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Executive Summary

G. D. Roberson
Nuclear Materials Stewardship Project Office

DOE-Albuquerque

This document, “Gas Generation in Actinide Oxide Materials,” captures relevant work
performed in support of stabilization, packaging, and long term storage of plutonium metals
and oxides. It concentrates on the issue of gas generation with specific emphasis on gas
pressure and composition. Even more specifically, it summarizes the basis for asserting that
materials loaded into a 3013 container according to the requirements of the 3013 Standard
(DOE-STD-3013-2000) cannot exceed the container design pressure within the time frames or
environmental conditions of either storage or transportation.

Presently, materials stabilized and packaged according to the 3013 Standard are to be
transported in certified packages (the certification process for the 9975 and the SAFKEG has
yet to be completed) that do not rely on the containment capabilities of the 3013 container.
Even though no reliance is placed on that container, this document shows that it is highly
likely that the containment function will be maintained not only in storage but also during
transportation, including hypothetical accident conditions. Further, this document, by
summarizing materials-related data on gas generation, can point those involved in preparing
Safety Analysis Reports for Packages (SARPs) to additional information needed to assess the
ability of the primary containment vessel to contain the contents and any reaction products
that might reasonably be produced by the contents.

Although this document presents a considerable amount of information about the 3013
container and the stabilized materials that will stored therein, Chapter 4 is its “heart,” and
presents experimental data on gas generation for both pure and impure plutonium and
plutonium-uranium oxides. These data include specific emphasis on resulting gas pressure
and composition. Pressure data is vital in assuring that packages do not become over-
pressurized during transport or storage. Gas composition information is needed to assure that
explosive atmospheres are not generated within the package. Much of the information was
obtained from experiments, most of which involved small amounts of material and
experimental time durations of much less than a year. However, there is also a significant
body of information from storage operation throughout the DOE weapons complex. Some
materials have been stored for nearly thirty years, and in the aggregate, hundreds of ton-years
of plutonium oxide storage experience are represented by these data.

In addition, there are a number of ongoing studies that are providing, and will continue
to provide data addressing more specific concerns. Of particular interest for long term storage
is the LANL “Shelf Life Project,” in which actual excess plutonium-bearing materials are
placed in containers and monitored for many years. LANL has also packaged stabilized
oxides into 3013-like containers with bellows to measure any pressurization. After two years
there is no indication of pressurization. There are also studies of the vapor pressure of water
over plutonium oxide. These studies will help to resolve the few uncertainties that remain
regarding long-term effects of contained materials on their containers.
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In short, extensive experimental and operational data indicate that there is little, if any,
significant pressurization of containers containing pure or impure plutonium oxide stabilized
according to the 3013 Standard. Further, explosive mixtures are not achieved in these
containers as gaseous hydrogen and oxygen are shown not to coexist. These statements are
consistent with experience in actually storing plutonium-bearing materials during the past 50
years. Studies currently underway have shown no evidence to refute the above statements, and
are providing a better understanding of the underlying processes, so that reasonable
predictions of internal container pressure and gas composition can be made.



Gas Generation from Actinide Oxide Materials

Page 3

Chapter 1

Introduction and Background

Mark Paffett
Chemistry Division, LANL

George Bailey
Scientech

1.1 Introduction

Up until the middle to late 1980s, a primary mission of the Department of Energy
(DOE) and its predecessors has been the development, manufacture, and production of
nuclear weapons and their associated nuclear materials. This historical emphasis underwent a
significant change during the period beginning in 1989 when the Cold War ended and the
START series of treaties dramatically decreased the inventory needs of nuclear weapons. The
reduction in the numbers of needed weapons caused significant quantities of special nuclear
material (SNM) to be returned to DOE custody. Safe, secure storage of unprecedented
amounts of SNM for significant time periods was required. Further, the resulting cessation of
nuclear weapons manufacture provided DOE with an opportunity to shut down, clean up, and
close several former weapons complex sites. This shutdown would require shipment and
storage of significant quantities of plutonium-bearing materials. The matter of safe storage
was dealt with through development of a standard for storage of plutonium metals and oxides,
now in its fourth revision, DOE-STD-3013-2000, “Stabilization, Packaging, and Storage of
Plutonium-Bearing Materials” [DOE 2000].

A hazards analysis developed to guide creation of the standard indicated that one
hazard was generation of gas leading to pressurization of any sealed containers that might be
used to store these materials. There are therefore two concepts of overriding importance
embodied within the Standard: 1) the container must be sufficiently strong to contain
whatever pressure may be generated when the container is properly loaded; and 2) the
integrity of the container must remain unimpaired during storage for at least fifty years. The
original drafters of the Standard did not have much quantitative information on gas generation
by plutonium-bearing materials. As a consequence, the first version of the Standard was based
on very conservative concepts, with the understanding that research would be performed to
confirm and improve the basis for the Standard.

This document has been written to capture the relevant research performed in support
of the 3013 standard. It concentrates on the issue of gas generation with specific emphasis on
gas pressure and composition. Noteworthy additional supporting and confirmatory data are
still in various stages of completion and therefore this document will require periodic
updating to reflect this emerging data. However, in the context of the issues of gas
pressurization and composition, this document summarizes the basis for asserting that events
occurring within a 3013 container (loaded according to the requirements of the 3013
Standard) cannot exceed the container design pressure within time frames or environmental
conditions applicable either for storage or for transportation.
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Although the programs to develop the information in this document were initiated to
support storage (specifically, the DOE response to DNFSB Recommendation 94-1), the
information is also applicable to transportation interests for two reasons: 1)  the container is
expected (by the Standard) to maintain its containment function during transportation and
thereby preclude the need for repackaging at the receiving site; and 2) the underlying causes
of gas generation during transportation are the same as those during storage and, allowing for
difference in conditions, data developed for storage may be very useful in transportation
assessments. This document, by summarizing materials-related data on gas generation, can
point those preparing Safety Analysis Reports for Packages (SARPs) to additional
information needed to assess the ability of the primary containment vessel to contain the
contents and any reaction products that might reasonably be produced by the contents.

In that vein, this report presents several types of information. Chapter 2 describes the
materials to be packaged into a 3013 container, with primary emphasis on their properties
after being stabilized according to the 3013 Standard. Chapter 3 provides a description of the
3013 container, beginning with an overview of its history and intended use, continuing with a
review of the design criteria in the 3013 Standard, and concluding with a very qualitative
assessment if its likely performance in a transportation environment. Chapter 4 is the “heart”
of the document, presenting observational data on gas generation. These data include specific
emphasis on resulting gas pressure and composition. Pressure generation data are vital in
assuring that packages do not become over-pressurized during transport or storage. Gas
composition information is needed to assure that explosive atmospheres are not generated
within the package. As might be expected, much of the information has been obtained from
experiments, usually involving small amounts of material and time intervals much less than a
year. However, there is also a significant body of “operations” information from storage
operation throughout the DOE weapons complex. Some materials have been stored for nearly
thirty years, and in the aggregate, hundreds of ton-years of storage are represented by these
data. Chapter 5 describes some of the efforts being made to synthesize these data into an
analytical predictive model and presents some of the surveillance data that might be used to
benchmark such models.

1.2 Potential Gas Pressurization Mechanisms

There are five principle causes of pressurization in a sealed container loaded with
actinide oxides:

• Temperature effects on the fill gas: once the radioactive materials are placed in the
sealed container, the heat generated will cause the material and container atmosphere
temperatures to rise, creating some pressurization. Other types of thermal input, such
as solar heating may cause further temperature and pressure increases. Overall
temperature effects are very small, comprising not more than 10 psi.

•  Helium buildup: most actinides undergo radioactive decay by emitting a helium
nucleus. Over time, enough helium can accumulate to contribute to pressurization.
However, even at the limit of heat generation (19 W) and time (50 years), the
contribution from helium will be, at the most, about 30 psi.

• Desorption of materials: increase in material temperatures after packaging can cause
some constituents, such as carbon dioxide or water, to desorb and vaporize. For
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stabilized materials, the only significant adsorbed material is water. Water desorption
and vaporization could contribute up to 200-300 psi to container pressurization. This
pressure is limited by the equilibrium between the liquid and vapor phases of water
[e.g., Veirs, et al. and references contained therein].

• Chemical reactions (potentially radiation-assisted) that produce gases: these reactions
can cover the spectrum in terms of both reactants and products. The purpose of
stabilizing materials prior to packaging is to greatly simplify the reactions that must be
considered. Stabilization is covered in Chapter 2. Adsorbed water is considered to be
the only source of pressurization from materials that are within the 3013 scope and are
stabilized according to that standard. Decomposition of all permissible moisture within
the material can produce hundreds of psi, but will not, even in the worst case, exceed
the design capability of a properly loaded 3013 container. Decomposition is covered in
Chapter 4 [e.g., Eller et al., Haschke et al., & Morales et al.].

•  Pressure pulses: a container with a combustible atmosphere could experience a
deflagration or a detonation, depending upon the conditions in the container. Pressure
pulses are not considered a concern for a properly loaded 3013 container because its
atmosphere will not be combustible. This aspect is covered in Chapter 5.

The 3013 Standard includes an equation that can be used to derive a “worst case” or
bounding pressure increase in a 3013 container. That equation considers only the first, second,
and fourth factors above. Vaporization is not considered because it can be no worse than
decomposition, and pressure pulses are believed not to be a concern because the container
atmosphere is non-combustible. Note that this overly conservative equation considers only
factors that contribute to pressurization and not those factors that may limit it.

1.3 Factors Limiting Gas Pressurization over Plutonium Oxides

1.3.1 Expected vs. Maximum Loading

Only a very small fraction of containers will be at or near the limiting conditions upon
which the Standard is based. For example, the majority of the material to be stored is weapons
grade, and will likely have a heat generation of about 12.5 W, well below the limiting value of
19 W. Furthermore, the 5 kg total oxide limit and the simple dilution of plutonium with
impurities will strongly limit the total wattage per container. For weapons-grade oxide,
thermal heating is calculated as < 7 Watts for 30-50 wt.% plutonium material.  According to
Hensel’s calculations, bounding oxide material temperatures between 120 and 149°C were
inferred for the shipping container/solar scenario for 5 kg, 30-50 wt.% weapons grade
material [Hensel 1999a,b]. Conversely, because of the 19 W maximum heat generation rate,
the high heat materials will likely have a loading of less than 5 kg, thereby introducing less
moisture into a larger free gas volume. Thus, heating and pressurization will be much less
than the maximum in the majority of containers of impure material. Also, these temperatures
are well within the envelope of experience seen in pure/impure plutonium oxide materials that
have been stored for several years [Eller et al.1999]. Finally, the concern over unanticipated
reactions naturally increases as the impurity content increases. However, as the impurity
content increases, the heating, the internal temperature, and the estimated pressure all
decrease, providing an extra margin for unanticipated pressurization reactions. Another
deviation from the maximum is that limiting pressures occur when the 5 kg loading fills the
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container. Oxide densities either higher or lower than that at which the container is filled with
5 kg of oxide will produce lower pressures. Thus, higher heat loads, which occur in the higher
purity and denser materials, will experience larger volumes and lower pressures.

1.3.2 Effects of Stabilization

The following concepts related to the stabilization process (heating in an oxidizing
atmosphere to at least 950°C for at least 2 hours) limit the overall gas generation:

1) Volatile and organic materials are driven off or are decomposed, thereby eliminating their
contribution to pressurization.

2) Virtually all water, including waters of hydration, will be driven off. However, as the
plutonium oxide cools, it will readsorb moisture from the atmosphere.

3) The total surface area is decreased. Because moisture adsorption is primarily dependent
upon surface area, stabilization acts to minimize adsorption of water.

4)  The stabilization process ensures that iron, chromium, gallium, copper, and uranium
impurities are in their highly oxidized (and generally least reactive) states. These oxides
are thermodynamic sinks for hydrogen gas, acting effectively as getters for it.

5)  A portion of the chloride salt potentially present is vaporized, reducing chloride content
to less than 8% and minimizing a number of effects that are caused by the presence of
these salts.

1.3.3 Gas Generation Limits Arising from H2O, H2, O2 Interactions

Gas generation within sealed 3013 containers is self-limiting because of a number of
factors that are not included in a “worst case” calculation using the DOE 3013-2000 pressure
equation. These significant factors prevent the internal pressure from ever reaching the
bounding pressure determined from the equation. These limiting factors for gas generation
include the following [Eller et al.1999]:

1) The most significant source for gas generation from calcined plutonium oxides results
from water adsorbed between calcination and packaging.

In fact, further analysis of published thermodynamic values for water desorption and
model studies over Pu oxide in replicate 3013 containers clearly indicates that the most
significant gas pressure contribution [Veirs et al.] will likely arise from desorption of
water that is readsorbed following calcination and prior to resealing the 3013 container.

2) One mechanism for internal pressurization is desorption of the adsorbed water after the
container has been sealed. But the molecular desorption of water is self-limited by the
very nature of its equilibrium reaction: H2Oads(oxide surface) ⇔ oxide surface + H2O.
Especially at normal storage temperatures, equilibrium is very much toward the adsorbed
water.

3)  The other mechanism for internal pressurization is decomposition of the adsorbed water.
DOE-STD-3013-2000 is based on the assumption that the dominant decomposition
mechanism for water produces only hydrogen gas and not oxygen. This assumption is
consistent with a reaction that produces hydrogen and the hyper-stoichiometric oxide
PuO2+x from the chemical reaction: PuO2•xH2O ⇔ PuO2+x + xH2 [DOE 1999]. Empirical
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evidence has also shown that the extent of this reaction is limited [Morales et al, 1999],
largely due to the back reaction of hyper-stoichiometric PuO2+x with H2 at moderate
hydrogen pressures to produce water which is readsorbed. The experimental evidence
shows that, for low water content plutonium oxide, this reaction is favored over the
normal radiolysis reaction, which produces both hydrogen and oxygen, and which can
occur in oxides with a high water content [Morales et al, 1999]. If oxygen were to be
produced, it would quickly recombine with any available hydrogen to produce water. This
reaction has been borne out by a number of additional experimental observations. In fact,
in the radiation field produced by the constituent radioactive species, even the stainless
steel in the container can catalyze the oxygen-hydrogen recombination reaction. Thus,
there are two statements that qualitatively summarize the available information: 1)
hydrogen and oxygen will not coexist in any significant quantities in the 3013 container;
and 2) steady-state hydrogen pressures will be low because of the recombination reaction
with oxygen in the hyper-stoichiometric oxide (or whatever oxygen fixing mechanism is
operative).

The observational data that support these statements is extensive, as is described in Chapter 4.
In addition, there are a number of ongoing studies that are providing and will continue to
provide additional data. Of particular interest for long term storage is the LANL “Shelf Life
Project” in which actual excess plutonium bearing materials are placed in containers and
monitored for many years. LANL has also packaged stabilized oxides into 3013-like
containers with bellows to measure any pressurization. After two years there is no indication
of significant pressurization. There is also a study of the vapor pressure of water over
plutonium oxide. This will help to estimate the amount of water that might desorb in a storage
or transportation environment.

In short, very positive statements can be made to the effect that there is little, if any,
significant pressurization of containers containing pure or impure plutonium oxide stabilized
according to the 3013 Standard. This is consistent with experience in actually storing
plutonium-bearing materials during the past 50 years. Studies currently underway have shown
no evidence to refute the above statements, and are providing a better understanding of the
underlying processes, so that reasonable predictions of pressurization can be made.

1.4 Analytical Models

One of the difficulties in assessing gas generation in plutonium-bearing materials is
that, despite decades of experience in dealing with plutonium, there has been very little
interest in gas generation. Plutonium-bearing materials were not generally stored in leak-tight
containers, and plutonium shipments generally involved metal, rather than oxide, forms. As a
consequence, available quantitative information comes primarily from experiments, usually
involving small amounts of material and time intervals of much less than a year. However,
there is also a significant body of more qualitative information from storage operations
throughout the DOE weapons complex, including materials that have been stored for more
than a decade, and representing, in the aggregate, hundreds of ton-years of storage experience.
One way to combine these disparate types of information is through development of an
analytical predictive model that is based on theoretical concepts and benchmarked to the
available data. Chapter 5 discusses this approach and presents results from two fairly
elementary models.
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1.5 The 3013 Container

The 3013 Container is a robust container designed to accommodate significant internal
pressures. It can survive a number of storage handling accidents and still remain leak-tight. It
is not intended to serve as any part of a transportation packaging. Nevertheless, its robust
construction provides some confidence that it could be relied upon to contain its internal
pressures in transportation situations.  Some of the characteristics that provide this confidence
are given in Table 1.1 and a more detailed discussion can be found in the Standard [DOE
2000].

Table 1.1
Summary of 3013 Container Characteristics

Parameter Value

Concept Outer container, approximately 5 inches OD
and 10 inches high to be pressure boundary.

