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APPENDIX 3.6.7

EFFECTIVE G VALUES FOR TRUPACT-II WASTE TYPES

1.0 SUMMARY

This appendix determines the effective G values for payload shipping categories

of contact handled transuranic (CH-TRU) waste materials, based on the radiolytic

G values for waste materials that are discussed in detail in Appendix 3.6.8 of the

SAR. The effective G values take into account self-absorption of alpha decay

energy inside particulate contamination and the fraction of energy absorbed by

nongas-generating materials.

CH-TRU waste materials in payloads for the TRUPACT-II package are described

according to the following Waste Types (I, II, III or IV) or can be divided into

iWaste Material Types (I.I, 1.2, 1.3, II.1, II.2, III.l, and IV.l): '

I. Solidified aqueous or homogeneous inorganic solids (that contain water).

1.1. Absorbed, adsorbed, or solidified inorganic liquids (nuclides may be

in solution and energy transfer may occur between the liquid and the

inorganic binder).

1.2. Soils, solidified particulates, or sludges formed from precipitates.

1.3. Concreted inorganic particulate waste having a maximum of 30 weight

percent unbound water.

II. Solid inorganic materials

II. 1. Solid inorganic materials packaged in organic materials.

II.2. Solid inorganic materials packaged in metal cans.

III. Solid organic materials (including some absorbed liquids and cemented

organics).
' • i

IV. Solidified organic materials. j
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IV., Solidified organic materials. Waste Type IV is in the test category and

is not addressed in this appendix.

Effective G values are determined for use in calculating concentrations of

potentially flammable gases, quantities of HC1 that could be generated, and for

net gas generated (equal to the total amount of gas generated minus the amount

of oxygen consumed, if applicable.) Factors are also provided that allow G

values at room temperature to be corrected for a higher or lower waste

temperature. Table 1 summarizes the effective G values at an assumed room

temperature of 70°F.

TABLE 1

EFFECTIVE G VALUES FOR WASTE MATERIAL TYPES AT ROOM TEMPERATURE

Effective G Values

Waste Material Tvoe

I.I
1.2

1.3

II.1

II.2

Flammable Gas

1.6

1.3

0.4

1.7

0

HC1

-0

-0

-0

. 0.3

0

Net Gas"

2.4

2.0

0.6

1.7

0

III.l 3.4 0.5 8.4

gas is equal to the total amount of gas generated minus the amount of oxygen

consumed.
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2.0 INTRODUCTION

As described in Appendix 3 .6 .8 , an effect ive G value, Geff, i s defined by:

Geff * V F M x GH>

FH - fraction of energy absorbed by material M

GH - maximum G value for a material M

where the sum is over all materials present inside a waste container.

As described in Appendix 3.6.8 of the SAR, the G value itself is determined

primarily by the chemical properties of the material and its temperature. The

value of F is determined primarily by the size of the particles containing the

radionuclides, the distribution of radioactivity on the various materials present

inside the waste container, and the stopping distance of alpha particles in air,

in the waste materials, or in the waste packaging materials.

Waste materials have been placed into three general waste types: solidified

aqueous or homogeneous inorganic solids (containing bound and unbound water),

solid inorganic materials, and solid organic materials. All three waste types

can be packaged using organic packaging materials (e.g., plastic bags or

cardboard cartons); solid inorganic materials can also be packaged in metal cans.

The G values for the organic packaging provide the maximum G values applicable

for solid inorganic materials (except for waste in metal cans). Polyethylene

(PE), polyvinyl chloride (PVC), and cellulosics (e.g., paper, cardboard, and

wood) are the most common solid organic materials present in the CH-TRU wastes.

Radiolytic G values for generation of flammable gases, HC1, and net gas for these

materials provide upper bounds for the G values for solid organic waste materials

that are present in greater than trace quantities. For pressure calculations,

a G value for net gas has been determined that includes the effect of oxygen

consumption, if oxygen was present in the experiment.
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3.0 G VALUES FOR WASTE MATERIALS

For flammable gas generation or total pressure, the maximum G values for

materials are used. For generation of HC1, an average G(HC1) value is used.

