CRC Handbook, p. 6-8), so the initial concentration of water vapor is
3. 1690 101.3 = 0.03 1 mole fraction. Since I mole of water vapor produces I mole of [-, and the
oxygen is bound up as solid uranium oxide, this reaction does not change the total gas pressure.
Therefore, if all the water vapor reacts with the metal, the maximum concentration of [tI is also
0.03 1 mole fraction, which is below the 5 reol % limit.

3.6.7.4 Radiation Energy Calculations

'[he radiation energy that dri\es radiolysis can be estimated from the decay rate and niaximuin
decay energy of each radionuclide that makes up the HFU. The bounding information to calculate these
terms and the results are given in Table 3.6.7.2.

The decay rate per grain of the n1h radionuclide is

D,, I ln(2) T xj x A, / MWl -
D,, the decay rate of the n" radionuclide, atoms v:

II'l, half life of the n'1 radionuclide, v.
A, A,,ogadro's number. 6.022 , 10"' molecules/meol; and
MN the molecular (atomic) weight of the n'' radionuclide, greol.

Table 3.6.7.2. Radiation energy calculations

SINIh T1h h U Dbc Nuclide contr'
(greel) (y) (MeV) latms/(g Y)I I MeV/(g Y)I

_ _ _ _ 4.00r-06 232.0371 6.89: f01 5.414 2.61r.' 19 5.65: 12
23Ut " 6.00tr:-(}1 233.0396 1.59rt05 4.909 1.131-, 16 3.32Ii+ 14
2 4U 2.001c 100 234.0409 2.451 i 05 4.856 7.281 15 7.071i: 14
21T 5.49-i 01 235.0439 7.04r. -08 4.679 2 .52 r- 12 6.48v 12
___L _ 4.001.01 236.0456 2.34i'+07 4.569 7.56F 13 1.38ri 14

0.001-: 00 238.0508 4.46c 09 4.185 3.931: i I I 0.00[ :00
laMnsuranic 4.001-03 5.476" 4.73ri 17 1.04 f 14
11Np 2.501:100 237.0482 2.141 i{06 4.957 8.23u: 14 1.021: i 14

Total 1.001: 102 1.391 5 I1
wt %} from Appendix 4.6.1 (Table I ). Maximum transuranic is 40 pgigU and 0.60 MI 1q/gtJ activity.
"MW is molecular wcight; T, is half life; and {i is the maximum energy emitted. (('R(" Ih dbook o( 'hemistri' aid
Phyisics. I). R. Lide, ed., 79th ed., CRC' Press, Boca Raton, Fla., 1998. pp , I -1,10 and 11-141)
t)% is decay rate, and Nuclide contr is the contribution of each nuclide to the total rate of decay energy.

d• Trasuranic (t assumed to be equal to "'C'(in
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All the raduiu hclidcs in I able , o v ?. are pririiiil} f emitters, and the total rate of radiation dose
Is Ci, II as

where

[)I the total rate otdeca,\ cncrgv,. Mev (0, 0.):
wt'o the weight percent oflithe ii rad iotclides

(I -" the ax energy emitted inI the dccaN oflthe nii radionuci ide. Me\' and
N the total number of radionuclides.

The above calculation ol ), 1tr [It/ is 1 .39 - 10 (' MeV/ g ?)i

3.6.7.5 tHydrogen Generation by Radiolysis from Polyethylene

Almost all the radiation ncergy from HI-l U is dIc to alpha particles with energics of,4-5 M'leV
(Table 3.6.7.2). These particles arc not very penetrating and will only deposit their energy into mnateriaIs
that are in intimate contact with tile uraniutm at Mms (i.e., the \v ater of hydration in uranyl nitrate crystals
and the water associated with the oxides). The pol> ethyl'enc is in the borm of bottles and bags that
surround the uranium and the only alpha particles that reach the polyethylene come from the outer rarnge
of alpha particle penetration within the [I-U.

Equation 2 on page 6 in Evaluation ov Ithiol i'SH-/7u4rCed 11'hvdrge,, (Gneration in 1)OT 6,1
Drums fiom INTEC (WSRC-TR-2007-00200) gives the following expression for calculating the range of
alpha particle penetration in the HEUI (metal, oxide, or crystals).

R 2. t (1. 2-.24 , 2.62) (, N,l\M,) p

where
R the range ofralpha particle penetration in tile HEU, U. n

(I\, ithe average a energy emitted by the ItI, -4+9 \MeV (Table .,6.7.2)
MW\ I the average rmolecular weight ofthe H-11. 1 235.5 inmol ( [able 3.6.7.2)i and

p tile density of the HLU. gcmu

The range increases with decreasing p, and the smallest value for p is about 1.5 g,/cmi !the
smallest approximate bulk density of I-IlEU oxide from C(os-t'i//ectiveness P (tiligit. SI)lI7s Depleted
Uranium (DU). [WM-4009 I , The resulting range is 8. 1 I0 ( In.

The radius of a polyethylene bottle is 0.0627 11 [-.94-in. diam (Fig. 1.4), configuration
designated as CVA 61. If the HIEU oxide tills the bottle, the alpha particles generated in tile outer range
come from the HEU between 0.0627 and (0.0627 ,.1 , 10 im). For an infinite cylinder, the fraction
of the total radiation within this range is 1(0.0627) (0.0627 8.1 x 10 (0.0627)2 - 0.00259. Half
of this radiation would be directed toward the center of the cylinder, and much of the outward-directed
portion would be absorbed passing through tile IEU. onsequently, the radiation absorbed by the
polyethylene would be much less than 1% of that absorbed by the water, and the 1i1 generated in tile
polyethylene would be correspondingly less than that gcettrated in the water.

3.6.7.6 Ilydrogen Generation by Radiolysis from \Water

AssunIing an inf(ini te amolunt t owater is available, the radiolytic hydrogen generation rate is
given by the following expression (based on N1 jR EG CR-667 . F.31. Eq. 4.7):

d(nH ), dt (l), 100)< I G(ItL) , A,
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wvhlere
n1 the milount of hydiogctin rcnclatcd, mol.

I : time, y;
D11 the decay enlergty absorbed by the water, eV y, atld

(i( t , ) a radiolytic hydrogen generatioti factor fOr alpha radiation In water.
molecules I I / 1t0 cV absorbed by v. ater.

3.6.7.7 Radiolytic !tydrogen Generation Factors for Alpha Radiation in Waler

A bounding valie tor (OtH,) with alpha radiation is 1.6 molecules Ii, 100 cV absorbed by
water. (NURF(i( (R-6673. p. 12, Table 3. I) ttowever, recent (2003) experimental data ftromi ()ak Ridge
National Laboratory suggest lower (l(- f,) values 1. Iphu Rauiollvsixs u/ Sohrbd ltirev (m1 Uanium Ovidcs
410 LUranium Ovv*huloidt,,0 (ORN 1./1M _2003/1 72) and temr Sop7tionm and Radiolsis Stmhies•/Or
Neptunium Oxides (ORNI/I'M-2003 194), inclided in this appendix 1. Table 3.6.7.3 lists the G(t112)
values derived from these experinments. The largest of the ORNL values ( 1.02) is used for the hydrogen
generation calculations.

Table 3.6.7.3. G(li,) values derived from alpha radiolysis experiments
Sample descriptionI I Molecules/100 eV

e (HO) Ie (rem) , f, I ( I G(gas)' I (.,(H2 ) C.(I,)
hcnthour and Ith. TOM, L ,l -200317 2, 2003

Fig,. 3.3. Samp A-2-2, LUO I0(!b 11,0, 350>( j .0556 1 0.3689 10.1_000 1t0.1309 0. 1507 10.1005 0.77
Fig. 3.5. Samp A-4-1 tUpO, 21) -120, 650W° 0.0111 10.4000 10.0200 10.0270 0.0113 10.0075 0.28

hcenhnuir et al., ORNIITAI-2003/194. 2004
Fig. 4.12. Samp Al 3, NpO_ ,¼ 11,0, 650C 0.0444 0.3728 0,0800 O. 1065 0.1100 0.0733 0.69
Fig. 4.11. Samp Al 2, NpO,, I 1-,0, 650V ( 0.0056 0.4012 0.0100 0.0137 0.0210 0.0140 1 .02
Fig. 4.13. Samp Al 4, Np()0. 1% l!(), S00'(' 0.0056 0.4012 0I0100 0.01337 0.0060 0,0040 0.29
Fig. 4.14. Samp Al 5, NpO.. 0.5) I11LO, 650°C t 0.002S 0.4032 0.0050 0,0068 0.0043 0.0029 0.42

('(gas) tlir ORN1/ INI-2T 03 172 i' based on it measurcd slope in i 33 or 3.5 For ORNI TM-2003,I Q)4, the valucs mec
1isIed on wis. 4 11 4 14

The (i'(gas) \,aluc is the Initial slope of' tile .as yield (Illlnol g material) versus the decay
energy (M(Iy) converted to tunits of molecules of gas peIr 10t eV. ( i'(gas) for URNITM-2003//1 72 is
based on a measured slope in Fig. 3.3 or 3.5 while the values for ORtNI I'M-2003!194 are listed ott
Figs. 4.11 -4.14. Figure 3.6.7.1 is from ORNI,,TM- 2 003/1 72 (p. 9, Fig. 3.5) with lines added to outline
the initial slope and facilitate reading valuLIes. From Fig. 3.6.7. I, the gas yield difference along the slope
is 0.023 ( 0.0005) - 0.0235 mil limoli g or 0.0235 - Al I000 1.42 1t)' molecules/g. The decay
energy difference along the slope is 20.0 M( i or 20.0 x 6.24 x 10 1 . I 25 10 " cV (6.24 x 1021 cVeg

I M_;y). Therefore, G'(gas) is 1.42 x 10 (1. 25 , 10 ") ,100 0.0113 molecules gas 100 V. It is

assumed the gas is due to the decomposition of L O) and has a molar composition of 2/3 H. and 1 3 0,.
The derived (All.) is 2 3 of the G'lgas) value or 0.00756 molecules H, 100 eV decay energy.

The radiation calculated in Table 3.6.7.2 is the decay energy rather than the energy absorbed
by the water associated with the material. 'fihe energy absorbed by the associated water, D1 , is
approximately equal to the decay energy, D, , mtltiplied by the fraction of electrons associated with
the water or

GIf e (ttU()) / e (nat)

where
(f" the fraction oflelectrons associated with the watelr

e (1!()1) the number of electrons associated with the water, electrons llolecule;
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C (mat) C (mat) the total number of electrons a•sociated with the
molecular species: clectronsimoiecule l

e (mat ) the contribution ol the i'l molccular species to C (mat), and
I the total number or molecular ,specie. lhc energy absorbed by the "x atwr is

D) (if D)[ and
G '(1tt- L) ,(it' 6 1Ll) ( 6 (ll• I • (ittl)i i'.

Tl, o methods to calculate (it are reported in ( 1'& Watioi q/ [ivchogiepi Gcneruliuaz ImRates /m-
Strvqe q/ Po.t-K/S O(x'ide i 9975 Sb)hilping ('onlainci,. (('alculation No. N-C .C-K-002 19, p. 9 and 10).
In the more rigorous ol the two metnhods, (if is estimated from the material stoichkometry and nmolecular
weights. ( sing this more rigorols method. c (mat ) is calculated as

e (mat) f 'V n / , MW.

wvhere
1' .... the weight fraction of the i' nrolccular species:

MI\V the molecular weight of the ith species,
it, the number of a01es o e jt"h element in the i species:

J 'the total number of, elements in the i` species: and
the atonmc number of the je element in the i"- species.

According to the preceding ct',aitkion, the cxptcvsion for the inuiteber of electrons associated with the
water is

C (e-t0) I , ,, (10 6 2)-f * 0.5556.

'A mixture of water and U.. A,() (assumning All the uranium is "'U) is

e (mat) tQ ,, ' ( 5 5 I 6 ,, . (3 , 92 1 8 8) / (3 , 235 i 1(6)
tI,, " 0.556 f, ' 0.4082

where
fhim the weight fraction of xwater and

f - - the weight fraction of U J()" I i, if no other material is present.

A ('(t11) value of 0.00N75 molecules 1t I100 oV decay energy is derived fAom the
exper-irment by icenhour and Toth with a U(), sample (5.64 g) conhainhig 2% water and spiked with
0.0249 g ('rm (ORNL TNM-2003/I 72, p. 7. Table 3.1 ). The mass of"" '(in can be neglected, so the
calculation of G(i,) for this sample is e (-110) 0.02 0.).55 56 0.01! I I e (mat)
-O.0Nl l v 0.98 0.4082 OA 0.4111: (if C 0.0 r 0.4111 0.0270 and G(tI ,) 0.00756 / 0.0270

0.280 molecules 1•-100 1V absorbed by the water. Since thc largest of the ORN, 1vahles (1.02) is
used for the hydrogen gencration calculations, the (.i'(t 1 val tie for ally other water conitent is the
corresponding value of (f 1.02.

To calculate (if lor 1J( ),( N( ), ) * XLI 0, the two components are U0,(NO(), and 11,0, wvhere t1,2 is

X], X (2 1 16) 12 3 5 i 2 x 16 1 2 (14 1 3 , 16•) X x(2 f 16)!

I 1 1 391 / (X lS)I
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e (mat) K (t05 A I. ) 139I)
S 5550 434>

f •, lw Wthe x, ie ht fr:t,,i ofl t( ), A( N ) I j,

3.6.7.8 Tilne to Reach 5 mol %

The time at vhich the I L coneentrat iomim in he void spaces of'the package reaches 5 m5 l W o
depends on the I, geencration rate and the volumne ofthe void spaces. [hc void spaces are assumned to
be initially [filled with air at 25'>(' and 1 atm (101.3 kPa). The initial amount ofeair is give•l by

101I.,!4 ,(2V 5 ! 73. 15)1

v, herc
n . the initial anmount ofair. mo:

V% the total xohlnleC otthe void spaces, I. and
S.3145 the gas constant. J/(ni ol ' K).

Sin•ec each mole c& [. gerncated is accompanied by 0. W mole of (),, the concentration of It, will
reach 5 iol o when

(n1. . iln ) 11. .. t n v' n ) Ni ()()5 no
q, (M.05405 y) .i

vT here
v is the initial mole fraction of thydrogen or 0.002.