Inner container to provide contamination barrier
and pressure indication.

Optional interior “material container(s)” to
facilitate loading and reduce contamination.

Materials of Construction Ductile, corrosion resistant; certain 300-series
stainless steels recommended. No plastics or
other organic materials may be used.

Closure Welded (inner and outer containers)

Design Pressure 699 psig (714 psia)

Design Qualification Tests:
Inner Container Drop
Outer Container Drop
Hydrostatic Proof Test

Remain leak-tight after drop of 4 feet
Remain leak-tight after drop of 30 feet
Remain leak-tight at 150% of design pressure

Design Standards DOE Order 440.1A (ASME or better)

Pressure Indication ≤ 100 psig; tests on BNFL prototypes indicate a
range from 20 psig to 100 psig.
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Chapter 2

Materials and Material Properties

Elizabeth Bluhm
Chemistry Division

Richard Mason
Nuclear Materials Technology Division, LANL

2.1 Materials Applicable to the 3013 Standard

2.1.1 General Description of Materials

DOE-STD-3013-2000 outlines stabilization criteria for the safe packaging,
transportation, and long-term storage of plutonium metals, alloys, engineered materials, and
pure/impure oxide materials that contain a minimum of 30 wt.% plutonium plus uranium. The
Materials Identification and Surveillance Program (MIS) and other reports [Mason et al.
1999] provide technical data on stabilized oxide materials that support the 30% value.
Additional relevant information is contained in the technical basis appendix of the Standard
and numerous references cited therein. The 3013 Standard also covers plutonium metal but is
not intended for plutonium pits. Foils, turnings, wires, compressed briquettes, irradiated fuels,
sealed sources, TRU waste, plutonium residues/solutions destined for WIPP, and plutonium
materials containing > 0.5 wt.% 233U do not fall within the purview of the 3013-2000
Standard.

Elemental and isotopic characterization has been performed on twenty-two RFETS
and nine Hanford items by the MIS analytical team [Mason et al. 1999; Eller et al. 1999].
Phase-specific characterization was conducted by x-ray diffraction on twenty-six items
[Mason et al. 1999, Morales/Peterson 1999]. Scanning electron microscopy (SEM) and
energy dispersive spectroscopy analysis was also performed on MIS materials [Smith/Neu
1999]. Based on the collected information, the dominant impurity phases in impure oxides
were confirmed as 1) alkali, alkaline earth salts and 2) binary and compound oxides
containing iron, chromium, nickel, gallium, and magnesium. Chromium, nickel, iron, gallium,
silicon, and alumino-silicate impurities were seen up weight percent levels ranging from 1- 5
wt.%. The SEM data clearly indicated the association of Cl with the Pu components and fairly
large (tens of micrometers) crystalline inclusions.

Per container, the total mass for plutonium-239 and other fissile species is based on
criticality concerns and will not exceed 4.40 kg. The total mass of the contents, including non-
fissile species, cannot exceed 5.00 kg. Packaged metal pieces must be in the amount of 50-g
or greater. There exist no plutonium isotopic restrictions outlined in the 3013 standard, but the
19-Watt threshold for heat generation limits short-lived radio-nuclides with maximum 238Pu
and 241Am contents of 33 and 165 grams, respectively [DOE 1999].



Gas Generation from Actinide Oxide Materials

Page 11

In addition, the standard does not specify a lower limit on uranium content in
plutonium-uranium oxides; however, the plutonium concentration must be greater than the
appropriate safeguards termination limit [DOE 1999]. Enriched uranium metal is estimated to
contain a minimum of 5 ppm plutonium, which is in accordance with the Oak Ridge Y-12
facility criteria [DOE 1997] and the DOE Materials Disposition Program [DOE 1998].

Section 2.2.2 below focuses predominately on stabilized oxide materials with a brief
discussion on plutonium metals and alloys. The DOE 3013-2000 Standard excludes most
engineered materials and metal sources are to be dry and in large pieces.

2.1.2 3013 Metal Materials

Stabilization issues for plutonium metal and alloys are straightforward. The 3013-2000
standard requires that all pyrophoric properties be eliminated prior to packaging. As
mentioned in section 2.1.1, plutonium metal and alloy pieces shall be 50-g or larger to
minimize the specific surface area of the material and correspondingly reduce its reactivity.
The minimum thickness and surface area of plutonium metal pieces is established as 1.0 mm
and 100 mm2/g (equivalent to less than 1 g metal) to reduce the likelihood of pyrophoric
events [DOE 1999]. It is difficult to oversee packaging requirements based on a minimum
specific surface area; therefore, as an alternative, the standard relies on a minimum piece size
limit of 50 g. and specifically excludes foils, turnings, wire and briquettes. This highly
conservative value was chosen to account for irregularities in shape and other miscellaneous
uncertainties.

DOE-STD-3013-96 originally considered the α to β  and β  to γ Pu metal phase
transitions to be a potential stabilization problem because of the significant increase in volume
and radial growth associated with the phase changes [DOE 1996]. Elevated temperatures that
drive these phase transitions are anticipated to arise from intrinsic thermal heating and
environmental conditions encountered during transportation and storage of packages
plutonium materials. Spearing and coworkers [Spearing et al.1999; Spearing/Veirs 1999;
DOE 1999] thermally cycled plutonium metal in an instrumented container and measured the
imparted strain by the expanding plutonium metal. The results demonstrated that plutonium
expands anisotropically, where growth in the axial direction was greater than the radial and
the axial expansion increases with container strength. It was concluded that cycling through
the β/γ phase transition would be less stressful to the container because this volume change is
much smaller than the α/β. A recent peer review by Hecker and Stevens concurred with these
conclusions [Hecker/Stevens 1999] and stated that: 1) the radial growth associated with the
α/β phase transition will not impart enough strain to severely damage a container, and 2) “the
only potential failure mode that we could anticipate is one of fatigue resulting from repeated
cycles.”

2.1.3 Plutonium Oxides

Stabilization requirements of DOE-STD-3013-2000 require oxide calcination for at
least 2 hours at 950 °C under an oxidizing atmosphere. Heating oxides under these conditions
accomplishes the following stabilization objectives [DOE 1999]:

1) Reactive materials such as finely divided metal or sub-stoichiometric plutonium
oxides will be converted into stable plutonium oxide [Katz et al. 1986]. Calcining also
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reduces the specific surface area, which controls water uptake on calcined plutonium
oxide. The MIS data reports and other literature indicate that 950°C-calcined pure or
impure plutonium oxides will have surface areas below 5 m2/g regardless of material
origin [Eller et al. 1999].

2) Organic materials, such as small pieces of plastic and other organics entrained in the
oxide, that may produce hydrogen via radiolytic and/or thermal degradation will be
eliminated. The technical combustion literature shows that plastics, less than 1 inch in
diameter, and other entrained organics, are completely oxidized under ambient
conditions at ≥ 800 °C for less than five minutes [Eller et al. 1999; ACS 1995;
Bockhorn et al.]. Large plastic items are to be physically removed after visual
inspection, but even these pieces will be effectively destroyed by the 950°C
calcination.

3) Water content will be reduced to less than 0.5 wt.%. The loss-on-ignition (LOI) test
reliably measures moisture content on fairly pure plutonium oxides ensuring adequate
stabilization (<0.5 wt.% moisture as required by 3013 standard). MIS measurements
on pure oxides show that 950°C calcination reduces adsorbed water and surface-bound
hydroxyl species to under 0.5 wt.% and typically less than 0.2 wt.%. Hydrous oxides
and stoichiometric hydrates also decompose below 950°C [Eller et al. 1999].

4) Corrosive salt concentrations will be reduced. In additon, moisture uptake onto
salt/oxide impurities will keep water content below the 0.5 wt.% threshold. Results
from the MIS program have found that lower assay materials usually fail the LOI test
because residual salt impurities have appreciable vapor pressures at the 1000°C LOI
temperature [Mason et al. 1999]. Consequently, the MIS program developed the
super-critical fluid extraction (SFE) moisture measurement method as an alternate
water measurement method. Current efforts are directed towards developing the
neutron moderation analysis method as a noninvasive technique. An independent peer
review group also recommended neutron moderation and SFE extraction as alternative
analytical techniques for measuring moisture content [Rubin et al. 1999].

5) Plutonium oxalates, sulfates, nitrates and other metal carbonates, nitrates are
effectively converted to oxides by calcination at 950°C [Waterbury 1961]. Plutonium
oxide that has been prepared by peroxide precipitation in sulfuric acid can incorporate
sulfate [Leary 1957]. Mosley and Wing found that 950 °C calcination completely
destroyed all sulfate in plutonium oxide [Mosley/Wing 1965].

The complex interactions of salt residues and water content in impure  plutonium
oxide continues to be a focal point for a number of studies and is discussed in greater detail in
Chapter 4. Some general points are known and include the partial conversion of magnesium
and calcium chlorides to their respective oxides by calcination at 950 °C. Other metal chloride
impurities containing iron, chromium, gallium, etc. also partially convert to binary oxides
before 950 °C. Thermogravimetric studies of magnesium chloride hexahydrate indicates
decomposition at 116-188 °C and complete conversion to MgO around 613 °C [Weast 1965;
Eller et al.1999]. X-ray diffraction and elemental analysis on calcined (950 °C) plutonium
oxides revealed partial conversion of MgCl2 to MgO [Mason et al.1999]. Trace quantities of
calcium oxide were not identified by x-ray diffraction in these studies. Moisture affinities and
binding energies for MgO, CaO, and binary/complex oxide impurities are conceptually
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similar to those for PuO2. Therefore, MgO and CaO impurities are assumed to have no
significant additional impact on water sorption/desorption because the process is mass-limited
[Eller et al. 1999]. However, the influence of MgO and CaO on moisture content will need to
be independently verified if a material is not properly calcined or is left in a high humidity
glove box. It is worth mentioning that this additional gas generation source term (water
desorption from the non-Pu oxide surface area) is not normally accounted for. Presumably the
quantitative measurement of water content of the entire package by either of the two
techniques discussed above would preclude this as a significant gas generation mechanism.

Additional MIS elemental analysis on thirty-two site containers revealed the chloride
content after calcination at 950 °C was reduced to less than 8 wt.% (initial Cl content > 20%)
confirming point four above. Sodium and potassium chlorides melt well below 950 °C,
resulting in large particles with low surface areas [DOE 1999]. Smith and coworkers found
that calcined sodium and potassium chlorides would not reabsorb water unless exposed to
high relative humidities [Smith 1999]. However, residual magnesium and calcium chlorides
after calcination rehydrate at much lower relative humidities. Both salts form stoichiometric
hydrates at room temperature and readily release moisture with modest heating [Eller et
al.1999]. Therefore, care must be taken to limit water uptake between the calcination and
packaging time frame.
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Chapter 3

The 3013 Container

George Bailey
Scientech

Gary Polansky
Sandia National Laboratories

3.1 Historical Overview

3.1.1 A Brief History of DOE Standard 3013

DOE Standard 3013 was originated as an outgrowth of the Reconfiguration (Weapons
Complex Reconfiguration, or Complex 21) Program Architect-Engineer (A/E) being asked to
design a facility to store significant quantities of plutonium for long periods of time. The
background for this request lay in the global politics of the early 1990s. Up until that time, a
primary mission of the Department of Energy (DOE) and its predecessors had been the
development and manufacture of nuclear weapons and production of their associated nuclear
materials. This historical emphasis underwent a significant change during the period
beginning in 1989 when the Cold War ended and the START series of treaties dramatically
decreased the needed inventory of nuclear weapons. The reduction in the numbers of needed
weapons caused significant quantities of special nuclear material (SNM) to be returned to
DOE custody. Safe, secure storage of unprecedented amounts of SNM for significant time
periods was required.

At the time, plutonium storage was generally only for short time periods. With the
support of DOE/HQ, the A/E collaborated with knowledgeable DOE and DOE contractor
personnel (primarily from LANL, SRS, and Rocky Flats) to establish criteria for long term
storage of plutonium materials. When it became apparent in late 1993 that Complex 21 was
not going to materialize, the people involved in these discussions convinced DOE
management that the product of their efforts was valuable and should be documented and
institutionalized. DOE management concurred, and work on what we now call DOE-STD-
3013 began with DP sponsorship.

Unrelated to the foregoing, in April 1993, the Rocky Flats contractor notified DOE
that periodic inspections of stored Pu metal had not been performed as required. Concerns
raised at that time were: 1) Is this a problem and if so, a is it restricted to Rocky Flats? and 2)
How should Pu metal and oxide be stored? In May 1993 a workshop was held on this matter
with broad attendance from throughout the complex. When the workshop report came out in
January 1994, DP was already working on DOE-STD-3013.

In March 1994 the Secretary commissioned a study of plutonium vulnerabilities
throughout the complex. The site assessments and evaluations were performed during May
and June, 1994. DNFSB staff were included as observers. The final report was issued in
November, 1994 [DOE 1994c - "Plutonium Working Group Report on Environmental, Safety
and Health Vulnerabilities Associated with the Department's Plutonium Storage,” U. S.
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Department of Energy, DOE/EH-0415, 1994]. The Pu Vulnerability Assessment identified
numerous storage issues and concerns, which answered the first question above.  Yes, it is a
problem, and it is not restricted to Rocky Flats.

In May 1994, the Defense Nuclear Facilities Safety Board (DNFSB) issued
Recommendation 94-1, based in part on a DNFSB technical report [DNFSB 1994 -
"Plutonium Storage Safety at Major Department of Energy Facilities,” Defense Nuclear
Facilities Safety Board, DNFSB/TECH-1, 1994], expressing the Board’s concern about the
safety of DOE nuclear materials. Specifically, the halt in weapons production that began in
1989 froze the manufacturing pipeline, leaving it in a state that posed significant risks.
Hundreds of tons of material were left in a form that was never intended for storage. They
included, among other things, 13 tons of Pu metal and oxide, 400,000 liters of Pu solutions,
and several tons of Pu contained in 130 tons of process residues, as well as, special isotopes
such as americium, curium, and Pu-238. In their recommendation, they noted that DOE was
preparing a standard for storage of plutonium and recommended that actions on plutonium
vulnerabilities identified in 94-1 produce products that conformed to that standard.

DOE-STD-3013-94 [DOE 1994b] was issued in December 1994. It has since been
revised and reissued as DOE-STD-3013-96 [DOE 1996], 3013-99 [DOE 1999], and most
recently as 3013-2000 [DOE 2000].

3.1.2 Evolution of the 3013 Container

The current version of the 3013 container is the result of evolution to accommodate
changes and refinements in requirements over the last eight years. The original 3013
container, as described in the first version of the standard, DOE-STD-3013-94 [DOE 1994b],
was intended to be used both for storage and for transportation. However, by the time the next
version of the standard, DOE-STD-3013-96 [DOE 1996], was issued, the concept had
changed so that the 3013 container was to be used only for storage. In effect, the inner
container from the 3013-94 package became the outer container for the 3013-96 package. A
“new” inner container was added to provide two contamination boundaries.

The container described by DOE-STD-3013-2000 [DOE 2000] does not differ in its
specifications from that described in 3013-96, but much has been clarified. For example, the
roles of the inner and outer containers with respect to pressure containment and ability to
survive a drop test are more clearly stated in 3013-2000. Further, an ambiguity in 3013-96
regarding dimensional tolerances has been resolved in 3013-2000. Nevertheless, the container
described in 3013-96 is, for all practical purposes, the same container that is described in
3013-2000.

The design of the container, in conjunction with the stabilization requirements in the
standard, represent a balance between consistently achieving a low moisture content and
containing the resultant “worst case” pressure. A lower moisture content would reduce the
design pressure requirement, but would be more difficult to achieve. A higher moisture
content might be more easily achieved, but would increase the pressure containment
requirement dramatically.



Gas Generation from Actinide Oxide Materials

Page 18

3.2 Design Requirements

3.2.1 Normal Storage and Transportation Environment

The container is to be used in a range of external environmental conditions, including:

� Ambient temperatures up to 52 °C (125°F);

� Relative humidity up to 100%;

�  Atmospheric pressures down to the equivalent of 8000 ft. elevation above mean
sea level.

Note that these conditions describe intake air to the vault, and the vault atmosphere
may depart from this depending on the heat loading in the vault and any HVAC equipment
that may be in use.

Containers will be loaded in a glove-box. The glove-box atmosphere may be inert
(such as nitrogen or possibly argon) or it may be air. Air atmospheres will draw from the
range of environmental conditions described above, but may be modified through HVAC
devices. The loading table is expected to be no more than four feet off the floor.

Once the container is removed from the glove-box, it may be stored or transported off-
site and then stored. For design purposes it has been assumed that the container might be as
much as 30 ft. above the floor at some time in the handling process. The outer container must
be able to withstand normal handling and packaging operations.