This average G(HC1) value has been calculated from literature G values for

polyvinyl chloride formulations that are most common in general commerce. The

G(HC1) values used in determining the average G(HC1) value are included in those

discussed in Section 4.7.1 of Appendix 3.6.8 and are shown in Table 2. An

average G(HC1) was used in the calculations because of wide variations in

formulation of FVC film materials and the very low values observed for actual

bagging materials used at the waste generator sites (Table 2).

The use of an average value of 0.64 for G(HC1) is considered bounding for the

following reasons.

Gas sampling programs (discussed in Appendices 1.3.9 and 2.10.9) at

the Idaho National Engineering Laboratory (INEL) and Rocky Flats

Plant (RFP) did not detect HC1 gas in the headspace of any of the

249 drums of retrievably stored waste and newly generated CH-TRU

waste that were sampled. In addition to drum headspace sampling,

twenty-two drums of waste were sampled for gases, within successive

layers of confinement up to and including the innermost layer of the

waste. In all cases, HC1 was never detected in any layer of

confinement.

Experimentally derived G(HC1) values for waste materials frequently

found in CH-TRU wastes to be shipped in TRUPACT-II are listed in

Table 1 of Appendix 2.10.9. All the values for G(HC1) are very low

for both alpha and gamma radiolysis experiments. These data indicate

that the potential for HC1 production from radiolysis of commonly

used PVC materials in CH-TRU waste is minimal and less than the

average G(HC1) value of 0.64 from the literature results.
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The temperature dependence of G values is approximated by the Arrhenius law (see

Appendix 3.6.8) :

G(T2) - G(TL) exp[(Ea/R){(T2-T1)/(T2x Tj.)} ] ,

where Ea is the activation energy in cal/g-mole for a gas species, R is the ideal

gas constant (1.99 cal/g-mole-K), and T is the absolute temperature. The value

of the activation energy can change when a material melts or otherwise

significantly changes its physical properties (such as becoming brittle).

Table 3 summarizes G values from Appendix 3.6.8 that provide maximum G values

for the waste types and an average G(HC1) value for PVC calculated in Table 2.

The activation energy for calculating G values at temperatures other than room

temperature is also given. No temperature dependence has been observed for

radiolysis of water (in the liquid state or solidified in concrete) from room

temperature to 100°C (see Appendix 3.6.8).

For all waste types, polyvinyl chloride is the bounding material for G(HCI).

Water is the bounding material for G(net gas) and G(flammable) in Waste Type I.

G(net gas) is equal to G(total) minus any measured consumption of oxygen. For

Waste Type II, polyethylene is the bounding material for G(flammable gas) and

G(net gas). Polyethylene, in the form of plastic bags is the bounding material

for G(flammable gas) for Waste Type III, while cellulose is the bounding material

for G(net gas).

3.6.7-4a
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TABLE 2

G(HC1) VALUES MEASURED FOR COMMON PVC FORMULATIONS AT ROOM. TEMPERATURE

PVC Formulation

19 types, 18% DOP plasticizer,
1-5% metallic soaps as
stabilizers

1 type, 2 dose extremes, 50
phr DOP plasticizer, 5 phr
epoxy oil, 2% Ca-Zn stabilizer

50 phr DOP plasticizer, 5 phr
tribasic lead sulfate, 1 phr
stearic acid, 10 phr clay #33

50 phr DOP plasticizer, 5 phr
epoxy oil, 2% Ca-Zn stabilizer

50 phr DOP plasticizer, 5 phr
tribasic lead sulfate, 1 phr
stearic acid, 10 phr clay #33