[lhe value of V,' depends on the conligum ation and si/es of die convenience conraitmers in the
package and the amnount of material in the containers. The configuration designated as ('VA 7 is lsed for
crystals and oxides may he placed in C(VAs 1 through 6. T1 he empty void vol itin (before the material i,
placed in the containers) is 9.4S35 . (571.72 in.) for CVA 7 Appcidix 36.4. Table I). [he smallest
(most conservative) empty void volume of ('I\s I throtigh 6 is 8.6230) L (526,21 in. W) for ('VA 2
(Appendix 3.6.4. Table I)ý

If all the interstitial space is included, the total oid olume is tiwen by

,V V \V% fI

where
V enmptv void vol time. .623()) and Q.4835 1. for (CVA 2 and (V'A 7. respecti vely
WIt tile total weight of the imaterial in the conltainers, kge and

- tile theoretical density of the material in the conltainers, (f10.97 kg,;l+ for U.(),.
83" kpl. lb rU , 73 kg. 1. fr , and 2.,1 kg 1. for ITiYl). ((RC( ilandbook.
p. 4-044)

Since U(.0, has the smallest theoretical delsity of tlhe oxides, it Vxiil produce leH sHIaIClest (11o0,t
conservative) total volume of tile void spimees.

As shown in Table 3.6.7.2. tie hounding value of the decay energy is 1 .39 10") NeVig( y).
[he fraction of turanium in L A), is (1 I' ) < 235 / (235 T 3 < 16) A ).80)55 gi! g material for

0.03 (3Y wvater). The correspondinng fraction f(or crystals is 235 ' 1235 1 2 K 16 1 2 -, (IW.1 31 16)

(2 16)1 0.4709 lii material For X () I(R) ( No) , 61 W I lie decay energies are
1.12 IV eNA y g material For I() with 3 i• 1,(1) and W 5 7 IV)l MeV y g material fior

SI(),(N( )). 6f 1,O.
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'fie hdrogen gencration ratcs for oxmides (0(J), t ý ,, and (I )) and uranyl niitrate crystals
(UI() Y(NO), Xft[0) are calculated \, it•l the expression presented carlier in this appendix. The amounts
of hydrogen tor 5 reel % arc div ided by the corresponding gencrati ate o give the time to reach
5 niol

Table 3.6.7.4 gives the total ,c eight of the material in the containers (W't) that wrill generate
enough hydrogen to reach 5 mol in 1 1 .20 or 0.5015 years as a function of the water content. The time
limits for shipping the material are set at 1 year and 5 months and the additional 0,20 year allows a
margin of safety in both cases. The watcr content considered is 3% for oxides and X valies of 6 and 3
(2 1.64 and 12.13%) for crystals. As indicated in the table, the weight for It(). is the smallest for the
oxides (15.13 kg).

The above calculations did not include the water from tie humidity in the air. As indicated in
Sect. 3.6.7.3, the mole fraction of water in the humid air is 0.03 1. Table 3.6.7.4 indicates the largest
initial air in empty void volume is on the order of 0.32 moles so the water from the humidity in the air is
on the order of 0.32 * 0.03 1 - 0.0t1 moles. The water content in the oxides is less than the crystals and
is on the order of 3% so this water is on the order of 15,130 0.03 / 1 8 25 moles. l'herefore, the
radiolvtic It., due to water from the humidity in the air is negligible.

3.6.7.9 Initial H, concentration

The resuLlts in Table 3.6.7.4 were calculated with the assumption that the initial IL. concentrations
were zero. It was suggested that a container stored tor a long period of time would need to be vented
before being placed in the ISS--3 100 in order to remove any IH, that accumulated in the container during
the storage period. An estimate of1'lie accumnulated fI, is calculated in this section.

The ii, generated in a container can leak out through tiny spaces in imperfect lids and by
permeation or diffusion through the walls of the container. The largest leaks are through tie tiny spaces
but they are difficult to characterize. (Tonsequently, this calculation conservatixely considers only
permeation and diffusion. Because permeation is usuall. a faster mechanism than diflfusion and is more
likely with plastics. the perineation model was used for the Teflon bottles. Siice metals are not very
piermieable, tile diffusion model was used for tlhe cans.

The rate of gas loss through permeation is givyen by

d(n!,) / dt ---- P, x A r , p,

wvhere
nI, is the amTournt of gas lost through permeation, nilol,
P,,, is the permeability. cur 7( Pa y);
P is the pressure increase over the initial vahie, Pa,
A is the cylindrical area of the Teflon bottle (4.69-in. diam x. 9 .4-in. tall, see Sect. I), 893.5 cin'
-r is tile thickness of the bottle (0.05-in. nominal thickness), 0I. 1270 c111• and
p, is the gas density, 4.087 x< 10 iol,/cnm for an ideal gas at 25`(' and I atm.

At steady state, the permreation rate is balanced by tile gas generation rate.

1.5 x d(nu_•) / (it P,3, x 1 x A/i x p P 1 1.5 x d(ni,) (it / 1P., K Air ý p<j]

wliere
d( nH') / (it is the Il) generation rate iII the bottle duhe to radiolysis, mol/v and
1.5 is a factor to account for the oxygen released xwith the hydrogen.
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Table 3.6.7.4. Combinations of weight and N-ater content that will generate 5 mol % hydrogen in 1.20 or 0.5015 %cars

Total Gas amounts Water Material Annual
Density Weight void (1nol) uranium radiation f;'(H) u, rate

content rate (toi/y)(kg/L) (kg) volume Initial I-!, for X ( 11/4) (gtig I " 00 ea )
(L) ai o wt% g/ at) I'Ve~v/(g mat v)j 1210~ mly( air 5 tool /0111

Ox' lve.N :.1,0-1 )/'.II 2

10.9 15.51 7.2095 0.2946N i 0.0 193 i 93.(0 (}.537 1 9f-[5 10.0407 (i.04 10 i 27- 2

t vi . , ( I 1 2/

38 15.3ý,3 6.793,) 0.217 76 o) o.0 I z0)I: 3. 0I.2 9 !. 15 0,0i404 0,041210 -i

()id.rk ' (Lo,/) /('I7 'A

T3 15.13 6.55 1 0.2_777 , .0-44 3.0 u.,1i53 I 5 040,2 0,0410 I 0i

4.,-,.47 7.'946 0.31,!52 I . 2 4 {L.17{)9 .7 1 4 o2.0) 7.2,1 1.3> -02

o.70 7 709 1 .2 ()() 120,03 .52 1 (..8114 (.1500 0.533 ) 1.25it2

2.1 *12 6.23>9) 0:25495 ).{37S 0 7> 6 21.64 0.+470) o.7i 14 0.0 6.26 .

2.81 1 1,90 5.2494 0.21451 0.01100 12. 13 ,0.52 1 14 0.1500 0.1530 2.23 -m2
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lh .stead\ -statC iole firction is,

where
t'i is the mole fraction of I I
2 3 i a factor to account for the fact that 13 of the pressure increase is due to oxygen: and
Pj, is the initial pressure in the bottle, 101325 Pa (I atm).

[he largest 1. v1eneration rate is 0.0265 mol y (]able 3.6.7.4) for 3 leflon bottles (see Sect. 3.1.4. I ).
Fihe '.alue for one bottle is 0.0265 3 - 0,0)0882 moliy. Permeability \alues for Teflon bottles can be
found at the Nalgeiuc lahbware Wcb site. In units of(cC - 1mm) (Im dlay l ar). these permeability values
are 4960 for N, 11I62' for 0•, and 34,100 for CO,. Ihe value fo•r I, would be expected to be larger
than these values; however, the smallest vauie (4960 for N,) was conservatively assumed for I L. When
converted to consistent units, the permeability used for II, is 0.000)1O 1 i cm '/( Pa v). With these values,
the steady-state pressure rise is 254.1 Pa, and the HI, mole fraction is 0.00 167 or less than 0.2%.

The rate of 1t, loss through di ffusion is given by

d(t,) dt--l) - , G A i.

where

n1) is the amlount of' H. lost through diffusion, moll
D is the diffusivit%, cm ,/y: and
(C is the [f, concentration increase over the initial % alue. inlol cm11:

At steady state, the diffusion rate is balanced by the t11 generation rate.

d(nu_,) dt C1) 'Ar ("Cd(n,) /dt (it1) A/ri

The steady-state mole fractimi is

f;,-- (V' . C) nit; n V' <p +P fl C, P(;

where
V. is the %volunie of the can (4.,25-in. dican 4.88-in. tall; see Sect. I), 1134.5 cml.

The largest 11, generatlon rate (0.0265 mol/v, ['able 3.6.7.4) is also conservatively applied
to four cans (see Sect. 3.1.4.1 ), and the value for one can is 0.0265 4 -- 0.00662 mol/y. The
cylindrical area of the can is 420.4 cm., and the thickness is 0.0762 cni (0.03-in. nominial thickness for
a nickel can). Presentation view graphs about hydrogen diffusion through metal pipelines indicate a wide
range of diffusiv'ity values at rooi10 temperatures and suggest that a value of about 5 x 10 c cm?,s is
probably a low number for plain steel without welds or rough surfaces. (Sudersanam 2005) Using these
valies, the It, mole fraction is 0.001 86, also less than 0.2%,.

B•oth permeation and dii fiision lead to H, concentrations less than 0.2 mole percent, which
are negligible compared it the 3% limit. Also, these arc conservative calculations in that they do not
consider leaks through can and bottle closure lids, which are expected to be much larger. The small
concentration (0.2 mol %) was used as an initial condition in the hydrogen generation calculations that
gave rise to mass loadings and the time limits to complete shipmnent of this material. Therefore, it will
not be necessary to vent the containers before loading theln into an FS-3 100 containment vessel. 0
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This report was prepared as an account of work sponsored by an agency of
the United States Government. Neither the United States government nor
any agency thereof, nor any of their employees, makes any warranty,
express or implied, or assumes any legal liability or responsibility for the
accuracy, completeness, or usefulness of any information, apparatus,
product, or process disclosed, or represents that its use would not infringe
privately owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or otherwise,
does not necessarily constitute or imply its endorsement, recommendation,
or favoring by the United States Government or any agency thereof. The
views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof.
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ABSTRACT

Plans are to convert the 237Np that is currently stored as a nitrate solution at the Savannah River Site

to NpO2 and then ship it to the Y-12 National Security Complex in Oak Ridge for interim storage. This

material will serve as feedstock for the 238pu production program, and some will be periodically shipped

to the Oak Ridge National Laboratory (ORNL) for fabrication into targets. The safe storage of this

material requires an understanding of the radiolysis of moisture that is sorbed on the oxides, which, in

turn, provides a basis for storage criteria (namely, moisture content). A two-component experimental

program has been undertaken at ORNL to evaluate the radiolytic effects on NpO 2: (1) moisture uptake

experiments and (2) radiolysis experiments using both gamma and alpha radiation.

These experiments have produced two key results. First, the water uptake experiments demonstrated

that the 0.5 wt % moisture limit that has been typically established for similar materials (e.g., uranium and

plutonium oxides) cannot be obtained in a practical environment. In fact, the uptake in a typical

environment can be expected to be at least an order of magnitude lower than the limit.

The second key result is the establishment of steady-state pressure plateaus as a result of the

radiolysis of sorbed moisture. These plateaus are the result of back reactions that limit the overall

pressure increase and H2 production. These results clearly demonstrate that 0.5 wt % H20 on NpO2 is

safe for long-term storage-if such a moisture content could even be practically reached.

xi
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1. INTRODUCTION

The Department of Energy (DOE) Office of Space and Defense Power, NE-50, is reestablishing

domestic production of 238Pu using existing DOE facilities. The feed material for the production is 237Np,

which is currently stored at the Savannah River Site (SRS). This material will be stabilized as an oxide,

packaged, and then transported to the Y-12 National Security Complex for interim storage. Y-12 will

then transfer material as'needed to Oak Ridge National Laboratory (ORNL). Target fabrication will occur

at the Radiochermical Engineering Development Center (REDC) Building 7930. The High Flux Isotope

Reactor (HFIR) at ORNL and the Advanced Test Reactor (ATR) at the Idaho National Engineering and

Environmental Laboratory (INEEL) will be used to irradiate 237Np-containing targets to produce 238pu.

The irradiated targets will undergo chemical processing at the REDC to (1) recover 238pu for shipment to

Los Alamos National Laboratory (LANL) and (2) recover 237Np for recycle.

Safety issues concerning transportation and long-term storage of neptunium are of a particular

concern to the program. The material and its packaging must comply with shipping standards as well as

provide for safe storage.

One aspect relative to the safe transport and storage of NpO2 is radiolysis of sorbed water. Current

safety analyses assume that all of the water absorbed on the surface of the NpO 2 can be radiolyzed to

gaseous hydrogen and oxygen, thus generating significant gas pressureswithin the storage containers.

Also, the potential for detonation of the hydrogen has been identified as a safety issue for transportation.

However, experimental work by Icenhour et al." using uranium oxides and uranium oxyfluorides has

demonstrated that radiolysis does not convert all of the water to H2 and 02 because of competing back

reactions that result in a pressure plateau, demonstrating that a steady state has been reached. In some

cases, the vessel actually goes to vacuum conditions as a result of the dominance of back reactions.

The use of high-dose-rate gamma and/or alpha irradiation capable of radiolyzing significant quantities

of the proposed materials in a short period of time is the only practical way to achieve the necessary doses

and thus assess potential long-term storage problems. A set of experiments was performed to irradiate

NpO2 samples that have sorbed moisture. This report provides a description of the experiments and the

results.

1
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2. BACKGROUND

The neptunium to be used as feed material currently exists in a nitrate solution in the SRS H-Canyon.

The neptunium solution, which contains about 500 ppm 231pu,5 will undergo chemical processing in a

glove-box line (HB-Line Phase II) to remove impurities and convert it to an oxide as depicted in Fig. 2.1.

The neptunium solution first undergoes a feed adjustment to 6-8 MHN0 3. The adjusted solution is

then fed into anion-exchange columns, where the neptunium nitrate complex absorbs, allowing most

metal impurities to pass through the column. Next, .a decontamination wash is performed to remove

residual impurities. Finally, a weak nitric acid solution is passed through the column to elute the

neptunium.

Once the anion-exchange process has been completed, the resulting neptunium solution is combined

with oxalic acid, which forms an insoluble neptunium oxalic precipitant. This product is filtered, and the

neptunium oxalate is then calcined at -600'C to convert the oxalate to oxide.

The oxide will be packaged in a can-bag-can configuration for shipment (Fig. 2.1). The inner can,

which contains up to 6 kg neptunium, is a screw-top, food-pack convenience can. Because no gasket or

sealing compounds are used on the closure, this inner can will not be gastight. The inner can is contained

in a heat-sealed polyethylene bag, which has an installed HEPA (high-efficiency particulate air) filter.