If the container is moved to another site, it will be packaged into a certified
transportation package for shipment. It is assumed that the transportation package provides
the full protection required for the contained materials, and that the storage container will not
be relied upon during transportation. However, the container system must be able to withstand
the transportation environment. Analysis indicates that under normal conditions of transport,
the average gas temperature within the 3013 container could be as high as 211 °C, and
plutonium metal temperatures might exceed 200 °C [Hensel 1998a & 1998b].

3.2.2 Accident Conditions to be Considered

The outer container must remain leak tight after a 30-foot drop, consistent with the
heights assumed for handling equipment in a storage vault. The inner container must remain
leak tight after a 4-foot drop, consistent with the height of the loading table. Note that 49 CFR
and 10 CFR 71 have similar requirements for hypothetical accident conditions and normal
conditions of transport, respectively.

Loss of cooling events are not uncommon in operation of a vault. The storage
container must be able to withstand such events. The temperature transient will depend
greatly on the details of the HVAC system and the ambient conditions, but early estimates
were that a container gas temperature as high as 204 °C could be reached which is less than
the normal maximum temperatures that might be reached during transportation.  Therefore,
the transportation value of 211°C was used for evaluation purposes. This value corresponds to
a 3013 container packaged into a 9975 transportation container that is sitting in the sun in an
air temperature of 100 °F [Hensel 1998b].
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3.2.3 Pressure Containment Function

The pressure containment function must accommodate the full range of pressure
conditions likely to be encountered by the container including a “worst case” situation. The
equation that describes that situation analytically is derived in Appendix A. In it,
pressurization is assumed to arise from three sources:

1) The container will likely “operate” at a temperature that is higher than the temperature at
which it was filled causing some pressurization of the container. This pressure increase
accounts for less than 10 psig.

2) Over a period of time, helium will build up from the alpha-decay (decay by emission of a
helium nucleus) of the various radioactive species in the container. This buildup can
account for approximately 30 psig, depending on how long the material has been stored.

3) Water that has been adsorbed onto the surface of any contained plutonium oxide may
radiolytically decompose, releasing hydrogen. It is currently believed that the
accompanying oxygen is fixed to the plutonium oxide and that only hydrogen is released.
The moisture content of the oxide material is limited to 0.5 weight percent, which limits
the pressurization that can occur so that total internal pressure is less than the design value
of 699 psig. Water desorption may also occur, accounting for at most 200-300 psig.
However, in the analysis, no account has been taken of reactions which might limit these
effects and which are believed to reduce this to no more than tens of psig, rather than
hundreds.

Pressurization analysis assumes that the volume occupied by the gas includes the
annular space between the inner and outer containers, the annular space between the inner and
convenience containers, the head space in the convenience container, and the interstitial
spaces between the grains of oxide material, including any porosity connected to the container
atmosphere. The analysis considers the effect that material density has on available gas
volume. In general, the less pure the oxide material (or the lower the Pu+U content), the lower
the density and the higher the pressure for a given oxide mass loading. As the density is
reduced, a point is reached at which the convenience container is filled and a minimum gas
volume is reached producing the maximum pressure. Further reducing the density reduces the
amount of material that can be loaded into the container, thereby reducing the amount of
moisture available for decomposition and reducing the pressure. [For a more extensive
discussion of this subject, see DOE 2000, Appendix B.]

3.2.4 Pressure Indication Function

One potential container failure sequence is over-pressurization from a loading error or
from an unrecognized gas generation mechanism. The nested container concept makes it
difficult, if not impossible, to measure gas pressure in the inner container. To overcome this
difficulty, the inner container is required to have a pressure-indicating feature. The two most
commonly discussed features are a bellows and a deflectable lid, in which changes in either
can be detected by radiography. The British Nuclear Fuels (BNFL) version of the 3013
container uses the deflectable lid. The design provides for a pressure indication at 100 psig or
less. Because it is a mass-production device, it does not have great accuracy, and tests have
indicated that a lid could undergo its initial deflection at any pressure between about 20 psig
and 100 psig. Tests on the Savannah River Bagless Transfer System can [SRS 2000] have
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shown that the lid has a smooth response (no “snaps” or “pops” as in the BNFL can) to
pressure. However, the variability of the calibration curve is not yet known, and so the risk of
a “false positive” remains uncertain.

3.2.5 Storage Interface

There is a need to accurately identify and retrieve individual containers both for
“operations” purposes and for safety purposes. Consequently, each container requires a
unique identifier. This identifier is required to be permanent so that time and use or movement
do not eradicate or destroy it.

3.3 Design Concept

In this section, square brackets indicate the portions of the current standard [DOE
2000] that are relevant to the discussion in the paragraph(s) preceding the brackets.

3.3.1 Container Configuration and Roles

The design goals for the storage package are that it be maintenance free and
compatible with existing or planned qualified shipping containers without further
reprocessing or repackaging. The container assembly consists of a minimum of two
individually welded, nested containers to isolate the stored materials from the environment.
The outer container provides the pressure boundary to prevent release of the contents. The
inner container provides an additional isolation boundary and an internal pressure indicator.
The outer and inner containers are to be sealed by welding. The use of additional sealed or
unsealed inner containers, sometimes referred to as material or convenience containers, is
optional [6.2.1.1].

The outer container must be able to survive common handling incidents. It must be
able to contain the range of pressures to be expected in normal service. It is desirable that it be
able to withstand the normal transportation environment so that post-transport repackaging is
not required.

The inner container allows for a non-destructive indication of an internal pressure
buildup of < 100 psig. Pressure indication, such as a pressure deflectable lid or bellows
observable by radiography, will permit early detection of inner container pressurization prior
to potential failure. The pressure detection threshold (set at 100 psig) balances the need to
minimize "false positives" with the need to eliminate "false negatives.” Pressure buildup in
the inner container under normal storage conditions is expected to yield internal pressures less
than 100 psig from all known pressurization mechanisms except water desorption and
vaporization. An internal pressure indication of 100 psig is therefore adequately indicative of
unexpected pressurization, yet far below the design pressure for the outer container (set by the
Standard at 699 psig) [6.2.1.4].
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The material container (convenience container) is a container that is used to transfer
plutonium-bearing material into the inner container. A material container is not required in
packaging and is not considered an isolation barrier by this Standard. Use of a material
container can reduce the potential for contamination during loading and closure of the inner
container, facilitate packaging, and provide an additional material barrier.

3.3.2 Closure

A sealed container design, rather than a container design with a gas filter, was selected
for two reasons: 1) gas filters allow the entry of moist air which could interact with salts and
other impurities contained in the stored materials; and 2) if the container were not always
oriented properly, stored powder could plug the filters and later “blow out” causing, at a
minimum, a local spread of contamination.

Full penetration weld closures provide the highest integrity and longest life seals
possible. Welds eliminate gaskets, which may degrade and leak. Mechanical seals using bolts
or screwed connections are susceptible to wear, creep relaxation, seizure, or other mechanical
failure. A welded closure is preferred over other closure types because it is believed to
provide the best combination of features such as design qualification test performance, ease of
assembly under production conditions in a glove box, container (package) payload capacity,
and achievement of a 50-year life [6.2.1.1].

3.4 Design Criteria

In this section, square brackets indicate the portions of the current standard [DOE
2000] that are relevant to the discussion in the paragraph(s) preceding the brackets.

3.4.1 Materials

Both the inner and outer containers are to be fabricated of ductile, corrosion resistant
materials, such as 300 series stainless steel or other materials of comparable or better
performance (strength, corrosion resistance, etc). Closure welding is to be performed using
procedures that minimize sensitization of the stainless steel to stress corrosion cracking. Any
additional interior containers must be made of materials compatible with the inner and outer
containers.

Use of low-carbon stainless steels, such as 304 L and 316 L, is recommended with
316 L being preferable to 304 L because of its greater corrosion resistance. Both materials are
justified on the basis of extensive experience in this and similar types of service. Stainless
steels 301, 302, and 303 are not recommended due to their relatively low concentrations of
alloying additions. The use of higher alloyed materials is probably beneficial to container
failure resistance, but given the less thorough analysis of these alloys in the literature, it is
considered prudent to avoid their use at this time. A recent report on corrosion [Kolman 1999]
strongly recommends low carbon grades of stainless steel to avoid sensitization to stress
corrosion cracking (SCC). The report also notes the importance of welding techniques that
will not sensitize the steel to SCC [6.2.2.1].

Neither the outer nor the interior containers may include combustible or organic
material in their construction. Further, neither elastomeric gaskets nor organic coatings may
be applied to any of the containers, including the convenience container. The Assessment
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Report [DOE 1994a] describes radiolytic effects with plastics, hydrogenous compounds, and
organic materials during storage of plutonium-bearing materials. Prolonged plutonium storage
necessitates exclusion of such materials from sealed containers because radiolysis and
thermolysis of organic material can produce combustible and corrosive gases and increase
pressure within sealed containers. Radiation and heat also can potentially change the
composition of organic materials so that they no longer perform their intended packaging
function. Therefore, such materials should not be used in fabricating the inner or outer
containers. Elastomeric seals on food-pack cans have been used for storage of plutonium.
Although such containers have been used successfully with little or no significant seal
degradation, the approach taken in DOE-STD-3013-2000 conservatively excludes them from
use [6.2.2.3].

3.4.2 Design Standards

The outer container is considered a pressure vessel because, even in the absence of any
moisture, helium evolution from radioactive decay and gas law effects at potential storage
temperatures can generate increased pressure in the container. Beyond that, its function as the
primary containment requires that it be able to contain the pressures that might conceivably be
generated by all credible processes, including water desorption and generation of hydrogen by
water decomposition. Because its pressure containment role affects worker safety (and,
potentially, public safety) it is to be designed to the requirements outlined in DOE Order
440.1A, Attachment 1, Section 6, and is to be capable of being designated “Safety Class.”

Paragraph 6, Pressure Safety Requirements, of Attachment 1 to DOE O 440.1,
requires that the ASME code or an alternative design code equal or superior to the intent of
the ASME code be used for pressure vessels. Since the outer can qualifies as a pressure vessel
but cannot be hydrostatically tested when loaded because of its contents, and since the final
weld is not performed by the manufacturer, it will not be ASME stamped. However, there is
precedence in the shipping container qualification process for less than literal adherence to the
code [SARP 9975]. In this case, the pressure containment vessel is designed to ASME
requirements and the fabricator manufactures the vessel according to code but does not stamp
the vessel as complying with the code. This approach is implemented in the standard and
procurement specifications by designing and manufacturing the outer storage container to
ASME specifications (for example, ASME VIII) with exceptions documented to show safety
equal to or superior to the intent of the ASME code.

The container may be designated as “Safety Class” in Safety Analysis Reports or other
Authorization Basis documents because it provides primary containment [6.2.1.6].

3.4.3 Dimensions

The loaded and assembled outer container shall fit within a right circular cylinder with
the following dimensions:

� Inside diameter 126 mm (4.961 in.).

� Internal height of 255 mm (10.030 in.).

The outer container is sized to fit into existing certified or currently proposed shipping
containers (primarily the 9975 and SAFKEG packages). This design will minimize future
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handling and avoid unnecessary additional personnel exposure, operational risk, and waste
generation [6.2.2.3].

Interior containers* are to be sized to fit in the next outer container with adequate
clearance for welding the next outer container. These requirements simply provide
functionality in the design [6.2.1.2].

3.4.4 Design Pressure

The minimum design pressure of the outer container is 699 psig. Specifying a
minimum design pressure provides compatibility with the safety envelopes for current and
planned storage facilities. The specified design pressure of 699 psig is sufficient to contain the
pressure generated by the maximum oxide loading under “worst case” conditions of 0.5 wt%
moisture, 19 W heat generation, and 211°C (412 °F) gas temperature. It thus accommodates
bounding storage conditions at most, if not all DOE facilities where plutonium-bearing
materials might be stored. These conditions also bound normal conditions of transport
[6.2.1.5].

3.4.5 Design Qualification Testing

The outer container must remain leak-tight as defined by ANSI N14.5 after a free drop
of the package (outer container, inner container, and simulated contents) from a 9-meter (30
ft.) height onto a flat, essentially unyielding, horizontal surface. The drop test follows the test
procedures specified in applicable portions of 49 CFR 178.603, and is conducted using
containers as specified by 49 CFR 178.601, loaded with non-radioactive material that
simulates the planned loading for the package. The purpose of this test is to ensure that a
storage package accidentally dropped from the maximum storage height would not release
any material. The number of tests, the number of samples per test, and the drop orientation of
the samples are specified in 49 CFR 178.603(a). The target for the drop tests is defined in 49
CFR 178.603(d). The distance of the drop is measured from the target to the lowest point on
the sample container. The drop height specified in the criterion is to be used instead of the
heights indicated in 49 CFR 178.603(e). The criterion for passing the test is that it retain its
function, (i.e., that it remain leak tight as defined by ANSI N14.5 [ANSI 1997]).

The inner container must remain leak-tight as defined by ANSI N14.5 after a free drop
of the container (including simulated contents) from a 1.3-meter (4 ft.) height onto a flat,
essentially unyielding, horizontal surface. The drop test follows the test procedures specified
in applicable portions of 49 CFR 178.603, and is conducted using containers as specified by
49 CFR 178.601, loaded with non-radioactive material that simulates the planned loading for
the container. The purpose of this test is to ensure that a loaded inner container accidentally
dropped from the maximum packaging height would not release any material. Details of the
tests are as in the preceding paragraph.

The outer container must remain leak-tight, as defined in ANSI N14.5, after a
hydrostatic proof-test to 1.5 times the design pressure. The test is conducted using containers

                                                  
* The term “interior containers” means the inner container and any convenience containers.
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as specified by 49 CFR 178.601. This test provides verification that the container will remain
leak tight under maximum design conditions, plus a safety margin [6.2.3.1].

3.4.6 Testing during Use

Both the inner and outer containers are to be tested for leak-tightness, as defined in
ANSI N14.5, at their time of closure. ANSI N14.5, Leakage Tests on Packages for Shipment,
specifies that the acceptable maximum leak rate is 1 x 10-4 std. mm3/sec (1 x 10-7 std. cm3/sec)
of dry air at one atmosphere [ANSI 1997] [6.2.3.2].

3.4.7 Identification

Both the inner and outer containers are to have unique permanent identification
markings, such as by etching or engraving. Identification markings are required on all storage
containers to facilitate maintenance of an inventory data base and management of stored
materials. In the event of a failure or other unanticipated behavior, the ability to identify
specific packages that share the characteristics of the failed or suspect package will be vital to
correcting the problem [6.2.4.1].

3.4.8 Contamination Lvels

The exterior surface of the outer container must not, at the time of its assembly and
closure, exceed the removable surface contamination values specified by 10 CFR 835,
Appendix D. The outer container will be placed in and moved through contamination-free
areas. It is important that the container not compromise the contamination-free nature of those
areas. Further, the outer container, when open prior to filling or loading, should still be
capable of placement in or transport through contamination-free areas.

The inner container is the primary barrier to release of radioactive materials. To
ascertain that this goal has been accomplished, the inner container undergoes a leak test.
Contamination levels on its exterior surface must be as low as reasonably achievable, but the
surface need not be contamination-free at the time of closure. Higher levels of contamination
– possibly as high as 100 times the values in 10 CFR 835, Appendix D -may be permitted at
the time that the loaded inner container is placed into the outer container [6.2.4.2].

3.4.9 Contents Verification

Both the outer and interior containers allow for non-destructive contents verification,
inspection, and surveillance (such as by radiography and weighing). Storage of plutonium-
bearing material must comply with existing materials control and accountability (MC&A),
safeguards and security, and audit and surveillance directives, which rely on nondestructive
assays as a technique for validation. The MC&A requirements call for routinely assaying
stored materials for process, accountability, and inventory controls. Plutonium packaging and
storage should not preclude adherence to these directives. Further, contents verification
supports the safety-related function of determining that the package has been correctly loaded
[6.2.1.3].
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3.5 Expected Performance

3.5.1 Normal Storage Conditions

Under normal storage conditions, there is considerable over-design in the 3013
package. Even under maximum loading conditions (19 W heat generation) and complete
decomposition of the contained moisture (25 g maximum, i.e. 0.5 wt. % from a 5 kg loaded
container), pressures will remain under the design value.

3.5.2 Off-Normal Storage Conditions

The container also easily handles off-normal storage conditions. It is designed to
withstand:

�  Drop of a loaded inner container from a height of four feet, whereas the normal
loading glove boxes are at lower heights;

� Drop of a loaded outer container from a height of 30 feet, although most storage
vaults cannot raise the container above a height of about 10 feet; and

�  Pressure resulting from complete decomposition (or desorption) of the contained
water plus 50 years of decay helium evolution heated to a gas temperature of
211°C, although loss-of-cooling and other comparable temperature excursions had
previously been expected to reach only 204°C.