0-ring bags used at Rocky
Flats Plant

0-ring bags used at Rocky
Flats Plant

Bag materials used at Los
Alamos National Laboratory

Rad.
Type/
Dose

gamma/
3 Mrad

gamma/
20-60 Mrad

gamma/
10 Mrad

gamma/
20 Mrad

gamma/
10 Mrad

Oxygenated
Atmosphere

no

no

no

yes

yes

Contribu-
tion to

G(HC1) G(HCl)avg

0-1.7
0.54 (avg)

0.03-1.4
0.72 (avg)

1.2

1.7

2.6

10.26

1.44

1.2

1.7

2.6

gamma

alpha

alpha

yes 0.2 0.2

yes none detected

yes none detected

G(HCl)avg - 17.4/27 - 0.64

Notes: phr - parts per hundred resin
DOP - dioctyl phthalate
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TABLE 3

SUMMARY OF MAXIMUM G VALUES FOR BOUNDING MATERIALS IN WASTE TYPES
AT ROOM TEMPERATURE

Waste
Material

water

polyethylene

polyvinyl chloride
maximum

average

cellulose

Flammable
Gas

1.6

4.1

0.7

N/A

3.2

G VALUE3

HCl

0

0

2.6

0.64

0

Net
Gas

2.4

4.1

2.6

N/A

10.2

Activation
Energy19

0

0.8

3.0 (HCl);
8.1 (H2)
3.0 (HCl)

2.1

Notes: aG values are in units of molecules per 100 eV of energy at
70°F.

bActivation energies are in units of kcal/g-mole.
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4.0 FRACTION OF ALPHA DECAY ENERGY ABSORBED IN PARTICLES

Most CH-.TRU wastes consist of materials that have been contaminated with

particles of radioactive material, usually in the oxide form. The solid

inorganic materials (e.g., glass and metal) and the solid organic materials

(e.g., paper and plastic) meet.this description. The solidified aqueous sludges

and most other homogeneous solids consist of precipitated solids and

radioactivity in particulate form. The major exceptions are liquids containing

dissolved radioactivity which may be present as bound liquid within the solid

mass, as opposed to water of hydration.

The equation for effective 6 value can be rewritten as:

Geff - SH <FP x FM> x GH

" SH <FM X GH> X FP»

where Fp - fraction of energy emerging from the particles

F̂  - fraction of energy absorbed by material M

GM - maximum G value for material M

Attachment 2.0 of Appendix 3.6.8 describes a mathematical calculation of the

fraction of alpha decay energy that escapes from a spherical particle containing

uniformly distributed TRU nuclides. Attachment 1.0 of this appendix shows that

a maximum of 82X of the alpha decay energy escapes from particles of PuO2 when

the particle size distribution is taken into account.

3.6.7-7
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5.0 EFFECTIVE G VALUES FOR WASTE TYPES

5.1 Waste Type I -- Solidified Aqueous or Homogeneous Inorganic Solids

This waste type includes soil, concreted or sludge wastes that do not contain

more than trace amounts (<1 weight percent) of organic materials (with the

exception of organic packaging materials). The materials are well mixed.

For this waste type, the radioactive materials are dispersed throughout the

solidified or solid mass, and the fraction of the alpha decay energy absorbed

by the plastic bags or high density polyethylene rigid (HDPE) liner is

negligible. The range of alpha particles (t) in water is only about 5E-3 cm.

Only a shell at most equal to the surface area of the waste volume and 5E-3 cm

thick, will emit alpha particles that can reach the plastic. For a cylindrical

waste volume having radius r and height h, the fraction of alpha particles that

can reach the plastic packaging materials is given by:

P - t x 2?rr(r + h) - 2tfr + hi

rh

For waste with an approximate volume of one gallon (with a radius of three inches

and height of eight inches), P - 1.8E-3. This provides an upper bound for the

fraction of alpha particles that can interact with the plastic packaging

materials for Waste Type I.

Water is the only material present in solidified aqueous or homogeneous inorganic

solids in other than trace quantities that could generate potentially flammable

gases. The maximum values for water provide the maximum values for solidified

inorganic waste containing water.