The can-bag will then be placed inside an outer can, which has a HEPA filter in its lid.* Finally, the

can-bag-can will be placed inside a 9975 primary containment vessel (PCV).6 SRS currently plans to

evacuate the PCV and backfill with argon. Because of the installed HEPA filters and the screw-top lid on

the inner can, the entire contents of the PCV will be evacuated and backfilled. This operation is expected

to reduce the 02 concentration inside the PCV to less than 5 vol %.

Concerns related to the long-term storage of the NpO2 are the potential for container pressurization

and/or the formation of H2 as a result of radiolytic decomposition of moisture that is sorbed on the oxide.

To address these concerns, NpO2radiolysis experiments have been conducted at ORNL using both

gamma and alpha radiation sources. Samples of NpO2 were prepared by the method expected to be used

at SRS (i.e., oxalate precipitation and calcination). Moisture was added to the samples to simulate water

uptake.

The equipment and experimental facilities described in this report have been used in similar studies

concerning gamma irradiation of uranium oxides and fluoride salts with various amounts of sorbed

water.1-4

'Because of ergonomic considerations, two bagged inner cans may be used instead ofjust one.

2
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Fig. 2.1. Schematic depiction of neptunium processing and packaging.
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3. EXPERIMENTAL

The experimental program was divided into three distinct activities: sample preparation, water

sorption studies, and radiolysis experiments.

3.1 SAMPLE PREPARATION

Twelve samples of NpO 2 were prepared and then irradiated to evaluate radiolytic decomposition of

water. The samples first underwent chemical processing at REDC Building 7930 to prepare the NpO2 in

a form similar to that expected from SRS.7 The water content and the surface area of the samples were

varied for the experiments.

In order to prepare NpO2 for these experiments, a batch of 80-100 g of NpO 2 was dissolved in nitric

acid. Some of the feed material was neptunium oxide originally obtained from LANL. The majority of

the material had been processed using hydroxide precipitation, oxalate precipitation, and ion-exchange

processing at the REDC. Because the neptunium product batches from the hydroxide precipitation and

oxalate precipitation processes were calcined at 1400'C, they were extremely difficult to dissolve.

Therefore, these various sources of neptunium were dissolved in 8 MHNO3 acid with 0.02 MNaF added

to the solution, followed by heating over a period of about 24 h to promote the dissolution. After

dissolution, the neptunium was adjusted to the 4+ valence state by addition of hydrazine followed by

ascorbic acid. A slight excess of oxalic acid was then added to precipitate the neptunium as neptunium

oxalate. The resulting material was filtered, dried, and fired to 650°C to convert the oxalate to oxide.*

Some material was fired at 800°C to change the surface area. Tables 3.1 and 3.2 provide isotopic and

chemical impurity results, respectively, from the analysis of NpO 2 prepared by the method described.

3.2 WATER SORPTION STUDIES

Neptunium oxide with varying amounts of sorbed water was needed for these experiments. The

amount of water sorbed as a function of time was determined by placing these materials in a controlled-

humidity environment. Humidities of 60 and 97.5% were used. The humidity was, controlled by

Note that at the time of this work, the exact calcination temperature had not yet been established. It is now
expected that the SRS material will be fired at temperatures between 600 and 650'C, depending on the capability of
the furnace used. This temperature range will have no effect on the results or conclusions described in this report.

4
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Table 3.1. Neptunium isotopic data

Isotopic abundance (wt %)
237Np 99.97361

239/2apu 0.02558

23 8PU 0.0008

Table 3.2. Metal ion impurity in NpO 2 samples

Element Concentration (/pg/g)

Al 1.38 x 104 ±1.38 x103

B 9.19 x 103=±=9.19 X10 2

Ba 6.03 x 103 ± 6.03 x 102

Be 4.25 x 1 ± 4.25

Ca 1.94 x 104i± 1.91 x 103

Cu 6.79 x 102 ± 8.49 x 10'

Fe 6.52 x 103± 1.36 x 103

K 8.43 x 103 ± 2.08x 10 3

Mg 1.41 x 104 1.31 x 103

Mn 2.34 x 102 ± 4.25 x 101

Na 5.44 x 104 ±5.44 x 103

Sb 3.27 x 103 7.22 x 102

Sr 3.40 x 102 ±3.40 x 101

5
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placing the NpO2 sample in a small open glass container, which, in turn, was placed ina glass desiccator.

The desiccant had been removed and was replaced with a small open container of dilute sulfuric acid to

yield the desired humidity. The NpO2 samples were periodically removed from the chamber and weighed

to determine the uptake of water. Table 3.3 provides relative humidity data for a number of sulfuric acid

solutions. (The vapor referred to is pure water.)

Table 3.3. Constant humidity control using sulfuric acid solutions"

Density of aqueous
H2S0 4 solution

Relative humidity Water vapor pressure at
(%) 20'C (mm Hg)

1.00
1.05
1.10
1.15
1.20
1.25
1.30
1.35
1.40
1.50
1.60
1.70

100.0
97.5
93.9
88.8
80.5
70.4
58.3
47.2
37.1
18.8

8.5
3.2

17.4
17.0
16.3
15.4
14.0
12.2
10.1
8.3
6.5
3.3
1.5
0.6 0

"From Handbook of Chemistry and Physics, 41 st ed., Chemical

Rubber Publishing Co., Cleveland, 1959, p. 2500.

3.3 RADIOLYSIS EXPERIMENTS

Radiolysis experiments were performed using both gamma and alpha radiation. The equipment used

for these experiments is described in Sects. 3.3.1 and 3.3.2.

3.3.1 Gamma Irradiation Experiments

Two different sources of gamma radiation were used: (1) the ORNL 60Co irradiator and (2) the HFIR

spent nuclear fuel (SNF) elements. In preparation of the samples, a calibrated pipette was used to add the

desired amount of water.

6
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3.3.1.1 6"Co irradiation experiments

A J. L. Shepherd model 109-68 (serial no. 654) 6
°Co gamma irradiator (shown in Fig. 3.1), providing

a dose rate of about 10' rad/h, was used for the experiments. The sample container itself is shown in

Fig. 3.2, while Fig. 3.3 shows the samples installed in the irradiator prior to being lowered into the device.

A detailed description of the irradiator and the methods used to calculate the dose to the samples (for both

the 60Co source and HFIR SNF elements) is provided in Ref. 8.

The samples to be irradiated were placed in stainless steel containers, each of which had a small-

diameter stainless steel tube connected at one end for pressure sensing and a capped opening at the other

end for loading samples. The container was connected by small-diameter tubing to a stainless steel

Nupro® valve and an MKS Baratron® pressure transducer (Type 127A). The material to be irradiated was

loaded through a stainless steel VCR gland on one end of the container.

Preparation of sample containers for their insertion into the 'Co irradiator consisted of leak checks,

volume measurements, and loading of the samples into the containers. As part of their fabrication, the

containers were leak checked with air to a pressure of about 6.8 atm (100 psia).

Just before their.use, the containers were leak checked again, using both pressure (typically

-3 atm) and vacuum. The volume of the irradiation rig (i.e., the sample container, tubing, valve, and

pressure transducer) was measured by expanding helium from a known volume into the rig, observing the

pressure change, and applying the ideal gas law. The volume of each of the tubes used in the experiments

is presented in Table 3.4.

Fig. 3.1. ORNL "Co irradiator. Fig. 3.2. Sample container and
pressure transducer used in the "Co
irradiations.

7
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Fig. 3.3. Irradiation chamber of ORNL 66Co irradiator
with sample containers installed.

Table 3.4. Volume of sample containers
used in irradiation experiments

Container Volume (cm 3)
60Co Np Tube 1 16.7,

60Co Np Tube 2 16.6

6"Co Np Tube 3 16.4
6 0Co Np Tube 4 16.1

HFIR Np Tube 1 34.6

HFIR Np Tube 2 49.7

HFIR Np Tube 3 50.8

HFIRNp Tube 4 35.4

Alpha NpTube 1 13.1

Alpha Np Tube 2 13.3

AlphaNp Tube 3 13.5

Alpha Np Tube 4 13.7

Alpha Np Tube 5 13.1

0

8
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A computerized data acquisition system was used to collect data during each irradiation. Validyne®

hardware and software were used, providing up to eight data channels per card. The data acquisition

system is shown in Fig. 3.4. Typical parameters recorded during an irradiation included container

pressure, temperature of selected containers, and ambient pressure and temperature.

3.3.1.2 HFIR SNF irradiation experiments

To obtain higher dose rates, the HFIR SNF gamma irradiation facility (shown in Fig. 3.5) was also

used. Figure 3.6 depicts the experimental configuration for these irradiations. Samples can be irradiated

in the HFIR SNF pool by inserting them into SNF elements. The SNF elements are cylindrical with a

hollow center. In its storage position in the SNF pool, a cadmium sleeve inside the hollow region of the

element absorbs neutrons. Hence, the hollow region of the fuel element primarily provides a gamma field

for irradiation. The neutron flux in this region is about 100 neutrons • cm- • s-'. The contribution of

neutrons to the radiation damage is negligible when compared with the very large gamma field. Exposure

rates vary from about 10' to 10' R/h, depending on the time since the discharge. of the SNF from the

reactor.

A multiple-irradiation container was used for the irradiation of four samples at once (Fig. 3.7). Small

sample containers consisting of 1.27-cm-diam stainless steel tubing were placed inside an outer container,

which was fabricated from 8.9-cm-diam, 44-cm-long stainless steel pipe. The outer container was closed

at one end and had a Conflat flange on the other end. The flange contained five penetrations. Four were

used to connect the smaller inner containers to 0.3 18-cm-diam stainless steel tubing, while the fifth

connected the void volume of the outer container to 0.318-cm-diam stainless steel tubing. In each case,

this tubing was about 6.1 m long and was connected to a pressure transducer and to a valve.

The volume of each of the sample containers, which included sampling lines and pressure

transducers, is presented in Table 3.4. Before the experiment was transported to the HFIR for insertion in

an SNF element, the samples Were loaded in air and the outer container was pressurized to 1.7 atm

(10 psig), as required by HFIR operations personnel.

Sensotec® (model FPA, 0-50 psia) pressure transducers were used for the four inner sample

containers. A Kobold® (model KPK, 30 in. Hg to 100 psig) compound pressure transducer was used to

monitor the pressure in the large outer vessel. A computerized data acquisition system was used to record

the pressure throughout the experiments.

9
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Fig. 3.5. SNF elements in the HFIR SNF pool.

Fig. 3.4. Data acquisition computer
in operation at the ORNL 6"Co source.

ORNL DWG 99C-487

Fig. 3.6. Schematic of the experimental configuration for gamma irradiation experiments
with a HFIR SNF element.

10
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Fig. 3.7. Multiple-irradiation container
used in HFIR SNF irradiations.

3.3.2 Alpha Radiolysis Experiments

To perform the alpha radiolysis experiments, neptunium samples were spiked with 2 44Cm to mimic

the dose from 238pu, but in a shorter time period reasonable for the present experimental study. Note that

the neptunium in storage at SRS contains about 500 ppm 238pu. Samples of NpO 2 containing about

7000 ppm 244Cm realized a dose rate about 70 times that for the SRS material, as illustrated in Figure 3.8.

An example of the radionuclide composition and dose contribution data for the curium used is presented

in Table 3.5. This table demonstrates .that while 40 wt % of the material used to spike the samples was
24°pu, more than 99% of the dose was delivered by the parent isotope, 244Cm.

A portion of the dissolved neptunium was set aside for alpha radiolysis experiments. The neptunium

was adjusted to the 4+ valence state and diluted to 1-2 MHNO3. A small aliquot of 24Cm was then

mixed with the neptunium solution, and oxalic acid was added to form both neptunium and curium

oxalate. The oxalate product was filtered, dried, and calcined at 650'C. The resulting oxide was then

divided into four samples, one of which was further heated to 800'C.

11
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Fig. 3.8. Comparison of doses to NpO, samples using 500 ppm '"8Pu and 7000 ppm '"Cm.

Table 3.5. Example of radionuclide composition and dose contribution
data for a NpO, sample spiked with 244Cm

Half-life Specific Average alpha Composition Contribution to
Radionuclide (years) activity (Ci/g) energy (MeV) (wt %) dose (%)

244Cm 18.11 80.9 5.7965 50.34 99.74

245Cm 8500 0.1717 5.363 1.36 0.01

246Cm 4730 0.3072 5.376 7.31 0.05

247Cm 1.56 x 10' 9.20 xl0 4.9475 0.12 2.34 x 10 7

248 Cm 3.40 x 10' 0.00424 4.6524 0.07 5.72 x 10 6

24°pu 6563 0.22696 5.1549 40.04 0.20

241pu 14.4 103 0.000118 2.01x 10 6 1.03 x 10 '
242PU 3.76 x 10' 0.003926 4.89 1.93 x 10-' 1.57 x 10 9

243Am 7380 0.1993 5.2656 0.76 3.37 x 10 '

12
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The samples were placed in stainless steel containers, and the desired amount of water was then

added. The containers were connected by a small-diameter stainless steel tube to a Sensotec pressure

transducer and to a valve (Fig. 3.9). Filter gaskets (0.5-jtm sintered frit) were used in the VCR face-

sealed connections to prevent movement of particles and the spread of contamination. An Omega®

Type K thermocouple was attached to the outside of each sample container. The void volume of the

containers was measured by expanding helium from a known volume. (The measured volumes are shown

in Table 3.4.) Samples were prepared and loaded into the containers in a glove box.

3.4 SAMPLING AND ANALYSES

At the completion of the irradiations, gas samples were withdrawn and analyzed by mass

spectrometry.

Fig. 3.9. Sample container and pressure transducer used in the alpha
radiolysis experiments.
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4. RESULTS AND DISCUSSION

4.1 WATER SORPTION EXPERIMENTS

The results for the water sorption on the samples prepared at 650'C are shown in Fig. 4.1, where

the weight gain (i.e., amount of water sorption) of the NpO2 sample is depicted as a function of time for

two different relative humidities. The sample exposed to the 97.5% humidity exhibited an increase in

moisture uptake to a limiting value of about 1 wt %. Interestingly, at about 30 days, the lid to the

chamber containing the sample was left off, thereby lowering the relative humidity over the sample to that

of the glove box. The amount of moisture on the sample rapidly decreased, and, when the lid was

replaced, the amount of moisture returned to the previous limit. For the sample exposed to the 60%

humidity, a much lower moisture uptake limit was reached-about 0.02 wt %. A similar behavior was

seen for the samples prepared at 800'C (not shown in this report). For these samples, the maximum

moisture uptake was 0.8 wt % in the 97.5% humidity, while the maximum was about 0.02 wt % in the

60% humidity.

The water sorption experiments showed that in practical humidities, NpO. sorbs very little water.