These off-normal conditions are expected to bound the events that might be
experienced by one or more containers in storage. Consequently, it is believed that the
container is sufficiently robust to survive any storage event short of collapse of the vault
structure.

An alternate storage configuration is being considered – one in which the containers
remain within the 9975 (or SAFKEG) transportation packages. This configuration is within
the envelope described above. The 211°C maximum gas temperature represents a 3013
container in a 9975 package sitting in the sun at an ambient temperature of 100°F. Naturally,
storage in the sun is not contemplated, so this approach is conservative. It is discussed further
in the next section.

3.5.3 Transportation Conditions

The 3013 container design easily meets most of the applicable requirements set forth
at 10 CFR 71.43 and 71.51 for Type B packages The 3013 container, if loaded in accordance
with DOE-STD-3013-2000, will retain its integrity at the temperatures it would experience
under normal conditions of transport (NCT). Calculations performed at SRS [Hensel 1998b]
provide a basis for asserting that a gas temperature of 211°C is the maximum that would be
achieved in the situation in which the container sits in a 9975 transportation package in the
sun for an indefinite time. The loading of the container is limited based on the pressures that
might be attained under those conditions. Other factors that are considered under NCT are not
expected to lead to any degradation of the container. Consequently, it is expected that the
container will retain its integrity and remain leak tight during NCT, particularly since it is
enclosed and protected by the transportation container. The container has not been
demonstrated to retain its integrity under hypothetical accident conditions (HAC). There
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appear to be two primary areas of concern. The first is whether the container would survive
the various accidents and accident sequences that are specified in the regulations. The
transportation container must survive, and it would cushion the 3013 container from impacts
during drop tests and insulate it from heat input during the prescribed fire. Although the
ability of the 3013 container to survive these events inside of a 9975 (or SAFKEG) has not
been demonstrated, the robust construction of the container provides confidence that it would
survive intact.

The second issue related to HAC is the gas temperature that would be reached during
the postulated fire event. If that temperature were to be greater than the 211°C established for
NCT, then maintaining integrity with all possible loadings would be in question. It is
common, under HAC, for the primary containment vessel (PCV) to reach temperatures
somewhat above 200°C. Also, because this is a transient condition, it is common for the
contents to be cooler than the PCV. Thus, it is possible that the gas temperature would be
within the approved envelope. Even if it exceeded the 211°C value used in the analysis, it
would likely exceed it by only a small amount and the resulting pressure should still be well
within the 150% of design test value. Consequently, it is extremely unlikely that HAC would
cause a 3013 container failure.

3.5.4 Performance Assurance

Quality: Although the containers may not be assigned a quality class, they are required
to be capable of being designated as “Safety Class.”

Conservatism: The design of the container and the criteria for it’s loading both include
significant conservatism. The design is to be accomplished using ASME-approved, or better,
techniques. Although the design pressure is 699 psig, and the design is expected to survive a
proof test at 150% of that, or approximately 1050 psig, tests to destruction have shown that
pressures of about 4000 psi are required to rupture the container. Even under maximum
conditions, the bounding pressures calculated are expected to be conservative by at least a
factor of two and possibly much more. Further, most stabilized materials have significantly
less that 0.5 weight percent moisture and are not at the limiting density; so most packages will
experience pressures considerably below the design value.

Surveillance: There are many uncertainties in storing materials such as plutonium
oxide over periods as long as 50 years, especially if the oxides contain some chlorides.
Experience has shown that most failures of packages containing plutonium materials occur
within a few days of packaging, and the standard requires an inspection soon after each
container is sealed. Beyond that, it is expected that the robust nature of the container, coupled
with the conservatisms mentioned above, will make the mean time to failure very long – in
other words the normal statistical approach to failures may indicate such a small number that
the normal statistical sampling techniques may be inadequate. To at least partially offset this,
a “shelf-life” program has been devised in which samples of actual materials are enclosed in
stainless steel containers and monitored over the storage period. Assessments will be made of
gas generation and other material behaviors and of corrosion, particularly SCC. The standard
requires that materials to be packaged have a “representative” sample in the program.
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3.6 Remaining Issues

3.6.1 Pressure Indication

The fact that the pressure deflectable lid may deflect at pressures as low as 20 psig
poses some difficult issues regarding surveillance. The problem is what action to take if a
deflected lid is detected – that is, how to detect “false positives.” The concept was that a
deflected lid indicated sufficient pressurization to consider the container to potentially be at
risk. If the container is at 100 psig, that would be a reasonable interpretation. But at 20 psig,
the matter is not so clear. For example, if the loaded 3013 container were in the 9975
transportation package, and 10% of the water desorbed, it is possible that pressures over 20
psig could be reached even at moisture levels as low as 0.15%. The result is that the pressure-
indicating feature in the BNFL can is of marginal value for surveillance purposes. The
situation for the bagless transfer system can is uncertain. In any event, further research on
reactions that tend to limit pressurization have provided confidence that internal pressures
cannot approach the 699 psig design pressure and that container integrity will not be
threatened by pressurization. Instead, the primary concern has now shifted to materials-
oriented phenomena such as corrosion. As a consequence, the surveillance concepts being
considered have also shifted to more materials-intensive techniques. The “shelf life” and other
long-term materials behavior studies described elsewhere in this document are likely to
become the core of the surveillance effort, with random testing of containers for
pressurization relegated to a minor role. This approach implies an on-going
research/surveillance program for as long as the materials are in storage. The matter of the
pressure indication device being of little practical use is believed to be resolved through use of
the materials-based surveillance program.

3.6.2 Stress Corrosion Cracking

The other issue regarding container integrity involves a rather rapid type of corrosion
known as “stress corrosion cracking” (SCC). This type of corrosion occurs in the presence of
chlorides and is unlike most forms of corrosion in that only very small amounts of chlorides
can cause significant SCC effects. Most types of corrosion do not pose an issue because the
amount of the corrosive substance is far too small to affect the significant mass of the 3013
container. SCC only occurs in the presence of moisture. In general, the moisture in the 3013
container is believed to be tightly enough bound to the oxide that it is immobile and cannot
activate SCC.

However, in situations in which the oxide is at a fairly high temperature, some of the
water may desorb and go into the vapor phase. That water/steam could carry with it some of
the chloride and deposit it on the cooler surface of the container where the steam could
condense. The presence of impurities could exacerbate this, depending on the affinity between
the impurity and water. A desorption/condensation/resorption cycle could be started that
could threaten container integrity. At this time it is not possible to say whether this cycle
could be established or not. If it can, it likely occurs only in a very small fraction of the
packages – those that have significant moisture (stabilization is expected to generally produce
less than 0.15% moisture), high heat generation (most containers will be at 14 W or less) and
that contain chlorides. Further, if this phenomenon does occur, the inner container (and, to
some extent, the convenience container) may contain this reaction, serving as a “sacrificial”



Gas Generation from Actinide Oxide Materials

Page 28

barrier. There are also several mitigating factors, such as the fact that higher impurity levels
imply lower heat generation and, hence, lower temperatures. Also, the highest heat-generating
oxides tend to be relatively free of chlorides.

A significant research effort is currently underway to assess whether or not this issue
poses a significant threat to 3013 container integrity. The research is expected to either
confirm that SCC is not a significant threat, or to indicate the envelope of parameters (heat
rate, purity, etc.) where it is a concern. In the event the issue is not insignificant, mitigating
actions are available for the relatively small number of containers that may be affected. For
example, their loading may be reduced to reduce the heat load and the oxide temperature.
Alternatively, it may be possible to ensure that they are not exposed to solar radiation for any
significant period of time. This action would reduce potential temperatures by about 45°C.
Yet another alternative would be not to store the 3013 containers in 9975 transportation
packages. Thus, although SCC creates a significant uncertainty, it is capable of resolution and
is not expected to affect safety or closure schedules.
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Chapter 4

Observations of Gas Generation over Plutonium Oxide Materials

Laura A. Worl
D. Kirk Veirs

NMT Division, LANL

4.1 Introduction

As discussed in previous sections, a key concern in storage and transportation of
plutonium-bearing materials is avoidance of unacceptable gas pressurization. The evolution of
appreciable quantities of hydrogen and other gases from plutonium-bearing residues,
inadequately stabilized oxides, and incompatible materials is well known [DOE 2000, DOE
1994, DNFSB 1994, Haschke 1998, Livingston 1999]. In contrast, documented cases of
plutonium storage package failures caused by gas pressurization from reasonably stabilized
and packaged oxide materials have not been reported [Eller 1999a]. A recent review of the
gas pressurization from calcined oxides also indicated that gas pressures would not exceed the
699 psig minimum design pressure of the welded 3013 packages if the stabilization and
packaging requirements of the Standard were followed [Eller 1999b]. In addition,
experimental data and actual storage experience are extremely limited for the estimated
temperatures for some bounding transportation scenarios. However, it must also be considered
that much of the past storage involved containers (food-pack and slip-lid), some of which
apparently leaked.

The purpose of this section is to augment the previous survey [Eller 1999b] and to
summarize and evaluate past and current experimental observations on the generation of gases
over plutonium oxide materials. The experiments that are included focus on pure and impure
plutonium bearing materials that would meet the DOE-STD-3013-2000 Standard [DOE
2000a] criteria as described in the previous sections. Information on materials that are outside
the Standard criteria are also included so that bounding case observations can be interpreted
within the context of the 3013-2000 Standard.

4.2 Plutonium Oxide and Water

A key element of the technical basis of 3013 Standard is that water uptake on calcined
plutonium oxide is controlled by the oxide surface area. Reports show that the 9500C
calcination reduces residual moisture content (water and related species such as surface-bound
hydroxide) to below 0.5 wt.%, and typically less than 0.2 wt.%. [e.g., Haschke 1997 and
references therein, Mason 1999]. Additionally, it is indicated that the surface area of
plutonium oxide calcined at 9500C is consistently below 5 m2/g regardless of the oxide origin
[Haschke 1995, Manchuron 1996, Mason 1999]. Key scientific reports have been published
on details of water interactions with actinide oxides. [Stakebake 1973, Haschke 1997, Ritchie
1981, Balooch 1996, Morales 1999, Manner 1999]. The reports indicate that a PuO2 surface
area of about 5 m2/g, 0.5 wt.% moisture content corresponds to approximately 4-5 molecular
monolayers of water. It is also believed that the outer water layers (> 2 molecular layers)
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behave more like free water and will adsorb and desorb onto PuO2 in equilibrium with the
relative humidity of the atmosphere.

Therefore, water in a sealed container will contribute to the final pressure due to the
vapor pressure at a given temperature. Depending upon the amount of water present and the
enthalpy of adsorption onto the oxide surface, it is possible for appreciable water partial
pressures to develop from desorption and even for liquid water to exist in the package at
temperatures above 1000C. Under these conditions, water vapor would condense on the
lowest temperature point in the container. This effect may be more of a concern with impure
oxide materials containing salts that are capable of adsorbing significant quantities of water.
Typically salts have relatively little moisture uptake until a critical relative humidity is
obtained, and then the moisture uptake increases rapidly to very high values greater than 50
wt.% moisture, forming a saturated solution. The salts MgCl2⋅6H2O and CaCl2⋅6H2O have
critical relative humidities in the 29-33% range. Thus exposure of an impure oxide containing
these salts, in their chemical form, can adsorb over 0.5 wt% water in a glove box with 35%
relative humidity. It has been recommended that materials with high calcium and magnesium
chloride content be stabilized and packaged with appropriate controls to minimize significant
moisture readsorption and the possibility of subsequent desorption [Eller 1999].

Further considerations on exposure of impure oxides containing chloride salts to
moisture have indicated scenarios in heated containers that may lead to corrosion of the 3013
container. This potential corrosion is attributed to the hydrolysis of chloride salts resulting in
the formation of hydrochloric acid and the respective metal oxide or oxychloride. This
scenario, if it were to occur, would present a concern with respect to stress corrosion cracking
of the stainless steel container. However, there is no operational indication that this process
actually occurs in sealed containers of plutonium oxide materials. Experiments are currently
underway by Veirs and Paffett to examine these issues.

4.2.1 Water Vapor Pressure over Pu Oxide

Experiments are underway to measure the vapor pressure of water over plutonium
oxide bearing materials and the heat of adsorption of water on these oxides (Veirs 2000). A
resulting model will allow the vapor pressure of water over these materials to be accurately
predicted. Initial results on pure plutonium dioxide show that the vapor pressure of water
adsorbed onto the PuO2 surface will be essentially indistinguishable from the vapor pressure
of liquid water at the same temperature for all water layers greater than the first few
molecularly adsorbed layers. These results indicate that low specific surface area materials
with 0.2 – 0.5 wt. % adsorbed water under elevated-temperatures as might occur during
storage or transportation will exhibit elevated pressures arising from the water vapor pressure.
Higher pressures (~150 psig) were observed from a sample with 0.2 wt.% water on low
specific surface area PuO2 surface at elevated temperatures (~200 °C). Interpretation of
experiments conducted at elevated temperatures with materials containing adsorbed water
should take into account the vapor pressure of water. On the other hand, for high specific
surface area material, all of the water up to 0.5 wt. % will be strongly bound to the oxide
surface. The vapor pressure of this strongly bound adsorbed water will not contribute to
pressurization at elevated temperatures anticipated during transportation and/or storage.
Further experiments are planned for impure oxide materials.
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4.2.2 Gas Generation of Unstabilized Pu Oxide Materials - Savannah River
Technology Center Study

A gas analysis study was conducted with unstabilized plutonium residues designated
as sand, slag, and crucible to check for transportation concerns [Livingston 1999]. Results for
only the pure PuO2/water experiments are shown in Table 4-1. Gas measurements were taken
after a seven-day incubation period. It is unclear from the report if final pressure
determinations (and subsequent compositional analysis) corrected for contributions from the
water vapor pressure. Therefore, the data presented represent the worst case scenarios for
pressure and gas compositions.

The data show that the presence of water plays a critical role in pressurization and H2

generation. In the sample series, a maximum pressure increase of 8.7 psi was observed when
2.5 wt. % H2O was added to PuO2 and the sample was heated to 90oC (run #47). As noted
above, this pressure rise may mostly be due to evaporation of water at 900C. It is not clear
from the report if the final pressure measurement was made at room temperature or at
elevated temperature. The gas mixture above this sample after seven days was reported to be
3.4 vol% H2, 7.3 vol% O2

 and 81.8 vol% N2. On the other-hand, no pressure increases were
detected when the samples were exposed to a high relative humidity and the oxide adsorbed
up to 2.3 wt% of water under ambient conditions. Additionally, no pressure changes were
observed when heat was applied to a sample that adsorbed 1.8 wt.% water when exposed to
high humidity (run #16).

In two runs, H2 and O2 were present in potentially combustible mixtures. These
samples had 5 and 10 wt. % water added to the oxide. In these samples, the water content is
exceptionally high essentially and behaves as free water. Water radiolysis, in these cases,
contributes significantly to the gas generation products. These two experiments are well
outside the packaging criteria defined in the 3013 Standard, which limits the moisture to 0.5
wt.%.

In samples where water was introduced by humidity adsorption on the oxide surface
(runs 4, 12, 16, 41), the maximum H2 produced was 0.7 gas volume %. As indicated in the
table, the amount of water adsorbed by the oxide was up to 2.3 wt%. Observations for
samples with adsorbed water on the oxide surface are not the same as with addition of liquid
water to the sample. The generation of hydrogen and internal pressure is suggested to occur
by a different mechanism than when free water is directly available. The mechanism of the
gas generation in PuO2 adsorbed water has been examined in recent reports [DOE 2000b,
Eller 1999b, Haschke 1995/1996/1998, Morales 1999/1998, Allen 1999a, Stakebake 1993].
The results indicate that H2 is primarily produced by a chemical reaction (compared to
radiolysis) of adsorbed water to produce H2 and a super-stoichiometric oxide, PuO2+x. The
recombination of H2 and O2

 by radiolytic and chemical catalytic mechanisms is reported to be
faster than the H2 production. Even when packaged in high relative humidity, the observations
indicate that less than 2% H2 would be anticipated to build up in the containers in a
transportation timeframe, provided the moisture content is less than approximately 2 wt.%.

In low moisture PuO2 materials with adsorbed water layers, surface chemistry is the
dominant component of H2

 generation. In these cases, self-limiting reactions provide
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recombination mechanisms to prevent high pressure generation and concomitant presence of
H2/O2 in combustible mixtures. When the moisture content increases to a sufficiently high
level, radiolytic gas generation becomes a larger component of the observed gas production.
In these cases where free water exists in the container, small scale experimental results have
demonstrated that combustible mixtures of H2/O2 can occur. These experiments clearly
indicate that dry oxide materials (<0.5 wt.% moisture) will not generate significant levels of
hydrogen or a combustible atmosphere. On the other hand, 0.5% water can result in
significant pressurization from desorption and vaporization [Veirs 2000].