5.1.1 Waste Material Type I.I

For Waste Material Type I.I, any inorganic absorbents or solidification agents

can be used. Because energy transfer can occur between some inorganic materials

and water, the fraction of available energy absorbed by the water is assumed to
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be 1.0. The activity may be present as particles or in solution encapsulated

by the solidification materials.

The effective G value for waste type I.I is given by:

Geff,M - 2M <FM X GM> X FP

- [1.8E-3 x G(plastic) + 1.0 x G(water)] x 1.0

Therefore, the effective G values for potentially flammable gas, HC1, and net

gas are given respectively by:

G(flam gas) - [1.8E-3 x 4.1 + 1.0 x 1.6] x 1.0 - 1.6

G(HC1) - [1.8E-3 x 0.6] x 1.0 - -0

G(net gas) - [1.8E-3 x 4.1 + 1.0 x 2.4] x 1.0 - 2.4.

5.1.2 Waste Material Type 1.2

For Waste Material Type 1.2 (solidified particulates, soil or sludges) data

presented in Appendix 3.6.8 demonstrate that energy transfer can occur between

many of the materials and the water. For Waste Material Type 1.2, therefore,

all of the energy available is assumed to be absorbed by the water. The sludges

are formed by precipitating the radionuclides from solution, so the radionuclides

should be present in the form of particles.

The effective G value for Waste Type 1.2 is given by:

- [1.8E-3 x G(plastic) + 1.0 x G(water)] x 0.82

3.6.7-9
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Therefore the effective G values for flammable gas, HC1, and net gas are given

respectively by:

6(flam gas) - [1.8E-3 x 4.1 + 1.0 x 1.6] x 0.82 - 1.3

G(HC1) - [1.8E-3 x 0.6] x 0.82 - -0

G(net gas) - [1.8E-3 x 4.1 + 1.0 x 2.4] x 0.82 - 2.0.

5.1.3 Waste Material Type 1.3

For Waste Material Type 1.3 (concreted inorganic particulate waste), data

presented in Appendix 3.6.8- demonstrate that energy transfer does not occur

between the cement and the bound or unbound water, and the G value for the bound

water (water of hydration) is close to zero. The unbound water content of the

cured concrete is limited to 30 weight percent. For Waste Material Type 1.3,

therefore, only 30% of the energy available is absorbed by the water.

The effective G value for Waste Material Type 1.3 is given by:

Geff,1.3 " SM <FM X GM> X Fp
- [1.8E-3 x G(plastic) + 0.30 x G(water)] x 0.82

Therefore the effective G values for flammable gas, HC1, and net gas are given

respectively by:

G(flam gas) - [1.8E-3 x 4.1 + 0.30 x 1.6] x 0.82 - 0.4

G(HC1) - [1.8E-3 x 0.6] x 0.82 - -0

G(net gas) - [1.8E-3 x 4.1 + 0.30 x 2.4] x 0.82 - 0.6.

Water within concreted wastes is actually found in two forms. Part of the water

is chemically bound during the hydration of the cement phases. The remaining

water is unbounded or loosely bound and is part of the excess water added to make
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the freshly mixed cement paste workable. In an average cemented sludge (e.g.,

Rocky Flats Plant, RF 114A), the amount of water added to the cement/sludge

mixture at the time of mixing, plus the water contained in the sludge totals

approximately 37% by weight of the mixture. The water content of the sludge is

conservatively assumed to be 50% by volume. After only 50% hydration, attained

within 6 to 7 days of mixing (Reference 6.1), 5.7% water by weight of the mixture

is bound within the cement phases. This leaves approximately 31% unbound water

by weight. Some of this water is lost due to evaporation during mixing and

curing. Bibler reports that concrete (simulating Savannah River Plant cemented

sludge) cured at ambient conditions for two to five days and lost 30 to 40 weight

percent of the free water to evaporation (Reference 6.2). This results in a free

water content of 19 to 22% by weight.