Even in the case of extreme humidity (i.e., 97.5%), the sample prepared at 650'C sorbed quantities of

water only up to '-I wt % (Fig. 4.1). Furthermore, this water was held very loosely on the surface-as

demonstrated by the overnight occurrence described in the paragraph above. However, in the more

normal operational case of 60% relative humidity, the maximum water uptake was about 0.02 wt %.

Taking these results in a broader perspective, it is worth noting that the plutonium and 233U storage

standards9"' have been set with the maximum acceptable moisture content at 0.5 wt %. With such

precedents, we expect an identical limit will be established for the NpO 2 that is to be prepared at SRS. In

light of the current moisture uptake data for the Npo 2 prepared at 650°C, and based on similar results

obtained at 75% relative humidity by the Savannah River Technology Center,'1 the storage standard limit

of 0.5 wt % could never be reached in normal operating or storage conditions where humidity levels are

controlled at 60-75%.

4.2 GAMMA RADIOLYSIS EXPERIMENTS

Irradiation experiments were conducted for a number of NpO2 samples using either the ORNL 6"Co

source or HFIR SNF elements. Table 4.1 provides a summary of the irradiation experiments performed.

The results obtained from these radiolysis experiments are presented in Sects. 4.2.1 and 4.2.2.

14
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Fig. 4.1. Moisture uptake data for NpO2 prepared at 650°C.
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Table 4.1. Summary of gamma irradiation experiments performed

Experiment Materiala Mass (g) Total dose (MGy)

6"Co Np Tube I NpO2 (650°C) 3.9593 4.2
6°Co Np Tube 2 NpO 2 (650'C) 4.3152 4.1

+ 8 wt % H20
60Co Np Tube 3 NpO 2 (650'C) 3.9832 4.2

+ I wt % H20
61Co Np Tube 4 NpO 2 (800°C) 3.9886 4.2

+ 1 wt % H20

HFIR Np Tube I NpO2 (650'C) 3.9530 613

HFIR Np Tube 2 NpO2 (650°C) 3.9908 612
+ 1 wt % H20

HFIR Np Tube 3 NpO2 (650°C) 4.2806 595
+ 8 wt % H20

HFIR Np Tube 4 NpO 2 (800°C) 4.0227 611
+ I wt % H20

Value in parenthesis denotes preparation temperature.

4.2.1 Pressure Measurements

Pressure within the sample containers was monitored throughout the irradiations, and the pressure

data from each of the gamma radiolysis experiments are shown in Figs. 4.2-4.9. The pressure and gas

yield (millimoles of gas per gram of sample) are plotted as a function of dose in each of the figures. The

gas yield was calculated using the' ideal gas law.

Container temperatures in the 6"Co irradiator were measured to be about 28°C. For the HFIR

multiple-vessel irradiations, the temperature was estimated to average about 55°C, based on earlier

experiments.' For this earlier work, the temperature typically ranged from 50 to 60'C, with several short

transients upon insertion of the experiment into a fresh element. The difference in temperature between

the 60Co and HFIR irradiations did not appear to have a measurable effect on the irradiation results, other

than accounting for the slight pressure differences due to gas, expansion.
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Fig. 4.2. Pressure and gas yield as a function of dose for sample 60Co Np Tube 1
[60Co-irradiated NpO, (650°C)I. "
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Fig. 4.3. Pressure and gas yield as a function of dose for sample 'Co Np Tube 2
I6Co-irradiated NpO, (650'C) + 8 wt % HO.
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Fig. 4.7. Pressure and gas yield as a function of dose for sample HFIR Np Tube 2
[HFIR SNF-irradiated NpO2 (650'C) + 1 wt % H,01.
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Fig. 4.9. Pressure and gas yield as a function of dose for sample HFIR Np Tube 4
[HFIR SNF-irradiated NpO, (800'C) + 1 wt % H,01.

The gap in the data for the 6°Co irradiations between about 0.5 and 1 MGy for Figs. 4.2-4.5 occurs

because the data acquisition system was not working properly during that period. The slope of the gas

yield vs dose curve gives (with unit conversion) the G-values that are indicated on the figures for the 6"Co

experiments.

For the 60Co experiments, the sample that was dry (Fig. 4.2) showed a small pressure increase,

followed by a.steady pressure decrease. Most of the increase can be attributed to the slight heating of the

sample upon insertion into the irradiator. For the sample that contained 8 wt % moisture (Fig. 4.3), a

steady pressure increase was seen. However, the rate of increase appears to slow with higher doses-as

evidenced by the two G-values on the plot. This change in slope (G-value) is typical of an approach to a

steady-state kinetic condition. The two 6°Co-irradiated samples that contained 1 wt % moisture showed a

slightly different behavior. The sample prepared at 650 0C (Fig. .4.4) showed a small initial pressure

increase (from about 773 to 778 torr, see insert), followed by a rather rapid pressure decrease to

essentially a steady-state value of about 760 torr. The sample prepared at 800'C (Fig. 4.5) had an initial

pressure increase, which, similar to that presented in Fig. 4.4, could represent the combined effect of

heating the sample (with a concomitant increase in vapor pressure of the moisture on the sample) and

radiolysis of the moisture on the sample. Afterwards, the pressure was seen to steadily decrease.
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For each of the HFIR SNF experiments (Figs. 4.6-4.9), a number of pressure transients are seen (i.e.,

at about 0, 90, and 350 MGy). These transients correspond to the insertion of the experiment into a fresh

SNF element (i.e., one that was more recently discharged from the reactor and therefore of much greater

gamma intensity).' The transient seen at about 550 MGy reflects an adjustment in the SNF pool

temperature. The gap in the data shown in Figs. 4.6-4.9 between about 100 and 200 MGy occurred

because the data acquisition system was not working properly during that period.

Each of the HFIR SNF-irradiated samples generally exhibited a similar behavior. Upon insertion into

a fuel element, a pressure increase was observed, followed by a pressure decrease. In fact, if one

disregards the transients, the overall trend is a pressure decrease. The increases during the transients are

larger for the moisture-loaded samples (Figs. 4.7-4.9) than for the dry sample (Fig. 4.6). Again, the

combined effects of heating and radiolysis are occurring during these transients.

In Fig. 4.8, which represents a HFIR sample that is heavily loaded with water, an additional transient

is seen between about 220 and 350 MGy. The pressure is observed to quickly drop and then rise steadily.

Otherwise, the behavior is very similar to that for the other samples. No explanation has been found for

this transient, nor did time permit further exploration of this observation.

4.2.2 Gas Analyses

Results from the gas samples withdrawn from the containers at the completion of the irradiations are

presented in Tables 4.2 and 4.3 for the 6"Co and the HFIR SNF experiments, respectively. Pressure and

temperature data are also included in the tables. The values labeled as "initial" are those at the beginning

of the experiment. The "final" values were taken just prior to withdrawal of the gas sample. As indicated

in the tables, both the 6"Co and HFIR SNF experiments were loaded in air. However, there was a small

amount of residual helium in each of the containers after leak testing.

To provide better insight into the change in the gas composition as a result of irradiation, the changes

in the number of moles of 02, C0 2, and H2 were calculated by assuming that the starting sample

atmosphere was the standard air composition (less any residual helium in the sample tubes).12 The results

of these calculations are shown in Table 4.4. To put the measured H2 yields in perspective, Table 4.5

provides the H2 yields as a mole percentage of the initial amount of water available for radiolysis.

Additionally, for the samples that had a net oxygen production, the 0 2-plus-CO2 yields as a mole

percentage of the initial amount of water available for radiolysis are presented in Table 4.5.

The gas analysis for the °Co-irradiated samples containing • 1 wt % H20 showed, in general, 02

consumption and a small amount of H2 production (<1 vol %). A small amount of NOx was also detected

* The insertion into a fresher element increases both the sample temperature and the radiolysis of any moisture
that is present.
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for each of the samples, which is a typical occurrence in the radiolysis of moist air.'3-' 5 Because this

phenomenon is of no significance in the interpretation of the overall radiolysis experiments, it is not

discussed further. The 6Co-irradiated sample containing 8 wt % H20-which was clearly much greater

than any amount of moisture possible by physi- or chemisorption-exhibited both H2 and 02 production.

In fact, Table 4.4 shows that this production was nearly stoichiometric. For the 1 wt % moisture-laden

samples, the 02 consumption is nearly balanced by CO2 production. For the dry NpO 2, the CO 2

production is about one-tenth the 02 consumption. For each. of the °Co-irradiated samples that contained

water, a very small percentage of the available water was found as H2 gas after irradiation (Table 4.5).

Table 4.2. Results of mass spectrometric analysis of gas composition from
6°Co-irradiated NpO2 samples

6"Co Np Tube 2 6°Co Np Tube 3 60Co Np Tube 4
6"Co Np Tube 1 [NpO2 (650"C) [NpO2 (650 0C) [NpO, (8000C)
1NpO 2 (650°C)I + 8 wt % H201 + wt % H2 01 +1 wt% H20

Initial atmosphere Air Air Air Air

Initial pressure' (torr) 741 749 773 738

Initial temperature" (°C) 22 22 22 22

Final pressureb (torr) 709 952 764 746

Final temperatureb (,C) 25 25 25 25

Gas composition (vol %)

CO2  0.89 1.1 2.05 4.9

Ar 1.04 0.8 0.98 1.01

02 15.07 21.08 18.22 13.38

N2  80.13 62.4 74.52 77.32

H2 - 0.01 12.01 0.94 0.24

He 2.25 2.07 2.9 1.7

H20 0.48 0.35 0.1 0.09

NO; 0.1 0.03 0.13 1.22
a Value at beginning of the experiment.
b Value just prior to withdrawal of gas sample.
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Table 4.3. Results of mass spectrometric analysis of gas composition from
HFIR SNF-irradiated NpO, samples

HFIR Np Tube 2 HFIR Np Tube 3 I-
HFIR Np Tube 1 - JNpO2 (650°C) [NpO, (650'C)
[NpO 2 (650°C)1 + 1 wt % H101 +8 wt % H01

Initial atmosphere

Initial pressure" (torr)

Initial temperatureab (QC)

Final pressurec (toff)

Final temperaturecd ("C)

Air

759

40

629

55

Air Air

766 739

40 40

645 1376

55 55

Gas composition (vol %)

IFIR Np Tube 4
[NpO, (800'C)
+ 1 wt % H2O0

Air

766

40

678

55

CO 2  2.32 0.04 0.005 1.68

Ar 1.23 1.27 0.59 1.22

02 3.21 0.06 16.84 0.04

N2  90.09 96.13 45.96 96.6

H2  0.05 0.006 35.46 0.026

He 2.05 1.9 0.9 0.13

CO 0.1 <0.01 <0.01 <0.01

NO, 0.9 0.54 0.16 0.15
' Value at beginning of the experiment.
b Typical SNF pool temperature.
' Value just prior to withdrawal of gas sample.
d Average temperature of container inside element (based on previous experiments).
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Table 4.4. Estimated change in gas composition for selected experiments as a result of radiolysis

Experiment MateriaP A 02 (mol) A CO 2 (mol) A H2 (mol)

6
°Co Np Tube 1

6°Co Np Tube 2

6°Co Np Tube 3

6°Co Np Tube 4

HFIR Np Tube 1

HFIR Np Tube 2

HFIR Np Tube 3

HFIR Np Tube 4

Alpha Np Tube 1

Alpha Np Tube 2

Alpha Np Tube 3
(first gas sample)

Alpha Np Tube 4

Alpha Np Tube 5

NpO2 (650'C)

NpO 2 (650°C)
+ 8 wt % H20

NpO2 (650'C)
+ 1 wt % H20

NpO 2 (800°C)
+ I wt % H20

NpO2 (650'C)

NpO2 (650'C)
+ I wt % H20

NpO2 (650'C)
+ 8 wt % H20

NpO 2 (8000)

+ I wt % H20

NpO2 (650'C)

NpO 2 (650'C)
+ 1 wt % H20

NpO 2 (650 0C)
+ 8 wt % H20

NpO2 (800'C)
+ 1 wt % H20

NpO2 (650°C)
+ 0.5 wt % H20

-4.1 x 10-5

3.9 x 10-'

- 1.7 x 10-1

-4.5 x 10-'

-2.4 x 10-4

-4.0 x 10-4

1.8 x 10-4

-2.9 x 10-4

-5.4 x 10-5

5.2 x 10-'

8.7 x 10-4

7.5 x 10-6

b

5.3 x 10-6

8.7 x 10-6

1.3 x 10-1

3.7 x 10-5

2.4 x 10-'

2.4 x 10-8

-4.2 x 10-7

1.9 x 10-5

6.5 x 10-6

-9.6 x 10-8

1.2 x 10-6

.4.1 x 10-7

b

6.2 x 10-8

9.8 x 10-5

6.2 x 10-6

1.5 x 10-6

5.3 x 10-7

9.3 x 10-8

1.2 x 10-1

3.0 x 10-7

8.7 x 10-7

1.1 X 10-4

1.7 x 10-'

8.1 x 10-1

6.9 x 10-6

a Value in parenthesis denotes preparation temperature.
b Excess 02 was initially present in transducer region of sample; therefore, change in 02 and CO2

cannot be estimated.
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Table 4.5. Estimated H2 production as a percentage of initial
amount of water available for radiolysis

Ratio of H2 production Ratio of 02 + CO 2
Material' to water available production to water

for radiolysis available for radiolysis

(mol %) (mol %)

60CoNpTube2 NpO2 (650'C) 0.55 0.27+ 8 wt % H200.5.2

6°CoNpTube 3 NpO 2 (650'C) 0.28 b
+ I wt % H20

6°Co Np Tube 4 NpO 2 (800 0C) 0.068 b
+ I wt %H20

HFIR Np Tube 2 NpO 2 (650 0C) 0.0042 b+ 1 wt%H 20

HFIR Np Tube 3 Np+ 2 (650'C) 6.7 0.99p +8wt%H 20

HFIR Np Tube 4 NpO2 (8000C) 0.014 b+ I wt % H20

Alpha Np Tube 2 NpO 2 (650'C) 6.8 3.2+ I wt % H20

Alpha Np Tube 3 NpO 2 (650'C) 13 6.6
(after first gas + 8 wt % H20

sample)

Alpha Np Tube 4 NpO 2 (8000C) 4.7 0.46+ 1 wt % H20

Alpha Np Tube 5 + 6
0.5w 0.8 0

Value in parenthesis denotes preparation temperature.
b For this sample, there was a net consumption of 02.
'Not available, because the initial 02 composition over the sample was not well known.
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The NpO 2 samples containing I wt % H20 that were irradiated in HFIR SNF elements (Figs. 4.6,

4.7, and 4.9) exhibited an overall pressure decrease. The gas analyses for these samples showed that the

02 was almost completely consumed while only a trace of H2 was produced. The CO2 production was

_• 10% of the 02 consumption for HFIR Np Tube 1 and HFIR Np Tube 4. Only a trace of CO2 was

produced for HFIR Np Tube 2. By contrast, the sample containing 8% water (Fig. 4.8) had a net pressure

increase. In this experiment, the pressure appeared to peak and then slowly decrease. The gas analysis

for the 8% sample showed that a rather large amount of H2 (-35 vol %, Table 4.3) was produced. It also

appears from this table alone that a stoichiometric amount of 02 was produced; however, closer

examination of the net change in each component (Table 4.4) shows that the net 02 production was 15%

of the hydrogen production. Only in the case of HFIR Np Tube 3 was the H2 production a significant

fraction of the available H20 (Table 4.5).