Table 4-1
Summary Of Gas Generation Relevant Results In The PuO2 Tests From Livingston1

Sample Description Run#
Pressure
Change
(∆Torr)

N2

(vol%)
H2

(vol%)
O2

(vol%)

PuO2 over desiccant 3 0.4 82.3 0 21.1

PuO2 over 76% RH1

(~1.2 wt% adsorbed H2O)
4 3.2 82.5 0 20.1

PuO2 over 100% RH
(~1.8 wt% adsorbed H2O)

12 -2.9 84.8 0.5 20.0

PuO2 over 100% RH @90ºC
(~1.8 wt% adsorbed H2O)

16 -7.0 78.2 0.2 15.5

PuO2 over 100% RH ~2 weeks
(~2.3 wt% adsorbed H2O)

41 -7.7 81.2 0.7 19.9

PuO2 + 1.03% H2O 55 1.6 84.0 0.4 19.0

PuO2 + 1.44% H2O 56 14.8 84.0 0.3 20.0

PuO2 + 1.03% H2O @90ºC 59 277 81.6 0.7 16.2

PuO2 + 1.44% H2O @90ºC 57 274 81.5 1.8 10.1

PuO2 + 2.5% H2O 45 26 76.8 2.3 21.0

PuO2 + 2.5% H2O @90ºC 47 448 81.8 3.4 7.3

PuO2 + 5% H2O 38 57 77.7 7.4 14.1

PuO2 + 10% H2O 5 136 61.7 10.8 22.8
1 Gas samples were obtained seven days after sealing. Shaded items indicate the experiments that were
exposed to a humid environment. 2 RH is relative humidity.

4.3 Analysis over Aged Plutonium Oxide Items

4.3.1 Headspace Gas Analysis in the 94-1 MIS Project

The gas composition and pressurization over aged oxide materials from Hanford
containers were determined under the 94-1 MIS project [Mason 1999]. Those items had been
stored in rim-sealed (“food pack”) containers from 1 to 18 years. The containers were
received at LANL and then punched to obtain a sample of the head-space gas. Measurements
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on six of the items indicated that they were gas tight. The head-space gas samples were
analyzed for gas pressure and composition. Table 4-2, shows the pressures in the six leak tight
cans to be less than 750 Torr. The oxide in these containers had been calcined under less
stringent conditions than required by the 3013 Standard, and the material contained limited
moisture content (0.006 – 0.22 wt%). Significantly, the vault storage for up to 14 years of
highly impure Hanford oxides indicated no pressurization.

Table 4-3 includes the compositional analysis of the head space gas from the 6 leak
tight containers. Hydrogen was reported in two containers at 29% and 47.5% by volume. One
of these items contained substantial thorium and carbon (HRA905191 with 29% H2) and the
second container (ARF-102-85-365 with 47.5% H2) included detectable carbon (0.4 wt%),
salts (greater than 10%), and 0.15% H2O. In both cases of high hydrogen levels, oxygen levels
were below the detection limits. In the other four containers, where oxygen was present due to
an air-packaging atmosphere, no significant hydrogen was detected. If the materials were
calcined according to the 3013 criteria, the carbon content and salt impurities would be
significantly lower. Despite the higher levels of impurities in these aged materials, no
combustible mixtures of hydrogen and oxygen were detected (greater than 4 mol % hydrogen
and 5.5 mol % oxygen).

4.3.2 Summary of Plutonium Oxide and Metal Storage Package Failures

Eller et al. have summarized historical failure scenarios for plutonium oxide and metal
materials [Eller 1999a]. The available information indicates that pressures sufficient to exceed
the 699 psig design pressure of the welded steel packages prescribed by the 3013 Standard are
highly unlikely if calcination is performed at 950 °C and excessive moisture re-adsorption is
avoided between calcination and packaging. The required 3013 Standard calcination
conditions are sufficient to eliminate all sources of pressurization significant with respect to
the pressure design criterion. The evaluation in the report shows that rational explanations
exist for all documented cases of failure of storage packages containing plutonium oxide and
metal. All documented failures have involved conditions well outside the envelope defined by
the 3013 Standard. Two root causes of documented failures are identified. One cause is
volume expansion from oxidation of stored metal in non-airtight packages. The second cause
is gas pressurization due to radiolytic and/or thermal decomposition of inadequately stabilized
materials. The decrease in failure frequency observed in recent years is attributable to
improved packaging and surveillance protocols developed by applying valuable lessons
learned from earlier packaging failures and successes. These lessons learned have been
applied in the DOE-STD-3013-2000 [DOE 2000a].

4.3.3 Vault Storage of Unstabilized Plutonium Bearing Residue at LLNL

Lawrence Livermore National Laboratory Plutonium Facility reported the bulging of
eleven containers as the result of the generation of gases from the plutonium ash residues
contained in the cans [Van Konynenburg 1996]. These materials were not stabilized by the
3013 criteria. The oxides contained mixtures from calcined precipitates from Pu solutions,
off-gas dust scrapings, and some calcined box sweepings. The mixtures contained carbon
char, residual NaOH, chlorides, nitrates, and fluorides. The calcination temperature was
typically 450oC. After calcination, the materials were opened in an uncontrolled air glovebox
for an unspecified amount of time prior to packaging. The increased pressures in the
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containers were between 9 – 103 psig with a medium between 30 and 60 psig. In the
containers with very little carbon, headspace gases were determined to be O2, N2, trace CO2,

and no detectable CO. In the containers with large amounts of carbon the gas was rich in CO,
H2, and CO2. In the bulged containers of unstabilized impure oxides, combustible mixtures of
hydrogen and oxygen were not detected. All container pressures were below 105 psig.
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Table 4-2
Gas Pressure Data For Aged MIS Items Stored In Food-Pack Containers1.

Species Description Wt.
%
Pu

As
Recd.
Wt.%
H2O

2

Can Age
(years)

Nominal
Site

Pressure
(torr)

Inner
Can

Pressure
(torr)

HRA905191
(LANL

Inventory)

Unstabilized LANL
item with Th and

organics

17 unknow
n

unknown unknown 563

PPSL-365 Hanford vertical
calcination

83 0.01 1 742 586

PSU-84-06-05 Mixed oxide with 63%
U & fuel-grade Pu

15 0.13 13 742 593

ARF-102-85-365 RFETS item stored at
Hanford

59 0.15 13 620 668

ARF-102-85-
114-1

RFETS item stored at
Hanford

86 0.00 13 620 576

ARF-102-85-355 RFETS item stored at
Hanford

45 0.22 14 742 525

1 From Mason 1999. Data from only the non-leaking containers are listed.  2 Moisture content was
determined by supercritical CO2

 extraction.

Table 4-3
Headspace Gas Analyses For As-Received MIS Items Stored In Food-Pack Containers.1

Item Total Pressure N2 O2 Ar CO2 H2 He CO

Air - 78.1 20.9 0.93 0.07 - - -

HRA905191 563 49.6 - 0.4 10.0 28.9

PPSL-365 586 91.3 4.9 0.9 2.9 0.1 0.3 -

PSU-84-06-05 593 81.5 0.1 0.7 14.5 0.3 0.3 -

ARF-102-85-365 668 47.3 - 0.7 - 47.5 4.2 -

ARF-102-85-114-1 576 97.4 - 0.9 0.4 - 1.0 -

ARF-102-85-355 525 93.6 - 0.9 3.9 0.9 0.4

1 From Mason 1999. Data from only the non-leaking containers are listed. Percentage of total gas with estimated
error ±10%. Gas compositions are for the innermost containers of the packages. Major gas components are
listed.
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4.3.4 Technical Basis for an Integrated Surveillance Program (ISP) for Materials in
Long-term Storage.

The requirement for an integrated safety surveillance program (ISP) was established in
the 3013 Standard for its materials in long-term storage awaiting disposition. The outline for a
safety surveillance program was recently described by Boerigter et al. [Boerigter 2000] and
was subsequently used to develop the ISP, described below. The program includes the
identification of likely failure mechanisms for the plutonium-bearing oxide and metal
materials packaged in double-weld-sealed stainless steel containers. The stored material
ranges from high-purity oxide to a lower limit of 30 wt.% plutonium plus uranium. Oxides are
stabilized at 9500C for a minimum of two hours. At anticipated storage temperatures, only
moisture readsorbed by hygroscopic chloride materials after calcination is identified as a
concern with respect to gas generation. The removal of materials that could contribute to
pressurization by calcination and the effectiveness of hydrogen and oxygen recombination
ensures that pressure from desorption of readsorbed water will not exceed the pressure design
criteria. The possibility of stress corrosion cracking induced by moisture desorbed from these
materials is a focus of continuing study by the 94-1 R&D project. These surveillance
programs that are outlined have three emphases: (1) quality assurance of processing and
packaging operations to control moisture uptake and package integrity, (2) surveillance of
selected completed packages in vault storage, and (3) continuation of gas generation and
corrosion studies conducted at Los Alamos.

4.3.6 Gas Generation Workshop, January 2000, Albuquerque, NM

A workshop on hydrogen gas generation was sponsored by the National
Transportation Program, DOE, Albuquerque [Transportation 2000]. The workshop addressed
several topics including 1) gas generation in Pu and U bearing material; 2) modeling gas
generation; 3) test programs for residues; 4) WIPP lessons learned; 5) getters and
recombiners; and 6) regulatory and programmatic issues. In the panel discussion for gas
generation in actinide bearing materials (Panel session 1) it was summarized that the original
3013 Standard was written without clear definition of the chemical reactions occurring within
the system. A technical basis was established showing that high pressures (>699 psig) are not
observed or expected when oxide materials are prepared according to the 3013 Standard.

4.4 Studies in Progress

Recent and ongoing experiments have provided the basis for the observation that O2 is
not produced with H2 from moisture adsorbed on PuO2 [DOE 2000b, Haschke 1996, Allen
1999a, Morales 1998, Stakebake 1993, Mason 1999]. It is postulated that the reaction between
PuO2 and water produces H2 and O2, wherein the O2 is taken up by the oxide as a super-
stoichiometric oxide (PuO2+x) or within the oxide lattice. Additionally, other experiments
have shown that there are a variety of mechanisms that can catalyze the recombination of
H2/O2 [DOE 2000b, Eller 1999b, Morales 1998]. This reaction limits the generation of high
pressures of these two gases simultaneously in sealed oxide storage containers. Credible
pressurization mechanisms over calcined plutonium oxide materials have been identified to
include thermal heating, helium generation, radiolytic and chemical degradation, and
desorption of water [Eller 1999b]. Several minimal pressurization mechanisms can occur in
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the 3013 container including thermal heating, helium production, and chemical/radiolytic
decay. For a bounding shipping scenario, analyzed by Hensel, a maximum oxide temperature
of 275°C and a maximum gas temperature of 211°C can be obtained [Hensel 1999]. Thermal
heating to 211°C in the gas phase can generate a total can pressure of 23 psig (14 psig
package pressure + heating pressure increase) from the fill gas alone. Maximum helium
generation from radioactive decay can theoretically account for 32 psig after 50 years [DOE
2000b]. Radiolytic and chemical reactions in plutonium oxide materials may generate
pressure and/or gas mixtures in the headspace that include hydrogen [Eller 1999]. The
reactions involve the effects of carbon, salt, moisture, and oxyanion content as well as the
specific surface area and calcination temperature. And, significantly, water vapor pressure at
this temperature due to 0.5 wt.% moisture can contribute to 282 psig (assuming all of the
water is free water). Yet, in documented experimental and theoretical work, described below,
pressurization of containers to 699 psig (the ultimate bounding pressure in the instrumented
container [DOE 2000]) is not observed.

4.4.1 Integrated Surveillance Plan – Description of ISP

The Integrated Surveillance Program (ISP) is being developed and implemented with
DOE site-wide participation (SRS, LANL, RFETS, LLNL, Hanford). The ISP will evaluate
DOE-STD-3013 containers in storage to identify problems with the condition of the materials
or containers that have developed over time or were not identified in the initial packaging
quality assurance process [ISP 2000]. Destructive and nondestructive techniques and
sampling methods are chosen based on the most plausible failure mechanisms. However, an
additional desired outcome is that the analysis techniques will evaluate for any unforeseen
failure mechanism. Information gathered from the MIS and core technology programs will
determine the categories of materials that are sampled as part of the ISP. The MIS shelf life
project, discussed below, will provide information to continually develop a database that will
aid in the refinement of site of surveillance programs.

4.4.2 MIS Shelf Life Project

An integral part of the ISP, initiated by the DNSFB 94-1 Program, includes the
monitoring of gas pressure and compositions over plutonium-bearing oxide materials in
sealed storage containers [Worl 2000]. Shelf-life studies of representative samples and core
technology studies provide confidence that potential failure mechanisms are recognized and
early indications of problems can be detected. The goals of the MIS Shelf Life Project are to
anticipate behavior in materials stored at the DOE sites and to improve models for predicting
gas generation. The results provide a foundation and database input for ISP, described above,
for the 3013 containers.

The project will accomplish this goal by monitoring gases in full-scale containers with
plutonium-bearing materials and in small-scale containers with samples taken from materials
actually being stored. Many small (10-g) samples will be monitored for six months to two
years, and a limited number of large samples equivalent in size to the storage can capacity
will be monitored for longer periods of time. The small samples will allow a database to be
compiled of many material types prepared for storage in various ways and in contact with
various gases. Large samples will give the precise behavior of a limited number of full-scale
samples. Comparison between the two sample types will determine the degree of confidence
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that is justified in small sample experiments and fundamental measurements in predicting the
long-term behavior of real materials.

For the large-scale study, two experimental methodologies will be used. In the first set
of experiments, pressure changes are collected over time by radiography measurements.
These sealed containers are equipped with bellows. Results gathered over a two-year period
are summarized below. In the second set of experiments, nine instrumented and engineered
3013 inner containers are being installed at the LANL plutonium facility to establish
compositional changes in gases over plutonium oxide materials for an extended time. These
nine instrumented cans will contain up to 5 kilograms each of baseline oxides, oxides exposed
to high-humidity atmospheres, and oxides containing chloride salt impurities. The
instrumented full-scale 3013 cans are equipped with Raman, mass, and acoustic resonance
spectroscopies for gas monitoring, gas chromatography, corrosion monitors, and pressure and
temperature transducers [Worl 2000].

The small-scale 10-gram containers include two experimental efforts. The first
approach is based on work by Allen et al. where gas compositional changes are monitored
with a residual gas analyzer [Allen 1999b, Mason 1999]. The results from these experiments
are described below. The MIS Shelf Life Project has integrated this ongoing small-scale work
with the large-scale studies to provide continuity and increased effectiveness in both resources
and data results. In the process of project integration, a redesign of the small-scale container
was developed so that the small-scale reactors are 1:500 scaling of the 3013 Standard. (In
both the large and small-scale studies, only the innermost 3013 sealed container is modeled).
In the first set of ongoing experiments, the vessels are approximately 65 ml in size and
contain 10 grams of oxide material [Mason 1999]. In the second set of experiments, the new
small-scale reactors will be heated as necessary to accommodate the self-heating temperature
that an analogous full-scale 3013 oxide filled container would generate. These containers are
equipped with a 45-microliter gas-sampling chamber for gas analysis, pressure transducer,
and thermocouples. The pressure and temperature data are monitored continuously.

4.4.2.1 Gas Pressurization Measurements in Containers with Internal Bellows

Recently, LANL packaged seven containers of plutonium oxide according to the
DOE-STD-3013-94 Standard [Eller 1999b, Mason 1999, Hagan 2000]. Bellows were installed
on the inner container in each can for monitoring pressure changes. The results are shown in
Figure 4.4.2.1. Six containers held pure plutonium oxide powder with a measured weight loss
of ignition at 10000C of 0.025 wt.%. Four containers were filled with PuO2 prepared from
oxalate precipitation (LOX5002, LOX5003, LOX5004, LOX5005) and two containers were
filled with oxide obtained from metal brushings (LOX5000, and LOX5001). To date, the
containers have been in vault storage for more than two years. No significant changes in the
length of the bellows have been observed by radiography for these containers. These results
indicate that the sealed containers have not pressurized during the storage time frame.
Assuming weapons grade material with a gas temperature of 80oC, a 2-liter gas void volume,
and 0.025 wt. % water could produce a gas pressure of 27 psig if all of the water was
converted to hydrogen.
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In a separate case, a
3013-type container was loaded
with 2.85 kilograms of 85 wt.%
plutonium oxide, prepared by an
oxalate precipitation process,
(MISSTD-1, Figure 4.1) At the
time of packaging, in the 3013
container, the measured water
content was 0.3 wt.% H2O and
the surface area was 32 m2/g.
Radiographic measurements
after about three years of
storage showed a shortening of
the bellows indicative of a
pressure increase of about 10
psi. This increase in pressure,
since all of the pressure rise is
seen in the first data point after
packaging, is at least partially
consistent with a higher water
vapor pressure at 800C as
compared to packaging
conditions. No additional
pressurization within the
estimated detection limit has
been observed after more than
one additional year of storage.
If one assumes weapons grade
material that creates an internal
gas temperature of 80oC and a 2 liter gas void volume and with the initial molar equivalent of
0.3 wt.% water, a gas pressure of 120 psig could ultimately result if all of the water is
converted to hydrogen. In both cases, the higher storage pressures determined from the ideal
gas law, assuming all of the water is converted to hydrogen gas, are not observed in practice.
In summary, these observations show that relatively pure oxide material with moisture
contents near 0.5 wt.% moisture do not undergo unacceptable pressurization under vault
storage conditions. These results are consistent with decades of operational experience in
storing oxides under vault conditions.

4.4.2.2 Gas Analysis over 10 Gram Oxide Sample Size

Headspace gas analysis was conducted by Allen et al on 9 sealed containers containing
10 grams of PuO2 material obtained from Hanford or RFETS. The containers were sealed up
to 600 days [Allen 1999b, Mason 1999]. The data is summarized in Table 4-4. In these
samples, no significant container pressurization occurred. The pressure has remained
relatively constant (helium packaging) or decreased (air packaging). The gas compositional
changes showed minimal in-growth of hydrogen in the nine containers - less than 0.6 mol% of
the gas volume. In addition, the oxygen was depleted in the samples packaged in air. In one

Figure 4.1 Pressure change observed in sealed 3013-94-type containers
containing plutonium oxide materials. The containers are equipped with
bellows so that real time radiography measurements allow for pressure
monitoring. The error in the data points is + 1.6 psi. The MISSTD-1
container is loaded with 2.85 kg of 85.4 wt.% plutonium oxide prepared
from an oxalate precipitation process. The material contained 0.31wt.%
moisture with a surface area of 32 m2/g. The six LOX containers are
loaded with pure plutonium oxide material prepared from a metal
oxidation process (LOX5000 and LOX5001) or an oxalate precipitation
process (LOX5002, LOX5003, LOX5004, and LOX5005). The
materials are dry with less than a 0.025 wt.%. moisture content.
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case (BLO-39-11-14-004) which contained 5 wt.% Am, the oxygen was depleted within the
first 180 days, with only 0.82 mol% of the gas volume remaining in the headspace. Six of the
containers showed some hydrogen generation, yet the limited data shows little correlation
between the amount of water present and the amount of hydrogen generated. In none of these
nine containers of impure oxides were combustible mixtures of hydrogen and oxygen
detected.

Table 4-4
Summary Of Pressure And Hydrogen Generation Over 10 Grams Of

MIS Oxides In The 94-1 Program.

Source Calcination
Temp., oC

Pu
wt%

Cl
wt%

Other, wt.% H2O,
wt%1

Pressure
Change
(_torr)

Fill
Gas

O2,
mol%2

H2,
mol%3

BLO-39-11-14-004
(Hanford)

As received 854 <0.1 5. Am
0.21 C

0.583 -360 Air 0.82 0.45

PPSL-365
Hanford vertical calciner

As received 83 0.02 1.6 Ca
5.2 Mg

0.0063 0 He 0.15 0.05

As Above 600 0.01 0.01 Ca
.07 Mg

0.0035 -81 He 0.01 0.01

As Above 900 0.01 1.6 Ca
4.7 Mg

0.0007 0 He 0.01 0.56

ARF-102-85-223
(Hanford)

As received 66 11.2 6.6 K
4.8 Na
0.9 Mg

0.14 -18 Air 13.46 0.51

As Above 900 5.5 1.9 K
1.5 Na
0.5 Mg

0.01 -22 Air 17.4 0.07

ARF-102-85-295
(Hanford)

As received 31 20 5.4 K
3.7 Na
6.8 Mg
2. Ni
2.5 Fe

0.0399 -38 Air 19.25 0.24

As Above 900 39 7.7 2.3 K
2.4 Na
4.0 Mg
4.1 Ni
5.4 Fe

0.1740 -189 Air 15.1 0.24

5501407
(RFETS)

As received 63/115 0.3 4.3 Ni
4 S

0.379 -16 N2 0.001 0.49

1 Moisture determined by supercritical fluid extraction.  2 Maximum hydrogen generation.  3 Oxygen content

determined at maximum of hydrogen content.  4 5 wt% Am, 9.9 watts.  5 63wt% U, 11wt% Pu.

4.4.3 Ongoing Surveillance Studies on Sealed Cans Holding PuO2 from Direct Metal
Oxidation

Sealed containers of oxide from plutonium metal oxidation have recently been
prepared and are being monitored in a surveillance program at LANL [Lloyd 2000]. The
container package consists of three nested containers. The outer two containers are in a
welded leak tight configuration packaged under a He atmosphere. The oxide material is
typically calcined at less than 6500C and has a loss on ignition of <0.5 wt%. Ongoing
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radiography measurements on the lid deflections provide an indication of pressurization. In a
series of baseline tests, it was determined that the inner can lid deflects outward at ~120 psig
with this particular packaging configuration. The error associated with monitoring the inner
container lid deflection from radiography has been determined to be + 30 psig based on the
scatter in the data from many measurements. Over the one year course of monitoring the lid
deflections, no deviations from the baseline measurements have been obtained. These results
indicate that pure plutonium oxides (stabilized at <6500C with <0.5 wt.% water) do not
generate measurable gas pressures in sealed containers at these storage temperatures.

4.4.4 Gas Recombination Measurements Over RFETS

The goal of a recently initiated project is to identify gas generation and H2/O2

recombination rates for packaged RFETS residues [Chamberlain 2000]. These residues may
contain components distinct from those normally encountered in more well-defined studies as
mentioned above in other case histories. Measurement of recombination rates of hydrogen and
oxygen over plutonium residues provides support for estimates of the maximum hydrogen
concentrations that can accumulate in a storage/shipping container, assuming an excess of
oxygen is present. This approach may be especially useful for highly impure materials (e.g.
<30% Pu) which are characterized by low specific activity, moderate self-heating and
relatively high moisture content. Preliminary experiments using two LANL incinerator ash
samples (17.5 and 28.2 wt% 239Pu) in a pressurized air atmosphere with 4% hydrogen indicate
that the initial recombination rate at 26±2 °C is ≤56 mol H2 per day per kg of Pu-239. Within
this limited class of materials, the recombination rate appears to be driven primarily by
activity of the plutonium and not the other matrix materials. However, further screening of
typical matrix constituents, especially metal oxides, is needed before this result can be
extrapolated to other residue types.

4.5 Summary and Conclusions

The available information presented above and earlier [Eller 1999b] indicates that
pressures sufficient to exceed the 699 psig design pressure of the sealed container system
prescribed by the 3013 Standard are highly unlikely. Specifically, this is true if the materials
are packaged according to the 3013 Standard guidelines and excessive moisture readsorption
is avoided between calcination and packaging. Available information is also presented
indicates that actual maximum pressures under 100 psig are likely under normal storage
conditions. A plausible source of significant pressurization for calcined oxide materials
arrives from moisture readsorbed between calcination and packaging. Desorption of water
from these oxide surfaces at elevated temperatures could lead to increased pressures due to
water vapor pressure and even to liquid moisture under some conditions. The presence of
liquid water would raise the possibility of stress corrosion cracking and consequent reduction
of pressure resistance of the container. Simple good operating practices should be effective in
limiting readsorption between calcination and packaging and reducing the possibility of this
occurrence to negligible levels. Such practices include controlling glovebox humidity and
exposure time and covering the material in the period between calcination and packaging.



Gas Generation from Actinide Oxide Materials

Page 43

References

Allen 1999a Allen, T.H. and J.M. Haschke “Interactions of Plutonium Dioxide with
Water and Oxygen-Hydrogen Mixtures,” Los Alamos National
Laboratory Report, LA-13537-MS, 1999.

Allen 1999b Allen, T., (1999) “Summary of results from the 94-1 long-term storage
containers,” LANL.

Balooch 1996 Balooch, M.; Hamza, A., “Hydrogen and Water Vapour, Hamza 1996
Adsorption on and Reaction with Uranium,” J. Nucl. Mat., 230 (1996)
259.

Chamberlain
2000

Chamberlain, R. in “94-1 R&D Program Review,” Los Alamos National
Laboratory Report LA-UR-00-2455, June, 2000.

DNFSB 1994a Defense Nuclear Facilities Safety Board, “Plutonium Storage Safety at
Major Department of Energy Facilities,” Technical Report
DNFSB/TECH-1, April 1994.

DNFSB 1994b Defense Nuclear Facilities Safety Board, “Recommendation 94-1:
Improved Schedule for Remediation in the Defense Nuclear Facilities
Complex,” letter from John T. Conway to Hazel R. O’Leary, May 26,
1994.

DOE 2000a “Stabilization, Packaging, and Storage of Plutonium-Bearing Materials,”
DOE-STD-3013-2000, U. S. Department of Energy, Washington, DC.

DOE 2000b “Appendix A - Technical Bases for Stabilization, Packaging and Storage
of Plutonium – Bearing Materials,” in the DOE-STD-3013-2000, U. S.
Department of Energy, Washington, DC.

DOE 1994a U. S. Department of Energy, “Assessment of Plutonium Storage Safety
Issues at Department of Energy Facilities,” DOE/DP-0123T, Washington,
D.C., January 1994.

DOE 1994b U. S. Department of Energy, “Plutonium Working Group Report on
Environmental, Safety and Health Vulnerabilities Associated with the
Department’s Plutonium Storage,” DOE/EH-0415, November 1994.

Eller 1999a Eller, P.G.; Szempruch, R.W.; McClard, J.W., “Summary of Plutonium
Oxide and Metal Storage Package Failures,” Los Alamos National
Laboratory report, LA-UR-99-2896 (1999).

Eller 1999b Eller, P.G.; Mason, R.E.; Horrell, D.R.; McKee, S.D.; Rink, N.A.;
Leasure, C.S., “Gas Pressurization from Calcined Plutonium Oxides,”
Los Alamos National Laboratory Report LA-UR-99-3804, and reference
therein.



Gas Generation from Actinide Oxide Materials

Page 44

Hagan 2000a Hagan, R.; Fry, D.A., “Report, Radiographic Surveillance of 3013
Containers,” Los Alamos National Laboratory internal memorandum
NMT-04-00-008, February 2, 2000.

Hagan 2000b Hagan, R., “Radiographic Surveillance Report, ” MISSTD-1, Los Alamos
National Laboratory internal memorandum NMT-04-00-72, July 13,
2000.

Hanford 1997 Hanford Storage Trade Study, “Storage of Plutonium Metal & Oxides
Pending Disposition Trade Study,” Presentation by George Klipa and
Tom Rising, August 13, 1997.

Haschke 1995 Haschke, J.M. and T.E. Ricketts, “Plutonium Dioxide Storage:
Conditions for Preparation and Handling,” Los Alamos National
Laboratory Report, LA-12999-MS, 1995.

Haschke 1996 Haschke, J.M. and T.E. Ricketts, “Adsorption of Water on Plutonium
Dioxide." Journal of Alloys and Compounds, 1997. 252: p. 148. b)
Haschke, J.M., T.H. Allen, and J.L. Stakebake, “Reaction Kinetics of
Plutonium with Oxygen, Water and Humid Air: Moisture Enhancement
of the Corrosion Rate.” Journal of Alloys and Compounds, 1996. 243: p.
23.

Haschke 1998 Haschke, J.M. and J.C. Martz, Plutonium Storage, 1998, John Wiley and
Sons, Inc.: New York City.

Haschke 1998 Haschke, J. M.; Martz, J. C., “Plutonium Storage,” chapter Martz 1998 in
“Encyclopedia of Environmental Analysis and Remediation,” Robert A.
Meyers, Ed., John Wiley and Sons, Inc., 1998.

Hensel 1999 Hensel, S. “Thermal Analysis of the 9975 Package with the 3013
Configuration During Normal Conditions of Transporation,”
Westinghouse Savannah River Company, WSRC-TR-98-00420.

ISP 2000 “Integrated Surveillance Program in Support of Stabilization, Packaging
and Storage of Plutonium-Bearing Materials,” Contributors: Randall M.
Erickson, David Horrell, Karen Dodson, Richard Mason, James McClard,
Jerry Stakebake, Richard Szempruch, Gary Thompson, Los Alamos
National Laboratory report #LA-UR-00-3246.

Livingston
1999

Livingston, R., “Gas Generation Test Support for Transportation and
Storage of Plutonium Residue Materials,” Westinghouse Savannah River
Company Report #WSRC-TR-99-00223 (1999).

Lloyd 2000 J. Lloyd, Los Alamos National Laboratory, NMT-15, personal
communication, August 2000.

Mason 1999 Mason, R.; T. Allen, L. Morales, N. Rink, R. Hagan, D. Fry, 1999 L.
Foster, B. Bender, E. Wilson, C. Martinez, P. Martinez, M. Valdez, F.
Hampel, O. Peterson, J. Rubin, and K. Hollis, “Materials Identification
and Surveillance: June 1999 Characterization Status Report,” Los Alamos
National Laboratory report LA-UR-99-3053, June 1999.



Gas Generation from Actinide Oxide Materials

Page 45

Morales 1998 Morales, L.A., J.M. Haschke, and T.H. Allen, “Kinetics of Reaction
Between Plutonium Dioxide and Water at 25 to 350° C. Formation and
Properties of the PuO2+x Phase. ” Los Alamos National Laboratory
Report, LA-12597-MS, 1999.

Morales 1999 Morales, L.A., “Preliminary Report on the Recombination Rates of
Hydrogen and Oxygen over Pure and Impure Pu Oxides. ” Los Alamos
National Laboratory Report, LA-UR-98-5200, 1998.

Stakebake
1993

Stakebake, J.L., D.T. Larson, and J.M. Haschke, “Characterization of the
Plutonium-water Reaction II: Formation of a Binary Oxide Containing Pu
(IV).” Journal of Alloys and Compounds, 1993. 202: p. 251.

Transportation
2000

Gas Generation Workshop, January 2000, Albuquerque, NM, “Hydrogen
Gas Generation Workshop Minutes,” WMTS-RPT-038.

Van
Konynenburg
1996

Van Konynenburg, R.A.; Wood, D.H.; Condit, R.H.; Shikany, S.D.,
“Bulging of Cans Containing Plutonium Residues – Summary Report,”
Lawrence Livermore National Laboratory report number, UCRL-ID-
125115, March 1996.

Veirs 2000 Veirs, et al. in “94-1 R&D Program Review,” Los Alamos National
Laboratory Report LA-UR-00-2455, June, 2000.

Worl 2000 Worl, L.A.; Berg, J.M.; Prenger, F.C.; Veirs, D.K. “Justification for
pressure and combustible gas limitations in sealed instrumented
containers of oxide materials,” Los Alamos National Laboratory Report
LA-UR-00-1510, (2000).



Gas Generation from Actinide Oxide Materials

Page 46

 Chapter 5

Gas Generation Combustion Hazards Assessment and

Related Computer Modeling Efforts

Martin Sherman
Sandia National Laboratories, Albuquerque

John Lyman and Mark Paffett
Chemistry Division, LANL

5.1 Combustion Hazards Assessment

Because of the possibility of combustion arising from hydrogen gas generation in or
around plutonium-containing containers, we include a brief section on relevant combustion
information. This chapter section is a distillation of an earlier lengthy report [Sherman 1999].
The main focus is the possible effects of container overpressure developed by combustion. A
secondary concern is the high temperatures produced in a flame if there were combustion
upon opening the container. The potential fuel for combustion is hydrogen generated by
radiolysis of water and other chemical reactions. The oxidizer is oxygen. Gases such as N2,
CO2, and Ar, are called “diluent gases” or “inert gases.” Three forms of combustion are
considered in this assessment and are denoted as deflagrations, detonations, and diffusion
flames. Deflagrations are subsonic flames passing through premixed combustible gas
mixtures. Detonations are supersonic combustion fronts passing through premixed
combustible mixtures. Diffusion flames are flames at the interface between fuels and
oxidizers in which laminar or turbulent diffusion of species controls.

5.1.1 Deflagrations

The propagation of a deflagration requires that the fuel-oxidizer-diluent gas mixture be
within flammability limits and there be an ignition source. The amount of spark energy
required to ignite H2-air mixtures is well known and is on the order of tenths of a millijoule
[Lewis 1987]. Sparks produced accidentally can be an ignition source. Hence for safety
studies, a flammable mixture is assumed to be able to find an ignition source.