4.3 ALPHA RADIOLYSIS EXPERIMENTS

Table 4.6 provides a summary of the alpha irradiation experiments that were performed. Irradiation

times ranged from 110 to 295 days. Considering the higher dose rate of the 244Cm as compared with the
238pu (see Fig. 3.8), this would correspond to equivalent irradiation times ranging from 21 to 57 years, for

the SRS neptunium.

Table 4.6. Summary of alpha irradiation experiments performed

Experiment Material' Mass (g) 244Cm added (mg) Total dose
(MGy)b

Alpha Np Tube 1 NpO2 (650 0C) 2.95 18.72 280

Alpha Np Tube 2 NpO2 (650°C) 2.96996 18.66 439
+ 1 wt % H20.

Alpha Np Tube 3 NpO 2 (650°C) 3.175 18.66 410
+8 wt% H20

Alpha Np Tube 4 NpO2 (800'C) 3.130 19.68 439
+ 1 wt% H20

Alpha Np Tube 5 NpO2 (650'C) 2.96475 1.8.72 166
+ 0.5 wt % H 20

'Value in parenthesis denotes preparation temperature.
bDose calculated by depositing all of the alpha decay energy in the sample (i.e., NpO 2 + H20).
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4.3.1 Pressure Measurements

Pressure within the sample containers was monitored throughout the irradiations, and the pressure

data from each of the experiments are shown in Figs. 4.10-4.14. G-values, which were calculated from

the slope of the curves, are also presented in these figures.

The dry NpO2 sample (Fig. 4.10) exhibited a steady pressure decrease. As seen in Fig. 4.10, a gas

sample was withdrawn from Alpha Np Tube 1 after a dose of about 140 MGy. The tube was then

backfilled with 02 to a total pressure of about 1350 torr. The pressure again decreased, although at what

appears to be at a higher rate than previously seen. Additionally, with increasing dose, the pressure

appears to approach a steady state. After about 280-MGy total dose, this tube (which contained dry

NpO2) was opened and 0.5 wt % moisture was added. This sample then became experiment Alpha Np

Tube 5 (Fig. 4.14).

Both of the samples that contained I wt % moisture (Figs. 4.11 and 4.13) exhibited similar behavior.

The pressure steadily increased and approached what appeared to be a plateau. A gas sample was

withdrawn from Alpha Np Tube 2 (Fig. 4.11) after a dose of about 140 MGy. The tube was then vented

to the glove box and isolated. The experiment continued, whereupon the pressure increased slightly,.

followed by an overall decrease. Hence, the plateau that was seen just before gas sampling was probably

a peak--one that would have been followed by a pressure decrease had a gas sample not been withdrawn.

Similar to Alpha Np Tube 2, a gas sample was withdrawn from Alpha Np Tube 4 after a dose of

about 140 MGy (Fig. 4.13). This tube was then vented to the glove boxand resealed, and the experiment

continued. Again, the pressure increased slightly, followed by a decrease.

For Alpha Np Tube 3 (Fig. 4.12), gas samples were withdrawn after about 80- and 130-MGy total

dose. The tube was vented to the glove box (no gas sample taken) after a dose of almost 250 MGy. It

was then resealed, and the experiment was continued. However, a final gas sample was not withdrawn.

Throughout the irradiation of Alpha Np Tube 3, a steady pressure increase was noted. After each sample

withdrawal or pressure reduction, the rate of pressure increase slowed, as shown by comparing the

G-values for each segment. These decreasing G-values again indicate the approach to a steady state.

The sample that contained the 0.5 wt % moisture (Fig. 4.14) showed a steady pressure increase to a

plateau. This sample had originally been the dry NpO 2 (Alpha Np Tube 1), which had been exposed to

excess oxygen. As seen in Fig. 4.14, a gas sample was withdrawn from Alpha Np Tube 5 after a total

dose of about 130 MGy.
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Fig. 4.10. Pressure and gas yield as a function of dose for sample Alpha Np Tube 1 [
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Fig. 4.11. Pressure and gas yield as a function of dose for sample Alpha Np Tube 2 12"Cm
alpha-irradiated NpO, (6500) + 1 wt % HO1.
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Fig. 4.13. Pressure and gas yield as a function of dose for sample Alpha Np Tube 4 ['Cm
alpha-irradiated NpO2 (800'C) + 1 wt % H2OI.
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Fig. 4.14. Pressure and gas yield as a function of dose for sample Alpha Np Tube 5 [4"Cm alpha-
irradiated NpO, (650'C) + 0.5 wt % H201.

4.3.2 Gas Analyses

Gas samples were periodically withdrawn from the containers during the experiments. Analytical

results for these samples are presented in Table 4.7, which also includes pressure and temperature data.

As in the gamma irradiation experiments, the values labeled as "initial" are those at the beginning of the

experiment or, in the case of multiple gas samples, the value just after sampling. The "final" values are

taken just prior to withdrawal of the gas sample.

The calculated changes in the moles of 02, CO 2, and H2 (assuming that the starting sample

atmosphere was the standard air composition,' 2 less any residual helium in the sample tubes) are shown in

Table 4.4. (No such calculation was made for Alpha Np Tube 5. While air was present immediately over

this sample, the sample initially had additional 02 and helium that were present in the pressure-transducer

region.) Table 4.5 provides (1) H2 yields and (2) 0 2-plus-CO2 yields (for the samples that had a net

oxygen production) as a mole percentage of the initial amount of water available for radiolysis.
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Table 4.7. Results of mass spectrometric analysis of gas composition from alpha-irradiated NpO2 samples

Alpha Np Tube A Alpha Np Tube 2 A +8 T H Alpha Np Tube 4 Alpha Np Tube 5
NpO2 (650oc) NpO2 (650°C) NpO 2 (650'C) + 8 wt % H20 NpO2 (800°C) NpO2 (650°C)

+ 1 wt % H20 First gas sample Second gas sample + 1 wt % H20 + 0.5 wt % H20

Initial atmosphere Air Air Air First gas sample Air Air/excess 02'

composition (no
helium)

Initial pressureb (tort) 739 738 740 2683 740 735

Initial temperature' (°C) 19.5 17.2 18.3 18.9 19.5 19.8

Final pressurec (torr) 656 986 4601 4292 881 786

Final temperaturec (°C) 19.6 19.6 18.9 18.5 19.1 23.0

Gas composition (vol %)

CO2  0.9 0.1 0.04 0.025 0.07 0.02

Ar 0.65 0.54 0.2 0.1 0.61 0.47

02 7.4 17.27 28.9 30.16 14.26 42.63

N2  52.0 44.4 17.52 7.95 50.79 54.11

H2  0.12 11.72 50.26 58.57 9.54 1.27

Hed 38.03 25.55 2.85 2.97 23.92 1.09

H20 0.2 0.1 0.2 0.2

NO, 0.6 0.39 0.05 0.02 0.6 0.4

CH4  0.004, 0.003 <0.01 <0.01 0.005 <0.01

CO <0.01 <0.01 <0.01 <0.01 <0.01 0.006
a Tube 5 was made by taking the Tube 1 experiment and adding 0.5 wt % water. Prior to this addition, Tube 1 had been backfilled with 02. Because the

pressure transducer and sampling line were not flushed with air prior to the water addition, the initial atmosphere in the pressure-transducer region likely had an
excess of 02. The atmosphere directly over the sample was air.

b Value at beginning of experiment or just after previous gas-sampling operation.
C Value just prior to withdrawal of gas sample.
d Helium was an artifact of the sampling method.
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The dry NpO2 sample that was irradiated with the alpha from 244
Cm (Fig. 4.10) showed a pressure

decrease to vacuum (i.e., a pressure less than atmospheric). The gas sample from this experiment

confirmed that 02 was consumed. After the gas sample was withdrawn, this container was backfilled with

02 and the sample pressure continued to decrease, likely from further 02 consumption. (A final gas

sample was not withdrawn.)

Both of the alpha-irradiated NpO2 samples that had 1 wt % sorbed moisture exhibited a pressure

increase to an apparent steady-state plateau at -100-130 MGy (Figs. 4.11 and 4.13). The sample

prepared at 650'C increased about 250 torr, while that prepared at 8000C increased about 140 torr. The

steady-state plateau represents a situation in which back reactions (i.e., H2 and 02 recombination) balance

forward reactions (i.e., H2 and 02 production). The gas analysis results for these two experiments

revealed that both H2 and 02 were produced. For Alpha Np Tube 2, a stoichiometric mixture of H2 and 02

was present at the plateau. However, for Alpha Np Tube 4, the 0 2production was only about 10% of the

H2 production (Table 4.4). A small amount of NO. was also detected. After sampling, both tubes were

vented with the glove-box atmosphere and then closed. Both experiments showed a small pressure

increase followed by a decrease, probably indicating the consumption of some excess 02 in the system, as

was seen before in other experiments. However, a final gas sample was not taken.

The alpha-irradiated NpO 2 sample that contained 8 wt % H20 exhibited a steady increase in pressure

(Fig. 4.12). The initial gas analysis of a sample taken after 80-MGy total dose showed that both H2 and

02 were produced in stoichiometric proportions. A second gas sample after about 130 MGy showed

further H2 and 02 production. As indicated in Fig. 4.12, the pressure increased at a decreasing rate;

however, for this experiment, a pressure plateau had not been reached by the time the experiment was

terminated.

The alpha-irradiated NpO2 sample containing 0.5 wt % H20 (equivalent to the limit established for

the SRS material) showed a small pressure increase to a steady-state plateau (Fig. 4.14). The gas analysis

showed that H2 was produced. A conclusion about the production or depletion of 02 cannot be made for

this sample because of excess 02.in the pressure-transducer region.* However, any 02 production should

be bounded by the results from the 1 wt % experiments.

Alpha Np Tube 5 was prepared by opening Alpha Np Tube 1 and adding 0.5 wt % H20. However, the
atmosphere in the experimental rig was not purged. Although glove-box air was directly over the NpO2 sample, it is
likely that a slug of 02-rich air (from the previous operations on Alpha Np Tube 1) resided in the transducer region
of the experimental rig.
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4.4 OVERVIEW OF RADIOLYTIC MECHANISM

All of these experiments demonstrate some common trends. First, water radiolysis alone is a rapid

process relative to other chemical processes that are occurring simultaneously. Second, when the water

content is • 1%, the overall pressure in the system generally decreases (or peaks after small pressure

increases and then decreases). Third, oxygen is both produced and consumed as a result of radiolytic

reactions and, in the long-term, consumption will be the dominant effect.* This consumption is especially

evident when oxygen is added during the course of the experiment (see Fig. 4. 10). Fourth, limiting

pressures (steady-state plateaus) are either reached or approached. Fifth, minor products such as CO 2 and

NO, are produced. All of these phenomena are consistent with previously reported fundamental reactions

and are discussed separately below.

Water radiolysis was extensively studied more than a half century ago,16",7 when it was shown not

only that the water is dissociated into primary radical products (ultimately forming H2, 02 and H20 2), but

also that these primary radical products cause back reactions limiting the overall amount of ultimate

products. Thus, a steady-state condition is quickly reached in which no further accumulation of ultimate

products occurs-one in which the rate of dissociation of water is balanced by its rate of formation.

Consequently, extreme gas product pressures from the radiolysis of water are not ordinarily possible.

Accompanying these water radiolysis reactions is another reaction in which the oxygen over solid

actinide oxides in such a radiolytically activated system can oxidize the actinide solid (at least partially)

to a higher oxidation state. Evidence for this is clearly seen in the oxidation of uranium oxides to'higher

oxidation states.4'1," 9 While a direct measurement of the oxidation state of the NpO2 was not made (e.g.,

via X-ray diffraction), the disappearance of oxygen in the presence of NpO2 is interpreted as being the

result of the formation of higher neptunium oxidation states (e.g., Np20 5)--a reaction mechanism

analogous to that observed for the uranium oxides.4 This reaction largely accounts for the net pressure

decrease in the system through the consumption of oxygen.

By using the NpO 2 sample from Alpha NpTube 1 for the Alpha Np Tube 5 experiment, the

competing reactions of (1) 02 generation and consumption by H20 radiolytic chemistry were separated

from.(2) the NpO 2 oxidation reaction. In this case, the NpO 2 was "presaturated" with oxygen prior to the

addition of water in the Tube 5 test; and when the water was added, only the water radiolysis chemistry

was evident (i.e., water radiolysis and back reactions to reach a steady state). The experiment in Tube 5

then showed a gradual rise to a steady-state pressure. Had this NpO 2 sample not been presaturated with

Note that both of the alpha-irradiated samples that contained 1% H20 appeared to reach a plateau. However,
after withdrawal of a gas sample, the net effect was a pressure decrease. This result indicates that in the long term, a
slower-acting mechanism (i.e., one that is slower than the forward-reaction production of 02) will result in net 02
consumption.
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oxygen, we would predict a profile more like that of Fig. 4.1 -- one in which after the water radiolysis

and back reactions would initially dominate, but then the slower oxygen consumption reaction by the

NpO 2 would commence and begin to reduce the total pressure of the system.

Additionally, it appears that the radiochemical kinetics of such reactions (radiolysis of water and

oxidation of the NpO2) may be influenced by the type of radiation. In the case of the highly penetrating

gamma radiation, the radiolysis reaction response occurs rapidly, followed by a decrease resulting from

the radiolytically influenced oxidation of the NpO 2. The overall character of the gamma radiolysis

experiments is then one that is dominated by oxidation of NpO2. For the alpha radiolysis experiments, it

appears that radiolysis of water dominates for a longer period of time as compared with that observed in

the gamma experiments.

Also associated with the above reactions are a number of impurity reactions in which the primary

products of water radiolysis combine with the N2 accompanying the 02 in the air atmosphere over the

sample or with the carbon that is ubiquitous in many oxide preparations. Thus, trace amounts of NO. and

CO2 are common impurity by-products of such oxide/water radiolysis reactions.