5.1.1.1 Flammability Limits

For a mixture of flammable gases such as hydrogen and air, the flammability limits are
defined as the limiting concentrations of fuel in which a flame can be propagated indefinitely.
Flammability limits are functions of temperature, pressure, direction of propagation,
turbulence level, and ambient gravity. If temperature and pressure are not specified, room
temperature (25ºC) and atmospheric pressure are assumed. A fuel-oxidizer-diluent gas
mixture is usually most reactive when the fuel-oxidizer ratio is near to stoichiometric, which
would be two moles of H2 per mole of O2. For H2-air, a stoichiometric mixture is ≅ 30% H2. If
the fuel-oxidizer ratio is less than stoichiometric, the mixture is lean; if the fuel-oxidizer ratio
is greater than stoichiometric, the mixture is rich. There is a lean flammability limit and a rich
flammability limit. For H2-air at room temperature and pressure, the lean upward propagation
limit is 4.0% H2, and the downward propagation limit is 9.0% H2. This significant difference
is unique to lean H2 limits. As long as there is more than sufficient O2 to burn the H2, the lean
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limit is only weakly sensitive to the presence of diluent gases. The rich upward and downward
propagation limits are almost identical. The rich limit is 74% H2, but it better to consider it as
a lean oxygen limit, 5.5% O2. Considered as the lean oxygen limit, the limit is only weakly
sensitive to the presence of diluent gases, as long as there is greater than sufficient H2 to burn
the O2. Hence, to simplify this argument, for a burn to occur, a minimum of 4.0% H2 and
5.5% O2 is required.

If a sufficient amount of diluent is added, the flammability requirements for H2 and
O2, 4.0% and 5.5% respectively may not be met. It has been noted [Lewis 1987] that that
some diluents are more effective in producing an inert H2-air mixture than others. In
particular, gases with large specific heats such as CO2 are more effective than those with
smaller specific heats such as N2 (or Ar).

At higher temperatures the flammability limits widen and the required ignition energy
decreases. For example, the lean downward propagation limit decreases to 8% H2 at 200°C.
At high enough temperatures a H2-air mixture auto-ignites. The auto-ignition temperature for
H2-air is ~ 450°C, too high to be of concern here.

5.1.1.2 Deflagration Pressure

The maximum pressure achieved by a deflagration is the AICC (Adiabatic Isochoric
Complete Combustion) pressure. Adiabatic means no heat transfer from the hot gases to the
surrounding surfaces. Isochoric means the process takes place at constant volume. Complete
combustion is defined such that the products of combustion are in thermodynamic
equilibrium, as opposed to
the unburned gases, which
a re  i n  me ta - s t ab l e
equilibrium. For mixtures
within the downward
flammability limits, the peak
combus t ion  p re s su re
observed is nearly the AICC
value. Between the upward
and downward flammability
limits, there can be a
significant concentration of
unburned remaining gases,
and hence pressures lower
than the AICC are possible.
For a safety analysis, use the
AICC pressure for any
deflagration between the
upward limits and zero
overpressure if the mixture
is assumed outside these limits. An example of the calculation of the AICC pressure for H2-
moist air is shown in Fig. 5.1. The ordinate is the ratio of AICC to initial pressure rather than
AICC pressure because the pressure ratio is only a very weak function of initial pressure.

Figure 5.1. AICC calculations for H2-saturated air at 25°C and 1
atm pressure
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Analogous calculations for other conditions can be made using a computer program for
computing AICC pressure of H2-O2-diluent gas mixtures [Sherman 1999b].

5.1.1.3 Structural Effects of a Deflagration

The time required for a deflagration to propagate through a vessel such as the 3013
will be of the order of a second. The pressure will be nearly spatially uniform in the container.
The natural periods of the 3013 are very short, less than a few milliseconds. Hence, the
structural response will be quasi-static, i. e., the structure will respond at each time as if the
corresponding pressure were a static load. The pressure load caused by a deflagration will
slowly decrease as the hot combustion gases cool.

5.1.2 Detonations

It is extremely unlikely that there can be a detonation in a Pu-containing container for
several reasons. The reactivity requirements of a combustible mixture are more restrictive
than for those a deflagration, and the geometry is such that the 3013 container is not favorable
for propagating a detonation. However, because the anticipated pressure loads would be
higher, some discussion of detonations is given below. To simplify, a detonation wave can be
considered as a shock wave closely followed by a deflagration. The pressure loads produced
will consist of three parts:

1) initial pressure pulse due to detonation front;

2) decaying pressure pulses later in time due to shock waves reflecting around the
container; and

3) quasi-steady AICC pressure seen after the shock waves have dissipated.

5.1.2.1 Detonation Pressure

The detonation peak pressure of H2-moist air is shown in Fig.5.2 using the Chapman-
Jouguet (CJ) model of a detonation wave. In Fig. 5.2, P1 is the initial pressure, P2 is the
pressure just behind the detonation wave, and P3 is the peak pressure on a wall when the
detonation strikes it
normally. When a
detonation strikes a
wall, a reflected
shock wave is
generated to bring the
combusted gases to
rest that were moving
toward the wall.
Hence the peak
pressure seen at the
wall can be as high as
36 times the initial
pressure for a nearly
stoichiometric
mixture. Analogous

Figure 5.2. CJ detonation and normally reflected detonation pressures.
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calculations can be made for other mixtures and conditions using the Sherman computational
model [Sherman 1999c].

5.1.2.2 Possibility of a Detonation

For this safety analysis discussion, a detonation is assumed possible, provided the
detonation can propagate through the geometry of the container. In particular, for the 3013
container, the detonation is assumed to propagate in the thin annular space between the inner
and outer cans. At most, the gap can be 2.5 mm. The ability to denote a mixture is
characterized by a physical parameter denoted as the detonation cell size. For more reactive
mixtures, the detonation cell size is smaller. For given temperature and pressure, detonation
cell size increases as we move away from the stoichiometric mixture to increasingly lean and
rich mixtures. The addition of even small amounts of diluents (e. g., 10% CO2) significantly
increases the detonation cell size. The detonation cell size is approximately inversely
proportional to the pressure and decreases with increases in temperature. In an annular space
the detonation cell size can be no larger than the gap size. Therefore, a detonation is
impossible when the detonation cell size is less than or equal to 2.5 mm.

At room conditions, a stoichiometric H2-air mixture has a detonation cell size of 15
mm. At 200 °C, this size would be reduced to about 5 mm. For stoichiometric H2-O2, the
detonation cell size would be 1.5 mm at 200 °C. Hence one can see that only the most
improbable gas generation conditions would result in detonable mixtures.

5.1.3 Diffusion Flames

When a H2-diluent gas jet or plume mixes with an O2-diluent-gas surrounding
atmosphere, combustion can occur in the thin mixing region, however, an ignition source is
required. The H2 and O2 are assumed to turbulently diffuse into the burning zone, and the
products of combustion diffuse outward. Experiments with H2-steam jets mixing in air
demonstrate that diffusion flames are possible even when the jet mixture would be inert when
mixed with air because H2 diffuses faster than the steam into the air. Danger from a diffusion
flame usually arises from the high temperature jet and not overpressures.

5.2 Modeling Gas Pressure and Stoichiometry (LANL)

One of the primary goals of the integrated scientific study of water interactions at
actinide and actinide oxide materials in storage containers is to develop a predictive tool that
can be utilized to validate safe conditions over a significant time frame (50 years). The
modeling efforts in principle should provide some degree of assurance that our integrated
knowledge of the factors that contribute to both gas pressure and composition is correct and
could in principle be utilized to predict pressure and stoichiometry for shorter time intervals
applicable to shipping concerns. This effort is clearly related to the previous section on the
safety of gas compositions in that safe and verifiable gas concentrations clearly constitute an
important factor in transportation and storage concerns. With that stated goal, Lyman et al
have developed a computer program incorporating many of the physical, chemical, and
radiolytic processes that have been described in previous sections of this paper. Herein, the
source terms that are incorporated into this model are briefly described [Lyman 2000]. In
addition, this more sophisticated approach will allow a critical evaluation and comparison
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with the simplistic initial pressure equation described in Appendix A and with actual
surveillance activities mentioned in Chapter 4.

The Lyman model incorporates the physical characteristics of the 3013 storage
container and includes properties of the contents (α-particle flux, surface areas of the actinide
particles, water content). The model in turn solves parametric rate equations to give gaseous,
surface, and condensed phase speciation [Lyman 2000]. Throughout this process, measured,
and preferably published, rates of fundamental process (many of which have been described
earlier) have been used. Although conceptually simple at this early stage of development, the
primary gas generation mechanisms have been delineated and are detailed in the following set
of equations:

H2Oads ���� H2O(g) (bulk water vaporization)

H2O(g)  +  S ���� S - H2Oads (mono-layer water adsorption)

PuO2  +  H2Oads <=> PuO(OH)2 (water/surface chemical reaction)

PuO(OH)2   +   O2 <=> PuO3  +  H2Oads (hydroxyl recombination)

H2  +  O2 ���� H2O(g) (heterogenous chemical reaction)

H2  +  O2   +  α ���� H2O(g) (gas phase radiolysis)

H2Oads  +  α ���� H2  +  O2 (bulk water radiolysis)

PuO(OH)2  +  α ���� PuO2 + H2 + O2 (surface radiolysis)

Where possible, identified rates and thermo-chemical parameters have been included from
data sets identified in previous sections of this paper and from a series of reports from
Haschke [Haschke, et al. (a-d)]. The rate equations are iteratively solved and allowed to run
for time intervals representing several years of storage conditions. A representative modeling
run is shown in Fig. 5.3 where gas phase water, oxygen from the packaging environment, and
hydrogen gas are
modeled for ~ 600 days.

The initial PuO2

content reflects the
maximum loading
anticipated in a 3013
storage container and
the initial water present
in the system (25
grams) represents the
maximum allowed on
the calcined PuO2

powder. Note that the
i n i t i a l  o x y g e n
concentration drops
continually over the
initial 500 days and that
water rapidly attains an

Figure. 5.3. Modeling results showing gas speciation as a function of time
in days for an initial condition reflecting a typical 3013 storage scenario
for initial conditions and selected reactions as described in text.
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equilibrium pressure condition. Following the initial jump in concentration occurring in the
first day, the H2 concentration remains constant until the oxygen is depleted. At the point
where the O2 is depleted (500 plus days) the H2 partial pressure rapidly rises. Although this
example serves to illustrate the end result of many of the competing processes that account for
creation and destruction of gas and condensed phase species, alteration of predicted outcomes
can be assessed by incorporating new mechanisms and rates. The complex collection of
source terms that include radiolysis, catalytic, and physical phase changes (i.e., vaporization
of liquid water) all leading to gas pressure increases provides a more satisfactory test that
unusual or unanticipated pressurization or gas composition changes do not occur. Future
improvements to this modeling effort will include new data and processes that have not been
fully determined to date. Many of the processes mentioned above in the modeling have ill-
determined values or physical rate constants that may be seriously altered by changes in initial
can contents. A crucial validation of this modeling approach will occur when the first of many
well-defined long-term storage tests produce data for direct comparison.

5.3 Sandia Gas Generation Modeling

In addition to the gas generation model developed by Lyman, Sherman and Haschke
have independently developed a computer model predicting the gas generation from stabilized
plutonium oxide powder, one of the simpler plutonium waste forms [Sherman and Haschke].
The reactions and reaction rates used were obtained from a body of work performed by
Haschke and coworkers [Haschke, et al. (a-d)]. Radiolysis rates used in this model come from
Janet McFadden. A computer model provides the means of interpolating experimental results,
extrapolating results to longer time periods, verifying that particular experimental results are
consistent, and, in general, of understanding the processes. Of particular interest for safety
analyses are predictions of the time history of pressure, hydrogen concentration, and oxygen
concentration. For transportation concerns, interest is in the behavior for up to several months;
for storage concerns, interest is in the behavior for much longer periods, perhaps up to 50
years.

A purely experimental approach would be difficult to achieve because many
parameters seem to affect the gas generation, and the number of combinations to be
investigated would be huge. The significant initial conditions are:

• plutonium oxide mass

• plutonium oxide specific surface area (m2/kg)

• plutonium activity, i.e., isotopic composition (Curies)

• container free volume,

• container temperature,

• container initial gas composition (mole fractions),

• container initial pressure, and

• initial moisture content.

In particular, initial moisture content is important in predicting gas generation. The
3013 Standard assumes that for each mole of moisture, there will be a mole of H2 generated,
but no O2 (all O2 is assumed to be gettered, or adsorbed, into the solid oxide). The Sherman-
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Haschke computer model agrees with this assumption. The 3013 standard specifies that the
PuO2 powder have an upper limit of 0.5 wt. % moisture (0.005 g moisture per gram PuO2).
The use of a 0.5 wt. % moisture limit was dictated by the 30B-2000 standard moisture limit. It
is noted that a large overestimate of the water concentration will lead to a corresponding large
overestimate of the H2 gas production, using either the 3013 Standard or the computer model.

The computer program input consists of eight input variables listed above, from
plutonium oxide mass to moisture content. The temperature is assumed fixed, although later
versions of the program could use time-varying temperature, presumably coupled to heat
transfer results. All the water is assumed adsorbed on the surface of the powder. The
remaining gas species are assumed to obey the ideal gas law. Gas phase reactions (e.g.,
radiolysis of water vapor) are neglected. Only surface catalyzed chemical reactions and
radiolysis in the thin water surface layers of the powder are considered. The output of the
program is the time history of pressure, moles of H2, O2, and H2O.

The rate of radiolysis, H2O ���� H2 +  O2, is assumed to be linearly proportional to the
powder surface area and to the activity of the plutonium (disintegrations/second). The activity
used was based on isotopic compositions that included Pu-238, Pu-239, Pu-240, Pu-241, Pu-
242, and Am-241. Note that even though plutonium is predominately Pu-239, the majority of
the activity comes from shorter-lived isotopes. Data from McFadden uses an overall radiolysis
rate of 1.043×10-9 mol of H2/g-h. Based on a more detailed examination of McFadden’s data,
the above rate is viewed as highly uncertain.

In addition, the rate of the H2-O2 recombination reaction, H2(g) +  O2(g) ���� H2O(ads) , is
also highly uncertain. There have been incorrect measurements of this rate, because it tends to
be overshadowed by the third reaction to be discussed in the next paragraph. The rates we
used in the Sherman-Haschke model are:

At 25°C, ln(dH2O/dt)= -20.3 – 2.30[H2O]

At 50°C, ln(dH2O/dt)= -12.20 - 0.18[H2O]

At 100°C,ln(dH2O/dt)= -11.1 - 0.18[H2O]

At 200°C,ln(dH2O/dt)= -9.55 - 0.17[H2O]

The units of the left-side term are in mol H2O /m2-h, and the units of [H2O] are in µmol H2O
/m2 on the oxide surface.

The O2 absorption-H2 generation reaction on PuO2:

a) PuO2(s) + x/2 O2 + H2O �   PuO2+x(s) + H2O(ads) (if O2 is present)

b) PuO2(s) + xH2O(ads) �    PuO2+x(s) + xH2 (if O2 is not present)

results in the depletion of O2 before there is generation of significant amounts of H2. Haschke
has been a proponent of the existence of hyper-stoichiometric PuO2, which is still
controversial. Regardless of whether hyper-stoichiometic oxide is created, or if sub-
stoichiometric oxide is being oxidized, the net reaction absorbs O2. Implied in using the same
reaction rate for the above twin reaction, is the following picture. The rate-controlling step is
the removal of oxygen from adsorbed water. If gaseous O2 is present, the hydrogen radicals
reform water. The net result is that water is a catalyst and gaseous O2 is removed. However, if



Gas Generation from Actinide Oxide Materials

Page 53

no gaseous O2, is present the hydrogen radicals form gaseous H2. In this situation water is
removed and H2 produced. The rate of this reaction used in the model is:

( ) T4706441.6Rln −−= .

The units of R are mol O2/m
2-h.

The Sherman-Haschke computer model takes these reaction rates and input data and
solves two first order differential equations, one for the rate of change of the oxygen content
(moles of O2), and one for the rate of change of the water content. Note that the rate of change
of the hydrogen content is the negative of the rate of change of the water content. The only
complication in the numerical solution, for this otherwise simple problem, is that the rates
change discontinuously when the O2 content drops to zero, and then when the H2O content
drops to zero.

Results are shown in Figures 5.4 through 5.6 for the following initial conditions: 5.0
kg of oxide (the DOE 3013 standard limit), free volume of 2.4 liters = 2.4×10-3 m3, a specific
surface area of the oxide of 4.8 m2/g (an oxide surface area of 24,000 m2), moisture content of
0.5% (3013 standard upper limit - 25 grams, or 1.389 moles), dry air at one atmosphere,
pressure and 50 °C (343 K). If an initial moisture content value is used that is much lower, as
is probably the case for 3013 stabilized oxide, the predicted pressure rise and H2 content
would be correspondingly lower.

Figure 5.4. Early time solution. Amount
of O2 and H2

Figure 5.5. Amount of H2O, H2, and O2.
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Figure 5.5. Pressure history.

5.4 Summary of Computer Modeling Efforts to Date

In summary, both computer modeling efforts (section 5.2 and 5.3) have produced
initial results that clearly confirm earlier observations that hydrogen production only becomes
significant for materials conforming to 3013-2000 processing conditions once any initial
oxygen is scavenged. In addition, pressures that would be considered significant are not
predicted, and the time intervals for pressure changes are in general, very slow (on the order
of days to weeks). There are however, notable differences that clearly arise from the inclusion
of additional steps in the Lyman model and the different computational methods by which
each model incorporates radiolysis reactions.  Further work in this area is currently in
progress and predictions will be interesting to compare with the on-going MIS and ISP
experimental program detailed in Chapter 4.  Refinements in the models are envisioned and
many of these additional improvements will derive from improved rate measurements for
several of the contributing process listed in sections 5.2 and 5.3. Specifically, better rate
constants for a complete radiolysis yield incorporating H2 yields from bulk water, gas phase
water and adsorbed monolayer quantities of water are being determined [Tandon 2000].
Refinements in the desorption and vaporization of water on the initial loaded actinide oxide
materials are also the focus of several studies and represent a notable difference in the two
computer models. It will be useful in future computer modeling work to directly compare
results from either model with real surveillance data and to also verify predicted behaviors.
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Chapter 6

Conclusions

6.1 The Materials

Oxide materials to be packaged into 3013 containers are the products and by-products
of plutonium manufacturing and recovery operations across the weapons complex, involving
several sites and a number of processes. They therefore include a wide range of actinide
concentrations and a broad spectrum of contaminants. However, the stabilization process
greatly simplifies the constituents and chemistry of these materials. Reactive metals are
strongly oxidized and organic materials are eliminated. Plutonium compounds, with the
exception of chlorides, are converted to oxides. Concentrations of chlorides of plutonium and
other metals are reduced or the materials are converted to oxides or “oxy-chlorides” of some
sort. Chloride concentrations in stabilized materials have been shown to be less than 8%, even
from materials with pre-stabilization concentrations in the range of 20%. Water is effectively
removed, including waters of hydration, so that the only water remaining on the material is
that adsorbed after stabilization. The stabilization process reduces the total surface area of the
powder and, in so doing, reduces the amount of moisture likely to be adsorbed. Moisture
content is usually well below the 0.5% limit specified in STD-3013. However, much of the
material with less than about 80% plutonium has some residual chloride and generally cannot
pass the loss on ignition (LOI) test because of further volatilization of the chloride salts. In the
range of temperatures likely to be encountered during storage or transportation, the only
recognized sources of pressurization are desorption and/or decomposition of the adsorbed
moisture.

For Pu metals and alloys packaged per the 3013 standard, there is no credible
mechanism for generating significant (7100 torr) pressure inside the container. The only
mechanism for failure of the 3013 is if the temperature at the Pu-container interface exceeds
the Pu-Fe eutectic temperature of ~ 415 degrees Cº.

6.2 The Container

The 3013 container consists of a rugged, welded stainless steel pressure containment
vessel with a design pressure of 699 psig (714 psig) enclosing a pressure-indicating inner
container. Oxide materials are to be placed into a third container, which would be packaged in
the inner, and then the outer containers. The presence of chloride materials in a stainless steel
container naturally leads to concern about stress corrosion cracking (SCC). This form of
corrosion is activated in the presence of water, but the concentration of water in stabilized
materials, and the fact that it is tightly bound to the oxide surface, argues against such
corrosion in this instance. The inner container is designed to survive accidents that typically
occur during loading; primarily a 4-foot drop. The outer container is designed to remain leak
tight after a 30-foot drop, representing the highest drop that might be expected in a storage
facility. The loading specified in STD-3013 is limited based on criticality of a single container
and on keeping the “worst case” pressurization below the design pressure. Because some
loaded 3013 containers may be stored in 9975 transportation packages, worst case
pressurization has been evaluated for conditions that parallel “Normal Conditions of
Transport” as defined in 49 CFR 173 and 10 CFR 71 – namely solar heat input and an
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ambient temperature of 100°F. The resulting gas temperature inside the 3013 container is
higher than temperatures expected during routine events in a storage vault, leading to
assurance that even the worst case pressures can be contained during storage in a vault,
storage in a transportation package, and during normal conditions of transport.

6.3 Gas Generation Observations

A large variety of experimental observations of gas generation, considering both gas
composition and pressure buildup, have been collected from across the DOE complex on
actinide bearing materials that nominally had some pretreatment (or initial condition) similar
to that specified in DOE Standard 3013-2000. These pretreatment conditions resulted in
materials that span the gamut from unprocessed actinide oxides to very pure PuO2 materials in
which the only significant impurity is water. In all cases, where the materials had some
stabilization similar to that specified in DOE-STD-3013-2000 (calcination at a sufficient
temperature to drive off volatiles, to oxidize most materials, and to result in low water
content), the gas compositions indicated noncombustible contents of H2 and O2. Furthermore,
surveillance data in all relevant scenarios indicated that limiting pressures were nowhere near
the design threshold of the 3013 container. For transportation concerns, the most significant
physical process contributing to gas pressure, based upon scale model experimentation, is the
vaporization of entrained or adsorbed moisture.

In materials calcined at a significant temperature (above 400°C), water is the impurity of
greatest concern, as it is the primary contributor to pressurization, to potential combustible
atmospheres, and to activation of stress corrosion cracking. A significant and oft repeated
conclusion from all of these studies and works in progress is that simple, good operating
practices should be effective in limiting moisture readsorption between calcination and
packaging. These practices include controlling glove-box humidity and exposure time and
covering the material in the period between calcination and packaging. These actions can
reduce considerably concerns about stress corrosion of the containers and ultimate gas
pressure buildup.

6.4 Combustion Hazards and Computer Modeling of Gas Generation

The assessment of combustion hazards associated with gas generation in a loaded
3013 container has centered on the overpressure during and immediately following a
combustion event. The secondary concern of high temperature associated with a diffusion
flame produced following an intentional or unintentional opening of the container was also
considered. Given the surveillance data on H2 and O2 gas composition in sealed containers,
combustion is considered to be extremely unlikely. One method of further reducing this
hazard would be to package the calcined materials in an inert atmosphere without exposure to
any atmosphere containing water. Opening the container in an inert atmosphere was also
recommended to provide an additional measure of protection with respect to combustion
hazards, although this may be superfluous for containers known to have only small quantities
of hydrogen present.

Computer modeling efforts have included a variety of known or suggested (based on
observations to date) physical and chemical processes occurring over actinide oxide materials.
In some cases, the reactions and processes suggested by these data have intrinsically large
uncertainties in their physical rate constant values. Critical comparisons between computer
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models and future work on refining these models of gas generation based on improved or
additional data is suggested. Modeling efforts, in principle, allow for aggregation of disparate
experimental data to provide assurance that our integrated knowledge of the factors that
contribute to both gas pressure and composition is correct. Such models can be utilized to
predict gas pressure and composition for time intervals applicable both to shipping and to
storage.
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Appendix A

Derivation of Pressure Equation

(Taken from DOE-STD-3013-2000)

A.1 Introduction

This appendix provides a derivation of the equation used to bound the internal
pressure of storage packages loaded with oxide. It also provides guidance on use of the
equation. This equation appears in DOE-STD-3013-96 and is similar to the equation in DOE-
STD-3013-94.

It is assumed that the ideal gas law applies to the conditions and gases important to the
calculations. According to that law

PV = nRT [A.1]

where P is absolute pressure, V is volume, T is absolute temperature, n is the number of moles
of gas, and R is a constant with units consistent with those chosen for P, V, and T. If a gas is
at some standard condition, described by P0, V0, and T0, then the quantity nR can be evaluated
as

n R = P0V0/T0. [A.2]

And the pressure under different conditions can be determined by

P1 = nRT1/V1 = P0(V0/V1)(T1/T0). [A.3]

In the above equation, T1 is the temperature at which P1 is to be evaluated. V1 is the volume
occupied by the gas at the evaluation temperature.

For ideal gases, the pressure of a mixture of gases can be determined as the sum of the
partial pressures of the individual gases. There are three gas sources that require consideration
in a plutonium storage container: 1) the container fill gas, 2) any gases evolved during storage
in the sealed container through radiolysis, chemical reactions, or desorption, and 3) helium
produced by alpha decay of the contained radioactive species. Thus, the combined effect can
be expressed as:

P = PF + PG + PHe [A.4]

where PF, PG, and PHe are the partial pressures of the fill gas, the evolved gases and decay
helium, respectively.

A.2 Derivation

A.2.1 Geometry Consideration

The volume occupied by the gas at the evaluation temperature, V1, will be called the
“free gas volume” of the package. This volume can be calculated as the unoccupied volume
(Vc) of the outer can (i.e., interior volume of the outer can less the volume occupied by the
materials comprising internal containers) less the volume occupied by the contained material.
These volumes, which are illustrated in Figure A-1, can be represented as
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V1 = Vc - Vm [A.5]

And Vc = Vo - Vi - Vcc        [A5a]

where Vo is the interior volume of the outer container, Vi is the volume of the material of the
inner container,Vcc is the volume of the materials making up the convenience container, and
Vm is the volume of the contained material.

Figure A-1. Illustration of the components of free gas volume.

A.2.2 Container Fill Gas

The appropriate equation for pressure as a function of temperature is simply the gas
law:

PF = P0(V0/V1)(T1/T0). [A.6]

Since the initial volume and the final volume are the same, this reduces to

PF = P0(T1/T0). [A.7]

The values of P0 and T0 are the pressure and temperature at which the container was loaded
and sealed. This is the first term of the equation given in DOE-STD-3013-2000.

A.2.3 Evolved Gases

A.2.3.1 Gases of Concern

The only evolved gas of significance anticipated during extended storage is hydrogen
from decomposition of adsorbed water. The derivation conservatively assumes that all the
water is decomposed. If, in fact, some water is not decomposed but is desorbed, the results are
the same.

A.2.3.2 Quantities of Gas Produced

Starting with m kg of oxide with a moisture content of L (in percent by weight), there
will be 10mL/18 moles of water in the container. Since one mole of water can theoretically
produce one mole of hydrogen gas, hydrogen production, G, in moles, is assumed to be given
by:

G = 10mL/18  [A.8]
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A.2.3.3 Calculation of Gas Pressure

Since a mole of gas has a volume of 22.4 l at STP (14.7 psig and 273°K), a generated
quantity of gas would occupy a volume (in liters) given by

V = 22.4 G. [A.9]

In using the ideal gas law, this volume could be considered the initial volume so that the
pressure attributable to this gas would be

PG= (14.7)(22.4 G)(T1/273)/V1 = 1.206 GT1/V1. [A.10]

PG= 0.67mLT1/V1 [A.11]

The free gas volume, V1, is defined as

V1 = (Vc - m/ρ)

where ρ is the density of the oxide.

A.2.4 Decay Helium

For a radioactive species, the decay rate (and, hence, the helium generation rate, h, for
alpha decay) is

h = λ N [A.12]

where λ is the decay constant and N is the number of atoms of the decaying material. As a
function of time, N is given by

N = N0e−λτ. [A.13]

The total amount of helium generated, H, over a period of time τ is therefore

H = ∫ h dt = ∫ λ N0e−λτ dt = N0(1 - e-λτ). [A.14]

For values of λτ which are small, the term in parentheses can be replaced by its linear
approximation, λτ. This approximation is conservative because λτ ≥ 1 - e-λτ. Also, since the
units of H are the same as the units of N0, it is possible to consider both as moles, rather than
as atoms, and the volume of helium thus produced (in liters at STP) is

H = 22.4(1000 m/271)λτ [A.15]

where m is the oxide mass in kg, and 271 is the molecular weight of PuO2.

The pressure due to this volume of helium is

PHe = (14.7)[22.4(1000 m/271)λτ](T1/273)/V1

PHe= 4.4507mλτT1/V1. [A.16]

The heat generation rate of the contents is given by

Q = EλN = EλN0e−λτ [A.17]

where E is the energy emitted/generated during radioactive decay. For simplicity, consider
only the initial heat generation. Then solve for N0, substitute the result into the equation for
helium produced, and use the linear approximation for the exponential, yielding

H = Q0τ/E. [A.18]
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Using this relationship, the pressure equation becomes

PHe = 14.7x22.4(Q0τ/E)(T1/273)/V1

PHe = 1.2061(Q0τ/E)T1/V1 [A.19]

Note that for Q0 in watts and τ in years, the quantity E must be in watt-years/mole. Table B-5
(found in Section B.4.1 of the DOE 3013-2000 Standard) provides decay energies for
radionuclides of interest in both Mev and watt-yr/mole. As can be seen from the values in that
table, Equation [A.19] produces pressures that are relatively insensitive to the radioactive
species chosen because the value of E is relatively constant over the species considered. The
conservative evaluation is achieved by using a relatively low value for E. A reasonable
selection is the value for 239Pu. When that is used, Equation [A.19] becomes

PHe = 7.517x10-5 Q0τT1/V1 [A.20]

A.2.5 Aggregate Equation

Summing the three partial pressures:

P = PF + PG + PHe. [A.21]

Using the terms given above:

P = P0(T1/T0) + 0.67 mLT1/V1 + 7.517x10-5 Q0τT1/V1 [A.22]

where the symbols have the meanings indicated in Table A-1.

Table A-1
Meaning of Symbols in the Pressure Equation (Eq. A.22)

Symbol Quantity Units Symbol Quantity Units

P Container Pressure psig V1 Free Gas Volume liters

P0 Fill Gas Pressure at
Filling

psig m Mass of Oxide kg

T1 Evaluation Temperature K τ Storage Time years

T0 Fill Gas Temperature at
Filling

K Q0 Container Heat Generation
Rate

watts

L Moisture content wt%

A.3 Application of the Equation

A.3.1 Example Calculation of Free Volume using the British Nuclear Fuels (BNFL)
Containers

Information on the BNFL container design is given in Table A-2. Can weights and
volumes in that table were determined by J. Stakebake. Volumes were derived from BNFL
drawings and calculations. The interior volume of the inner container does not take into
account the curvature of the can bottom. The free volume is determined as the interior volume
less the material volume of interior containers. The free volumes shown for the inner and
outer containers were agreed upon by SRS and RFETS contractor personnel and used by
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BNFL for design at the direction of DOE.

Table A-2
Container Volumes

Component Interior
Volume in
liters

Mass  in
grams

Material
Volume in
liters

Free
Volume in
liters

Convenience Can 1.839 1580 vcc = 0.198 Vc = 1.839

Inner Can 2.266 1600 vi = 0.200 2.068

Outer Can Vo = 2.602 4026 2.204

A.3.2 Determining the Free Gas Volume

A.3.2.1 Density Method

A straightforward method of determining the free gas volume of the container is to
first estimate the volume occupied by the contained material as the mass of material divided
by the material density:

Vm = m/ρ, [A.23]

The free gas volume is then obtained by subtracting the volume defined in Equation
[A.23] from the container unoccupied volume given in Equation [A.5a]. The difficulty with
this approach is that the density is most likely unknown. To facilitate discussion, definitions
of different types of density are provided:

� Bulk density: This is the mass of material divided by the volume that it occupies.
In the case of a powder, it is assumed to be the density achieved after the powder
has been poured into the container.

� Crystal density: This is the density of a crystal of the material in question.

� Particle density: For purposes of this discussion, the particle density is the density
of the individual particles of powder. Particle density will be greater than the bulk
density because the interstitial gas spaces (see Figure A.1) are not included in the
volume. It will be less than the crystal density because the particles will have some
porosity that cannot be accessed by the gas. The particle density can be measured
with a gas pycnometer.

The correct density to use in Equation [A.23] is the particle density. However, it is
extremely unlikely that the particle density of material in every container will be measured.
Accordingly, some alternate methods of estimating the density to be used in the equation must
be developed.

A.3.2.2Packing Fraction Method

Any powder poured into a container has a bulk density less than the particle density
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for the material. Measurements of particle density by gas pycnometer and comparison with
bulk density have shown that the packing fraction, which is the ratio of bulk density to
particle density, varies over a fairly wide range, but does not exceed 0.62. Thus, one approach
would be to determine the bulk density and divide by 0.62, realizing that the true particle
density can be no less than this value (a higher value would result in a smaller volume
occupied by the particles and, hence, a lower theoretical gas pressure). Consequently, if 3.6 kg
of oxide filled a 1.8 l convenience container, the bulk density would be 2.0 kg/l and the
estimated particle density would be 2.0/0.62, or 3.226 kg/l, giving a material volume of
1.116 l.
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