We can therefore explain the overall chemistry taking place during these radiolysis reactions as being

a combination of the above phenomena and not just one of these isolated fundamental processes.

Initially, a pressure increase often occurs in the encapsulated system, representing both a slight

temperature effect and, more importantly, radiolysis of sorbed water to form some hydrogen and oxygen.

This water radiolysis would reach a steady-state pressure were it not for the reaction of oxygen with the

actinide oxide to form a higher oxidation state of the actinide and thus decrease the oxygen content of the

atmosphere over the system. Evidence for this is seen in the "dry" oxide radiolysis experiments, in which

there is no pressure increase (because there is no water to be radiolyzed)-only oxygen consumption.

When there is an excessive amount of moisture (e.g., 8%, a case in which water would have to actually

condense and puddle on the oxide), the water radiolysis reaction is dominant. Nevertheless, even here, all

of the water on the sample is not radiolyzed, because of the accompanying back reactions of the primary

water radiolytic products (i.e., the radicals) with the water products (H2, 02, etc.).
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5. CONCLUSIONS

Two key results were demonstrated in these experiments. First, the water uptake experiments clearly

indicated that the 0.5 wt % moisture limit that has been typically established for similar materials (e.g.,

uranium and plutonium oxides)9"° cannot be obtained in a practical environment. In fact, the uptake in a

typical environment can be expected to be at least an order of magnitude less than this limit.

The second key result is the establishment of steady-state plateaus. These plateaus illustrate the

presence of back reactions that limit the overall pressure increase. and H2 production. For example, in the

case of the NpO 2 alpha radiolysis experiments containing 1 wt % H2 0, total decomposition of all the H20

into H. and O0 would result in a pressure increase of about 3450 torr. However, for these experiments,

the actual pressure increase was only 140-250 torr. Similarly, for the alpha-irradiated 0.5 wt % H20

sample, total decomposition would result in a pressure increase of about 1750 torr, while a rise of only

50 torr was observed. These results clearly demonstrate that 0.5 wt % H20 on NpO2 is safe for long-term

storage-if such a moisture content could ever be practically reached. Additionally, there is evidence that

another mechanism plays a role in O0 consumption; namely, radiolytically-influenced oxidation of the

NpO 2. This mechanism further limits pressurization in the long term.

In setting the storage standards for the actinide oxides, it has customarily been assumed9"° that

radiolysis of sorbed moisture would produce stoichiometric amounts of H2 and 02 and would continue

until all of the water had been radiolyzed to these products. However, these results support the

observations of other laboratories that many other radiolytic reactions are concurrently active in such

radiolytic processes and thus limit the overall accumulation of these products.
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4. CONTAINMENT

Design analysis, full-scale testing, and similarity of the ES-3 100 prototypes have been used to
demonstrate that the ES-3 100 package with highly enriched uranium (HEU) is in compliance with the
applicable containment requirements of Title 10 Code of Federal Regulations, Part 71 (10 CFR 71).
The containment requirements of 10 CFR 71.51 are shown in Table 4.1. A bounding load case has
been established for the ES-3 100 package, and it assumes that the maximum HEU content is 35.2 kg
(Sect. 1.2.3.6) with a decay heat load of 0.4 W (Sect. 1.2.3.7). This decay heat load and the volumes
established for the convenience cans, spacers, silicone rubber pads, and the containment vessel void
volume are discussed in Sect. 3.1.2 and Appendix 3.6.4. Sections 2 and 3 of this safety analysis report
(SAR) also examine the effects of the lightest weight HEU content [2.77 kg (6.11 lb)]. The evaluations
in Sects. 2, 3, and 4 have demonstrated that the ES-3 100 shipping package with HEU content weight
ranging from 2.77 kg (6.11 lb) to 35.2 kg (77.60 lb) meets the containment requirements specified
in 10 CFR 71 for all conditions of transport. A summary of the containment boundary design and
fabrication acceptance basis is given in Table 4.2. No credit is taken for the various convenience cans'
ability to protect the HEU contents from being released.

Table 4.1. Containment requirements of transport for Type B packages a

Condition Allowable release rate
Normal Conditions of Transport (NCT) RN = 10-6 A, per hour = 2.78 x 10`I A2 per second

Hypothetical Accident Conditions (HAC) RA = A2 in 1 week = 1.65 x 10-6 A2 per second

For 8Kr, a value of 10 A2 in 1 week is used
a From ANSI N14.5-1997, Sects. 5.4.1 and 5.4.2, and 10 CFR 71.51(a)(I) and (a)(2)

Table 4.2. Summary of the containment vessel design and fabrication acceptance basis

Nominal empty weight 15.10 kg (33.29 lb)

Air fill medium temperature at loading 25 -C (77 °F)
Air fill medium pressure at loading 101.35 kPa (14.70 psia)

Hydrostatic pressure test 1034 ± 34 kPa (150 ± 5) gauge

Helium acceptance leakage rate a L, •2.0 x 10-7 cm3/s
Air acceptance leakage rate Lr 1 x 10-7 ref-cm 3/s
Air preshipment leakage rate L, 1 x 10- atm-cm3 /s

a Acceptance leakage testing includes fabrication, periodic (within 12 months of use), and maintenance testing.

According to Sect. 2.1 of ANSI N14.5-1997, leaktight is defined as an air leakage rate of I x 10' ref-cm3/s; under the
same conditions, this air leakage rate is - equal to a helium leakage rate of 2 x 10' cm3 /s.

The analysis documented in Appendix 4.6.1 was conducted to establish the upper limit for the
total activity and the maximum number of A2s proposed for transport in the ES-3 100 package. The
maximum activity [3.2427 x 10-' TBq (8.764 Ci)] of the contents occurs 10 years after initial fabrication.
When the maximum activity-to-A2 value (293.99) is reached at -70 years from material fabrication, the
corresponding activity is 3.2328 x 10' TBq (8.737 Ci). These values have been determined using a
maximum of 35.2 kg of HEU with isotopic weight percents as shown in Table 4.3. By applying the
maximum weight percents of isotopes 23 3 j, 2 3 4

U, 2 36
U and by incorporating the traces of 232U and the

transuranic isotopes, the maximum activity, minimum A2 value, and the minimum leakage requirements
were determined for the proposed contents and are summarized in Tables 4.4, 4.5, and 4.6. The mass and
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isotopic concentrations used for the proposed content do not take into consideration limits based on
shielding and subcriticality.

The initial composition of the content contains several isotopes of uranium (Sect. 1.2.3). As a
result of radioactive decay, the ingrowth of uranium daughter products occurs, and these concentrations
of daughter products will vary with time. The uranium isotopes and daughter products are considered a
mixture of radionuclides, and the method for determining the mixture's A2 value in Section IV,
Appendix A, 10 CFR 71 is applied. The A2 value for the most conservative set of contents defined in
Sect. 1.2.3 has been calculated in Appendix 4.6.1. Since the HEU can be in the form of oxides (UO•-Al,
UO_-NMg, U0 2, U0 3, and U308), uranyl nitrate crystals (UNX), or metal and alloy, the calculation of the
mixture's A2 used the various uranium isotopic A2 values for fast, medium, and slow lung absorption
criteria shown in Table A-I of Appendix A of 10 CFR 71.

The mass and material compositions analyzed in this section of the SAR are not limited by the
combustible gas requirements stated in NURFG-1609, Sect. 4.5.2.3. NIURFG-1609, Sect, 4.5.2.3, requires the
applicant to demonstrate that any combustible gases generated in the package during a period of one year do
not exceed 5% (by volume) of the tfee gas volume in any confined region of the package. No credit should be
taken gor cetters, catalysts. or other recombination devices. -.Thea.. d,. sct_ i.n ii n 3.6.4 predicts

thc lllW H,• 1101 Mill tl -i t h t ll• COI 1t;i lt t t - U !I ttll- "- S ,kt '117

show.n -e.t:4+. -. The analysis conducted in Appendix 31..7 fiimhtr-evaluates the different packagingarrangements for tie generation of hydrogen gas due to the radiolysis ofwater vapor, free water, interstitial

water, polyurethane bags. and polyurethane or Tetlon bottles. By limiting the mass and the material
distribution ar- described-as shown in Appendix 3.6.7, the combustible gas concentration limit stated in
N URI'G-1609 is not exceeded. These limits are further shown in Tables 1.3 and 1.3a. Getters, catalysts,
or other recombination devices are not employed in any of the containment vessel packaging arraneCments.
The analysis conducted in Appendix 3.6.4 predicts the maximum normal operating pressure inside the
containment vessel for the various packaging aTanngements and masses discussed previously. This appendix
also includes the hydrogen gas generation predicted by Appendix 3.6.7.

4.1 DESCRIPTION OF THE CONTAINMENT BOUNDARY

As shown in Table 4.4, the number of A2s proposed for shipping exceeds 30 but is less than
3000. In accordance with NUREG 1609, the containment vessel is a Category II vessel. Since this vessel
may be used for future contents that exceed 3000 A2, the containment vessel category has been elevated
to a Category I vessel. Therefore, the containment vessel is designed (using nominal dimensions for each
component), fabricated, and inspected in accordance with the American Society of Mechanical Engineers
(ASME) Boiler and Pressure Vessel Code, Sect. III, Division I, Subsection NB and Section IX.

4.1.1 Containment Boundary

The containment boundary consists of the vessel's body, lid assembly, and inner 0-ring (Sect. 1,
Fig. 1.3). Only the inner 0-ring is considered part of the boundary. The outer 0-ring is provided to
allow a post-assembly verification leak check. Two methods of fabrication may be used to fabricate the
containment vessel body as shown on Drawing M2E801580A012 (Appendix 1.4.8). The first method
uses a standard 5-in., schedule 40 stainless-steel pipe per ASME SA-312 Type TP304L, a machined
flat-head bottom forging per ASME SA- 182 Type F304L, and a machined top flange forging per
ASME SA-182 Type F304L. The nominal outside diameter of the 5-in. schedule 40 pipe is machined
to match the nominal wall thickness of 0.254 cm (0.100 in.). Each of these pieces is joined with
full-penetration circumferential weld as shown on sheet 2 of Drawing M2E801580A012
(Appendix 1.4.8). The weld filler material conforms to Sect. II, Part C, of the ASME Boiler and Pressure
Vessel Code. All full-penetration welds are dye penetrant and radiographically inspected in accordance
with Sect. III, Div. I, Sect. NB-5000, of the ASME Boiler and Pressure Vessel Code. The top flange is
machined to match the schedule 40 stainless-steel 5-in. pipe, 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 method of fabrication uses
forging, flow forming, or metal spinning to create the complete body (flat bottom, cylindrical body, and
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Table 4.5. Regulatory leakage criteria for NCT a

Fast Absorption Medium Absorption Slow Absorption
Verification

Activity LRN- air LRN - He LRN- air LRN - He LRN- air LRN - He
(ref-cm3/s) (cm3/s) (ref-cm 3/s) (cm 3/s) (ref-cm3/s) (cm 3/s)

Design 3 :,4731 -03 1 ! 330r-03 1 3.Os - >96-23 -0 3 3.? N5• -03 3.54 261-3

a The procedure used to calculate the above criteria is shown in Appendix 4.6.2. This data has been extracted from
Table I in Appendix 4.6.2.

Table 4.6. Containment vessel verification tests criteria for NCT

Test Type Test Values Leakage test
procedure

Design and compliance leakage testing

Design verification of O-ring seal (air) L, • 1.0 x 10' ref-cm3/s See Appendix 2.10.7

Design verification of containment vessel L, •2.0 x l0- cm 3/s See Appendix 2.10.7
boundary (helium)

Verification leakage testing

Fabrication, periodic, and maintenance LT •2.0 x 0-7 cm 3/s Y5 1-Ol-B2-R-140, Rev. A.I
(helium) (Appendix 8.3. 1)

LT s 1.0 x 104 ref-cm 3/s Y5 1-0 1-B2-R-074, Rev. A. l
(Appendix 7.5. 1)

The complete design verification testing of the ES-3 100 package for NCT was conducted on
test unit TU-4. Since the containment vessel was assembled at ambient conditions, the pressure was
nominally 101.35 kPa (14.70 psia) at 25'C (77'F). In accordance with 10 CFR 71.71(b), the initial
pressure inside each containment vessel should be the maximum normal operating pressure (MNOP).
As calculated in Appendix 3.6.4, the bounding case MNOP is 138.43 kPa (20.077 psia). The stresses
at the maximum normal operating pressure 37.0)7 kl•a (5. 177 psig)] are insignificant compared to the
allowable stresses (Table 2.21). O-ring grooves are designed and fabricated in accordance with guidance
from the Parker O-ring Handbook. In accordance with Fig. 3-2 of the Parker O-ring Handbook, the
durometer of the O-ring, and the tolerance gap from the production drawings, the O-ring should be able
to withstand -800 psig before anti-extrusion devices are required. Therefore, conducting a compliance
test with the MNOP in the containment vessel will have little, if any, effect on the results.

Following the design verification testing of paragraphs 10 CFR 71.71 (c)(5) through 71.71 (c)(1 0)
excluding 71.71(c)(8), Test Unit-4 was subjected to the sequential testing of paragraphs 10 CFR
71.73(c)(1) through (c)(4). Upon removal of the containment vessel from the drum assembly, the cavity
between the O-rings was leak checked. This unit recorded a leak rate between the O-rings of 2.4773 x
10' ref-cm3/s.

Following the O-ring leak test, the entire containment boundary of TU-4 was helium leak tested
to a value _•2 x 10-7 cm 3/s, thereby verifying a leak-tight boundary. The leak-test procedure followed to
verify this criteria is documented in the ES-3 100 test plan (Appendix 2.10.7). The maximum recorded
helium leakage rate for this containment vessel was 2.0 x 10' cm 3/s after 20 min of testing. Visual
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inspection following the testing indicated that neither the vessel body, the 0-rings, the seal areas, nor
the vessel lid assembly were damaged during the tests. Pictures taken of the containment vessel top
following testing showed that the closure nut had rotated a maximum of 0.15 cm (0.060 in.) from its
original radial position obtained during assembly. Based on the pitch of the closure nut, this rotation
translates into only 0.0013 cm (0.0005 in.) decompression of the 0-rings. This compares to the original
nominal compression of 0.064 cm (0.025 in.). Therefore, 0-ring compression was maintained during
compliance testing. Based on these results, the ES-3 100 package meets and exceeds the containment
criteria specified in 10 CFR 71.51 for NCT when used to ship the contents described in the introductory
section of this chapter.

Following fabrication, the containment vessel undergoes hydrostatic pressure testing to
1034 kPa (150 psi) gauge. The hydrostatic test is conducted before the final leakage test. Following
the hydrostatic pressure test, and prior to conducting the leakage test, the containment vessel and
.0-ring cavity must be thoroughly dried. Each vessel is then leak tested with either air or helium to
•1 x 10-7-ref-cm3/s or 2 x 10' cm 3/s, respectively. This test ensures the containment vessel's integrity
(walls, welds, inner 0-ring seal) as delivered for use in accordance with paragraph 6.3.2 of ANSI
N14.5-1997.

Following placement of the HEU content inside the containment vessel and joining the body and
lid assembly, the volume between the containment vessel's 0-ring seals is evacuated and checked to leak
< 1 x 10-' ref-cm3/s. This leak-test procedure is a pressure rise air leak test prescribed in Section 7.1.2.
This ensures that each containment vessel has been properly assembled in accordance with
paragraph 7.6.4 of ANSI N 14.5-1997.

The design verification tests were conducted following compliance tests in accordance with
10 CFR 71.71 and 71.73. The effectiveness of this closure system has been demonstrated by the NCT
and HAC tests, which show that the complete containment system, including welds and 0-ring seals,
meet the leaktight criterion as defined in ANSI N 14.5-1997 after the conclusion of the test series
documented in Test Report of the ES-3100 Package (Appendix 2.10.7).

4.4 CONTAINMENT UNDER HYPOTHETICAL ACCIDENT CONDITIONS (TYPE B
PACKAGES)

Requirements. A Type B package, in addition to satisfying the requirements of paragraphs
10 CFR 71.41 through 71.47, must be designed, constructed, and prepared for shipment so that under the
tests specified in Sect. 71.73 ("Hypothetical Accident Conditions"), there would be no escape of "Kr
exceeding 10 A2 in one week, no escape of other radioactive material exceeding a total amount A2 in one
week, and no external radiation dose rate exceeding 10 mSv/h (1 rem/h) at I m (40 in.) from the external
surface of the package.

Analysis. Calculations have been conducted in Appendix 4.6.2 to determine the regulatory
leakage criteria to satisfy the above requirements. The results are shown in Table 4.7. These analyses
assume that the total mass of uranium for each component is available for release as an aerosol (worst
case). From experimental tests, the maximum aerosol density containing uranium particulate was
reported by Curren and Bond to be 9.0 x 10-6 g/cm3. This aerosol density is used to calculate the total
activity concentration in ANSI N14.5-1997, Section B. 15 examples 13, 27, and 29. Design leakage rate
verification testing of the containment boundary (Table 4.8) was conducted on Test Units-I through -6
and documented intest report (Appendix 2.10.7). Since each containment vessel was assembled at
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ambient conditions, the pressure was nominally 101.35 kPa (14.70 psi) at 25°C (77°F). In accordance
with 10 CFR 71.73(b), for these tests, the initial pressure inside each containment vessel should be the
maximum normal operating pressure. As shown in Table 2.2 1, the stresses at the maximum normal
operating pressure are insignificant compared to the allowable stresses. Therefore, conducting
compliance testing with nominal pressure in the containment vessel would have little, if any, effect on
the results. During the structural and thermal tests conducted on the ES-3 100 for HAC, the drum
experienced plastic deformation, and the insulation and impact limiter material experienced some
deterioration, as anticipated (Sect. 2.7). The containment vessels did not exhibit any signs of damage
and passed post-test leak tests and the subsequent 10 CFR 71.73(c)(5)-specified 0.9-m (3-ft) water
immersion tests except for Test Unit-6. Test Unit-6 was subjected to the test specified by paragraph 10
CFR 71.73(c)(6). After completion of this test, the containment vessel was removed and the lid was
drilled and tapped for a helium leak-check port. The entire containment boundary was then helium leak
checked and passed the leaktight criteria. Also, no visible water was seen inside the inner O-ring groove
of Test Unit-6 and no water was observed inside any of the other test units.

Table 4.7. Regulatory leakage criteria for HAC a

Fast absorption Medium absorption Slow absorption
Verification

activity LRA - air LRA - He LRA - air LRA - le RA - air L- lie

(ref-cm3 /s) (cm 3/s) (ref-cm 3/s) (cm 3/s) (ref-cm3 /s) (cm 3/s)

Design 1.33521 :l0 1.27321 01 W 1-1 ••I 22n) 1 1•13941 I 01 ;.025 I

The procedure used to calculate the above criteria is shown in Appendix 4.6.2.

Table 4.8. Containment vessel design verification tests for HAC

Test Type Test Values Leakage testprocedure

Design and compliance leakage testing

Design verification of O-ring seal (air) LT • 1.0 x 10 4 ref-cm3/s See Appendix 2.10.7

Design verification of containment vessel L, •2.0 x 10 7 cm 3/s See Appendix 2.10.7
boundary (helium)

To verify the entire containment boundary to the leaktight criteria, the containment vessels
of Test Units-I through -5 were helium leak tested using the procedure shown in the test report
(Appendix 2.10.7). These test units had previously been subjected to the drop test stipulated in
10 CFR 71.71 (c)(6) and the sequential tests stipulated in 10 CFR 71.73 except for Test Unit-4, which
had been first subjected to the testing in accordance with 10 CFR 71.7 1. The maximum recorded helium
leak rate for any of these containment vessels was 2.0 x 10' cm 3/s after 20 min of testing on Test Unit-4
as documented in Section 5.2 of the test report (Appendix 2.10.7). Test Units-2 and -5 displayed some
unusual pulsing action during leak testing. The peak amplitude changed after adding helium in a manner
expected for diffusion through the O-rings rather than a rise immediately following the addition of
helium that would indicate a leak to the outside of the containment vessel. This is further discussed
and graphically presented in Sect. 5.2.2 of the ES-3 100 test report (Appendix 2.10.7). These measured
leakage rates verify that the containment vessels are leaktight in accordance with ANSI N 14.5-1997.
Therefore, the containment boundary of the ES-3 100 package was maintained during the HAC testing.
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The 35.2 kg of HEU content is unirradiated; therefore, only very small quantities of fission gas
products will be produced from spontaneous fission and subcritical neutron induced fission. Fission gas
products are produced in such small quantities that they have no measurable effect on the releasable
content source term or containment vessel pressurization. Fission gas products will not be considered
further in this SAR.

4.5 LEAKAGE RATE TESTS FOR TYPE B PACKAGES

The maximum allowable release of radioactive material allowed by 10 CFR 71.51 (a)(2)
under HAC is A2 in one week. Title 10 CFR 71.51 (a)(2).also specifies that there be no escape of 8"Kr
exceeding 10 A2 in one week. ANSI N14.5-1997 specifies the leakage test methods and leakage rates
that are accepted in Nuclear Regulatory Commission (NRC) Regulatory Guide 7.4 as demonstrating that
a package meets the 10 CFR 71.51 (a)(2) requirements for containment. The containment criteria for the
ES-3 100 package will be leaktight, defined in ANSI N 14.5 paragraph 2.1 as having a leakage rate
.1 x 10-7 ref-cm3/s, during the prototype tests. This leaktight criterion satisfies the design verification

requirement stipulated in paragraph 7.2.4 of ANSI N14.5-1997. The requirements of ANSI N14.5-1997
are used for all stages of containment verification for the ES-3 100 (i.e., design, fabrication, maintenance,
periodic and preshipment). The design, fabrication, maintenance and periodic leakage rate limit is
1 x 10-7 ref-cm3/s air (or 2.0 x 10-7 cm3/s helium). The pass criterion for the preshipment leakage rate
test, which demonstrates correct assembly of the containment vessels, is 1 x 10-' ref-cm3/s, which
exceeds the requirements given in ANSI N14.5-1997, paragraph 7.6.4. In accordance with the definition
of sensitivity of a leakage test procedure provided in Sections 2 and 7.6.4 of ANSI N14.5-1997,
the minimum acceptable leakage rate that the procedure needs to be capable of detecting is
1 x 10-' ref-cm3/s. The requirements for the ES-3 100 exceed the regulatory criterion by specifying
a leakage rate of • 1 x l0-4 ref-cm3/s, and equipment used in accordance with Section 7.6.4 of
ANSI N 14.5-1997 would not detect this leakage. The preshipment, fabrication, maintenance, and
periodic leakage rate tests are required to be conducted on each containment vessel in accordance with
ANSI N14.5-1997 and are specified in Chapters 7 and 8. These leakage rates are not dependent on filters
or mechanical cooling.

The requirements of ANSI N14.5-1997 are used for all stages of containment verification for the
ES-3 100; the design (HAC test) leakage rate limit is I x 10-' ref-cm3/s (which is defined as leaktight in
ANSI N 14.5-1997). The packaging has been shown to maintain containment before and after prototype
testing by leakage tests performed for containment verification to the requirements of ANSI N 14.5-1997.
Test Unit-4's containment vessel was subjected to both the NCT and HAC tests. Test Units-1 through -5
were subjected to the free drop stipulated in 10 CFR 71.71(c)(7) and to the sequential HAC test
stipulated in 10 CFR 71.73. Following these tests, each containment Vessel was helium leak tested in
accordance with the test plan. Again, the test results verified that the containment vessels were leaktight.
Thus, there could be no release of radioactive materials from the containment vessels. These leakage
rates are not dependent on filters or mechanical cooling. These measured leakage rates verify that the
containment vessels are leaktight in accordance with ANSI N14.5-1997.

Therefore, the ES-3 100 package meets the containment criteria as specified in 10 CFR 71.73 for
HAC when shipping the proposed 35.2 kg of HEU in the containment vessel.
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arrangements in the ES-3 100 package. The convenience cans are sealed inside the containment vessel in
an environmentally controlled area. The ES-3 100 package has been analyzed thermally in Sect. 3; it was
evaluated at a maximum NCT gas temperature of 87.81 °C (190.06'F) [ 100°F with solar insolation] and
a maximum adjusted HAC gas temperature of 123.85°C (254.93 °F).

The following analysis determines the maximum allowable O-ring seal air reference leakage rate
for both NCT and HAC. The ANSI N 14.5-1997 recommended method using a straight circular tube to
model the leakage path is applied. Using this "standard" leakage hole model permits the calculation of
equivalent reference leakage rates from which leak-test requirements can be established. Viscosity data
for air and helium used in the following analyses were obtained from curve fitting routines at specific
temperatures based on viscosity data for air (Handbook of Chemistry and Physics, 55th ed.) and helium
(NBS Technical Note 63 1).

LN and LA correspond to the upstream volumetric leakage rate (L,) at the upstream pressure (Pu).

LN

LA

3.6984 x 10-3 cm 3/s,
= 2.1951 x 10' cm3/s.

Find the maximum pressure and temperature in the containment vessel:

Converting the temperature to degrees Kelvin:

T
T

= 273.15 + T(°C),
= 273.15 +5/9 (°F - 32) (K).

= 273.15 + 5 / 9 (190.06°F - 32) (K),
360.961 K.

TN

TN
(Sect. 3.4.1, for T = 190.06'F)

NCT

(Sect. 3.5.3, for T = 254.93 °F)
HAC

TA 273.15 + 5 / 9 (254.93°F - 32) (K),
TA 397.000 K.

Converting the pressures from psia to atmospheres:

P (psia) / 14.696 (psia/atm),
= 20 077 (psia) / 14.696 (psia/atm),
= <1•32 atm.

P (psia) / 14.696 (psia/atm),
= i10.701 (psia) / 14.696 (psia/atm),
= 2.7695 atm.

where P is the pressure in Sect. 3.4.2
NCT

where P is the pressure in Sect. 3.5.3
HAC

NCT Leakage Hole Diameter for the HEU Content

The following calculations determine the leakage hole diameter that generates the maximum
allowable leakage rate during NCT. To keep these calculations conservative, the maximum values for
temperature and pressure were used as steady-state conditions for NCT.
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Input data for NCT with air fill gas:

LN

Pu
Pd

a
T
9
M

3.6984 x 10-3 cm3/s,
= 1.3062 atm,
= 0.2382 atm,

0.3531 cm,
= 360.96 K,
= 0.02141 cP,
= 29 g/g-mole.

Maximum upstream leakage
Upstream pressure = 20.077 psia

Downstream pressure = 3.5 psia, per 10 CFR 71.71(3)
Leak path length, 0. 139-in. O-ring section diameter

Fill gas temperature = 190.06'F
Viscosity at temperature

Molecular weight of fill gas

The average pressure is:

Pa

Pa

(Pu + Pd)/2 ,
= (I3662 + 0.2382)/2,
= )0.8022 atm. Average pressure during NCT

According to ANSI N 14.5-1997, the flow leakage hole diameter is unknown. Therefore, the
mass-like leakage flow rate must be calculated to calculate the average leakage flow rate.

Q is the mass-like leakage for flow using the upstream leakage, Lu, and pressure, Pu:

Q
Lu

Q
Q

Q

La
La

PU Lu,
= tLN

(Eq. B 1)
NCT leakage

= (I 366.!)(atm) (3.6984 x 10- 3)(cm 3/s),
= 5.0526 x 10 3 atm-cm 3/s.

Pa La,
= Q/ Pa = o0 ( x 10-3 (atm-cm 3/s) / (0,0 22)(atm),

= 6,2ORSX 10-3 cm3/s.

NCT mass-like leakage rate

(Eq. B1)

NCT average leakage rate

Solve equations B2-B4 from ANSI N 14.5-1997:

La = (Fc + Fm) (Pu - Pd) cm 3/s,
La (Fc + Fro) (I.3662 - 0.2382),
La = (I 1280) (Fc + Fm) cm 3/s.

F = (2.49 x 106) D4 / (a g) (cm 3/atm-s),
F, = (2.49 x 106) D4 / ( (0.3531) (0.02141)),
Fc = (3.2943 x 108) D4 cm 3/atm-s.

Fm = (3.81 x 103) D3 (T / M)- / (a Pa) (cm 3/atm-s),
Fm (3.81 x 103) D3 (360.96 / 29).'/ ((0.3531) (0.8022)),
Fm (4,7454 x 104) D3 cm 3/atm-s.

From the mass-like leakage calculation:

(Eq. B2)

(Eq. B3)

(Eq. B4)

La 0 .2988 x 10-' cm3/s. NCT average leakage rate
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Find the leakage hole diameter that sets:

L2 = L,.

Using the equations:

L2 = (!.12M)) (F, + Fm) cm 3/s,

Fc = (3.2943 x 10") D4 cm 3/atm-s,
F = (4.) x l04) D3 cm 3/atm-s.

To get a better guess on a new D use:

D D 2 (L. / L 2)
0 .2 2 .

Now a guess must be made for D2 to solve Eq. B2 for NCT:

D2 = 0.001 cm, and solve for La = 6•.29•,S × 10-3 cm 3/s. NCT average leakage rate

Diameter F, Fm L2  L./ L2

I.OOOOE-03 3.2943E-04 _1 '746>-0_( 4, 2 S141 04 1 48 161: 0!1

1. 1) 17 0~ 4 0 1,7 0 0421 lw bM_03o -0 I (1"SI -())

I 0(0, 23 ) 3ý`01 7l 01 6 -964f 03 1 000)4 1 i 0

1,99401 0.1 5 20_7Xý -3 ')7010 -041 t0 .0Q10f-(1 1000M (0)

1 .9901( 1)3 3. 2 0" -0 ')3.70o?(Mo4 It ~ v0 1 ((1000 00

The NCT leakage hole diameter for the HEU oxide content:

D = 1)) x 10 3 cm. NCT diameter

NCT Reference Air Leakage Rate for HEU Content

The leakage hole diameter found for the maximum allowable leakage rate for NCT will be used
to determine the reference air leakage rate. O-ring seal leakage testing must ensure that no leakage is
greater than the leakage generated by the hole diameter D = 1.9958 x 10-3 cm. Therefore, the NCT
reference leakage flow rate (LR. N) must be calculated to determine the allowable test leakage rate.

Input data for NCT reference air leakage rate:

D
a
Pu
Pd

T
M
Pt

= I 99410 X 10-3 cm,
= 0.3531 cm,
=- 1.0 atm,
- 0.01 atm,
= 298 K,
- 29 g/g-mole,
- 0.0185 cP,

From NCT
Leak path length, 0. 139-in. O-ring section diameter

Upstream pressure
Downstream pressure

Fill gas temperature, 77°F
Molecular weight of air

Viscosity of air at reference temperature
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Calculate P,:

P- = (P- + Pd) / 2 ,
(1.0 +0.01)/2,

P = 0.505 atm. NCT average pressure

F, (2.49 x 10') D4 / (a IA) (cm 3/atm-s), (Eq. B3)
F, = (2.49 x 106)(1.9940 x 10-3)4/((0.3531)(0.0185)),

F, = (3.8122 x 108) (1.99401 x 10-3)4,

F, = 6.0265 x 10 3 cm 3/atm-s.

Fm (3.81 x 103) D3 ( T / M )S / ( a Pa) (cm 3/atm-s), (Eq. B4)
Fm (3.81 x 103) (1.9940 x 10 3) 3 (298 / 29)./ ((0.3531) (0.505)),
Fm = (6.8501 x 104) (1.9940 x 10 3) 3,

Fm 54307 x 104 cm 3/atm-s.

Lu = (F, + Fm) (Pu - Pd) (Pa / P.) (cm 3/s), (Eq. 85)
L, = (6.0205 x 10-3 + 5.4307 x 10-4)(cm 3/atm-s) (1.0 - 0.01)(atm) (0.505 / 1.0),
Lu = (6.5690 x 10 3)(cm 3/atm-s) (0.49995)(atm),
La = 3,2845 x 103 cm 3/s.

The reference air leakage rate as defined in ANSI N 14.5-1997, Sect. B.3, is the upstream leakage in air.

LRNAi, = 3,2S45 x 10-3 refcm 3/s. For HEU oxide content

The same equations can be used to calculate an allowable leakage rate using helium for leak testing.

M 4 g/g-mole, Molecular weight of helium
= 0.0198 cP. Viscosity of helium at temperature

F = (2.49 x 106) D4 / (a P ) (cm 3/atm-s), (Eq. 83)
Fc = (2.49 x 106) (1.9940 x 10-1)4/((0.3531) (0.0198)),
F,: = (3.5619 x 101)(1.994O x 10-3)4,

F, = ,6308 x 10 3 cm 3/atm-s.

F = (3.81 x 103) D3 (T / M) 5 / (a Pa) (cm 3/atm-s), (Eq. 84)
Fm = (3.81 x 103) (1.9940 x 10-3) 3 ( 298 / 4 )/((0.3531) (0.505)),
Fm = (1.8444 x 105) (1.9940 x 10-) 3,
Fn = 1-4623 x 10 3 cm 3/atm-s.

L = (F,; + Fm) (P - Pd) (Pa / Pu) (cm3/s), (Eq. 85)
L = (5.630,8 x IO3 + 1.4623 x 10-3)(cm 3/atm-s) (1.0 - 0.0l)(atm) (0.505 / 1.0),
L = (7T0931 X 10 3 )(cm 3/atm-s) (0.49995)(atm),
Lu = 3.5462 x 10-3 cm3/s.

The allowable leakage rate using helium for leak testing is:

LRN, ie = 3.5462 x 10 3 cm 3/s. NCT helium test value
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HAC Leakage Hole Diameter for HEU Content

The calculation of a maximum allowable leakage rate hole diameter is based on the temperature
and pressure of the fill gas aerosol for HAC, assuming the content is in an oxide powder form. Keeping
this calculation conservative, the maximum values for temperature and pressure were used as steady-state
conditions for a week. The maximum values were generated during the 30-min burn test for HAC.

Input data for HAC:

LA

Pu
Pd

T
9t
M
a

- 21.951 cm 3/s,
S 2. 76 ) atm,

=- 1.0 atm,
= 397.000 K,
- 0.02297 cP,
- 29 g/g-mole,
-- 0.3531 cm.

=(Pu +Pd )/ 2
- (2. 795 + 1.0 )2,

S 1, atm.

Maximum exit leakage
Upstream pressure = 40.701 psia

Downstream pressure
Fill gas temperature = 254.93'F

Viscosity of air at temperature
Molecular weight of air

Leak path length, 0.139-in. O-ring section diameter

HAC average pressure
Pa

Q is the mass-like leakage for flow using the upstream leakage, Lu, and pressure, P,:

Q _
Lu

P" Lu,
LA•

(Eq. B1)
HAC leakage

Q
Q

Q
La

La

- (2.7~,5I.)(atm) (21.95 )(cm3/s),
S (6). 795 atm-cm 3/s.

- Pa La,
= Q/Pa

S 607. 395 (atm-cm3/s) / (I .84S)(atm),
; •2. _5ý cm 3/s.

HAC mass-like leakage rate

(Eq. BI)

HAC average leakage rate

Solve equations B12-B4 from ANSI N 14.5-1997:

La

La
La

(F; + Fm) (Pu - Pd) (cm 3/s),
(Fc + Fm) (2.7695 - 1.0),
1, 7695 (F; + F.) cm 3/s.

(2.49 x 106) D4 / ( a p. ) (cm 3/atm-s),
(2.49 x 106) D4 / ((0.3531) (0.02297)),
(3.0706 x 108) D4 cm 3/atm-s.

(Eq. B2)

(Eq. B3)

(Eq. B4)Fm
Fm
Fm

(3.81 x 103) D3 (T / M) 5 / (a Pa) (cm 3/atm-s),
(3.81 x 103) D3 (397.00 / 29)- / ((0.3531) (1 .84) ),
(2. I I Si x 104) D3 cm 3/atm-s.
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From the mass-like leakage calculation:

La ý2.256 cm3/s. HAC average leakage rate

Find the leakage hole diameter that sets:

L2 La.

Using the equations:

L2 = 1,7695 ( F; + Fm) cm 3/s,
F = (3.0706 x 108) D4 cm 3/atm-s,

Fm (2.11 84 x 104) D3 cm 3/atm-s.

To get a better guess on a new D use:

D = D2 (La / L2)
0 252.

Now a guess must be made for D2 to solve Eq. B2 for HAC:

D2 = 0.01 (cm), and solve for La = 32.250 (cm 3/s). HAC average leakage rate

Diameter Fe Fm L2  La!/ L2

1.OOOOE-02 3.0706E±00 2.1 11~t 5K 89 001 100~

1.56381--- 1'1 ; 1 X1 I 2 0 1 -S. 2 ()37r 1( 9.88331u-01

1. 93t21 021 1.; *(8 t 1 iý01 '"01 021.225 1 0 1 1.0000L 00

1 .55921.-02 1 -8 1 0 1 8030(ft-02 32b 1 1.00001O~-1 00

The HAC leakage hole diameter for the HEU oxide content is:

D 1.5592 x 10-2 cm. HAC diameter

HAC Reference Air Leakage Rate for HEU Content

The leakage hole diameter found for the maximum allowable leakage rate for HAC will be used
to determine the reference air leakage rate. O-ring seal leakage testing must assure that no leakage is
greater than the leakage generated by the hole diameter D = 1.3119 x 10-2 cm. Therefore, the HAC
reference air leakage rate (LR, A) must be calculated to determine the acceptable test leakage rate for
post-HAC leakage testing.

Input data for HAC reference air leakage rate:

D

a =

Pu =

1.3592 x 10-2 cm,
0.3531 cm,
1.0 atm,

From the HAC of transport
Leak path length, 0.139-in. O-ring section diameter

Upstream pressure
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Pd 0.01 atm, Downstream pressure
T 298 K, Fill gas temperature, 77 0F
M = 29 g/g-mole, Molecular weight of air
I = 0.0185 cP. Viscosity at temperature

Calculate Pa:

Pa = (PU + Pd) / 2
= 0.505 atm. HAC average pressure

F =: (2.49 x 106) D4 / ( a p ) (cm 3/atm-s), (Eq. B3)
F,; = (2.49 x 106)(1.5592 x 10-2)4/((0.3531) (0.0185)),
F, = (3.8122 x 108) (1.55)2 x 10-2) 4,

Fr = 2.2531 x 10' cm 3/atm-s.

Fm = (3.81 x 10') D3 (T / M)5 / (a Pa) (cm 3/atm-s), (Eq. B4)
Fm - (3.81 x 103)(I.55%92 x 10-2)13(298/29)5/((0.3531)(0.505)),
Fm (6.8501 x 104) ( X .55•2 ) 10-2) 3,

Fm = -15966 x 10-1 cm 3/atm-s.

= (FP + Fm) (P. - Pd) (Pa / Pu) (cm 3/s), (Eq. B5)
L, = (2.2531 x 10' + 2.596 x 10-l)(cm 3/atm-s) (1.0 - 0.01)(atm) (0.505/ 1.0),
L, = (22.791 x 10')(cm 3/atm-s) (0.49995)(atm),
Lu = 1 1._94 cm 3/s.

The HAC reference air leakage rate as defined in ANSI N 14.5-1997, Sect. B.3, is the upstream leakage in
air.

LRAAir I 1.3Q4 ref-cm3/s, for HEU oxide content

The same equations can be used to calculate an allowable leakage rate using helium for leak testing.

M = 4 gig-mole, Molecular weight of helium
ý1 = 0.0198 cP. Viscosity of helium at temperature

Fc = (2.49 x 106) D4 / (a gi) (cm 3/atm-s), (Eq. B3)
F; = (2.49 x 106) (1.5592 x 10- 2) 4 /( (0.3531) (0.0198)),
F, = (3.5619 x 108) (1.5592 x 10-2)4,

Fc = 2. 1052 ×x 10 cm 3/atm-s.

Fm = (3.81 x 103) D 3 (T / M)°5 / (a Pa) (cm 3/atm-s), (Eq. B4)
Fm = (3.81 x 10') (1.5592 x 102)3 (298 / 4).5 / ((0.3531) (0.505)),
Fm = (1.8444 x 105) (1.552 x 10-2)3,
Fm = 6.9915 x 10-1 cm 3/atm-s.

L. = (F, + Fm) (Pu - Pd) (Pa / Pu) (cm 3/s), (Eq. B5)
L, = (2. 1052 x 10' + 6.9915 x 10-')(cm3/atm-s) (1.0 - 0.01)(atm) (0.505/ 1.0),
Lu = (2. 1751 x 10')(cm3/atm-s) (0.49995)(atm),
Lu = ! 0i875 cm 3/s.
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The allowable leakage rate using helium for leak testing for HAC is:

LRA, He = 108• 75 cm3/s. HAC helium test value

Table 1. Regulatory leakage criteria for 35.2 kg of HEU

NCT HAC
Years from
fabrication LRN- air LRN-lIe LRA-air LRA-He

(ref-cm 3/s) (cm 3/s) (ref-cm3/s) (cm 3/s)

0 3.8774i 03 41,1 6491--03 1.34561 -01 1 () 32 1 [ 01

5 3.'ý941 -03 4. 1461 v-01.I .3304 -01 1 2772 0)1

10 3.8•5oi -)3 4. 1431414) 1 .33N4,I 01 I.,763 1. 0 1

20 1•)"8,I1:! 1..14171-03 .3 7-91 M; I.27581; O)I
30 3.,8538' -03 4.1403r:-013 1 .3374r, 01 1.275415 1

40 3 2'5241 -0 4 ,I 389-03 ) .3 369i 01 0.2 749;l f~

50 3 8508; -0" 4.1372.--03 I .33041 -01 1.274, -01

60 3.8491 1,-0, -4 I 4 -03 1.3353 1 '01 I. I7;,Xi -(-I0

70 3,.471tS O3 4..13367-013 .33 5, 01 I_ -321: 01

0 3. 140.-1 3 3 0946i -W) 1. 1 1 I_129.22 2 ( 0)1
5 3i•75;-O3 3'U, ii7 0-3 I 2831 0l 1 I223M>-Ol

1 [0 .3. 'I.. .-0, 8 . (: 0 I 2, . 01 I - 0 " 0I

e. 20 3.6037;) .()714r 0 03 1.2,1 7f-01 I .2225 0I
0

30 -6 97 2. '31- I .. 131. I 1.22211 ' 01

40 3.6o13.- 1, ' -01 i.2WO9! 0 t .2217 I. 01
50 .3. 9) i- 9 1 3,90951 03 1.2804[ ()1 1.22 131: 01

60 3.68841 -03 3.9670•-;0 1.) 270O0; -0 1 1 2208ri0 l

70 3.08681 -03 3.3 96621-013 1...93. 1- 01 1.22021 .0.

0 3.3O031 0, 3.562,-1 -03 01 1 •t5(i 1f .0)109271 101

5 3.2879i-)3 .'.1071 -O3 1. I •40 r 01 1.08861: 401

10 3.28651 -03 3.5483L-03 1.I1401 .01 1.0811 MI1

20 3.28631-03 3.5481 -(3 1.1 (101-ol 1)088 1".oI
E-

30 `8 0 31 -0 3 1.5481 r•-) 1. 14( 101 01 1.( IN 1) 10)1

0 50 3 8 7 1:-03 3.5475r-03 1.1 3991 -01 1.0879;• t()1

60 3.28521-(-03 3.S469[:-O.3 1. 1397; 01 I .0877r 1• I

70 3.28451 -03 3. 5462ti-03 1.1394 01) 1.)875i. 01
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