Calculation of the total porosity of the concrete after 50% hydration at the

water/cement ratio prescribed by Rocky Flats Plant (0.775) yielded 45 volume

percent. If the concrete were 100% saturated at the porosity, the maximum

unbound (free water) moisture content would be only 32 weight percent. Again,

evaporation is expected to remove 30 to 40% of the free water during the curing

leaving 19 to 22 weight percent free water. Even assuming a high relative

humidity during the curing process, 30% represents an estimated upper bound for

this free water moisture content.

The experiment referred to on page 3.6.8-109 appears to use initial moisture

content of the cement/sludge mixture, before hydration occurs (Reference 6.3).

The initial moisture content of the mix was 35 weight percent. After drying at

200°C, it was reported that 7.4% moisture content by weight remained. This

refers to the water bound by hydration of the cement minerals after approximately

36 days curing time plus water contained in the cement gel pores. Cement gel

porosity refers to the pore space within the structure of the hydrated cement

phases. The pores measure less than 10 nanometers and water contained in these

pores is nonevaporable and can be considered bound within the cement (Reference

6.1). The gel porosity is small and makes up only ~15% of the total porosity.

The unbound (free water) content of the sample reported to contain 35% water is

approximately (35% - 7.4%) or 27.6% by weight.
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Examples of acceptable materials for Waste Material Types I.I, 1.2 and 1.3 that

can be present in quantities greater than one weight percent are listed in Tables

4 - 6 . Any other inorganic material is also acceptable in Waste Type I.I.

5.2 Waste Type II -- Solid Inorganic Wastes

This waste type includes surface-contaminated inorganic materials, such as glass,

metal, ceramics, and fiberglass. The waste materials must be dry and free of

oil, grease, or other organics except for trace quantities (less than 1 weight

percent). The wastes may be packaged first inside plastic bags (II.1) or metal

cans (II.2), then in drums, which are lined with plastic bags (polyethylene or

PVC) and/or the rigid'high-density polyethylene liner, or placed directly into

lined drums or Standard Waste Boxes (SWB).

Due to the short range of an alpha particle and surface irregularities, the

surface-contaminated inorganic wastes will, on the average, absorb half of the

alpha decay energy escaping from particulate contamination. (The other half of

the alpha decay energy could be absorbed by air, the packaging materials, or

other inorganic waste materials.) The assumption is made that the remaining half

of the alpha decay energy is absorbed by the packaging materials. The inorganic

materials are considered to generate no net gas.

Examples of acceptable materials for waste type II are listed in Table 7. Any

other dry, solid, inorganic material is acceptable for Waste Type II.

5.2.1 Waste Material Tvpe II.1

The effective G value for Waste Material Type' II.1 is given by:

.Geff,II.1 - -H
S <FM X G H ) FP

- [0.5 x G(plastic) + 0.5 x G(inorganics)] x 0.82

3.6.7-12
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TABLE 4

EXAMPLES OF ACCEPTABLE MATERIALS IN WASTE MATERIAL TYPE I.I
(GREATER THAN 1 WEIGHT PERCENT)

Material

Alumina cement
Aquaset/Petroset
Aqueous sludges
Aqueous solutions
Ash
Calcium carbonate
Celite
Clays (e.g., bentonite)
Concrete
Diatomite
Envirostone (no organic emulsifiers allowed)
Fe(OH)3

Florco
Glass
Grit
Inorganic acids
Inorganic filter media
Inorganic insulation
Nitrates (e.g., ammonium nitrate, sodium nitrate)
Oil-Dri
Perlite
Portland cement
Sand
Salts (e.g., calcium chloride, calcium fluoride, aluminum chloride, sodium
chloride)

Slag
Soot
Steel
Vermiculite
Water
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TABLE 5

ACCEPTABLE MATERIALS IN WASTE MATERIAL TYPE 1.2
(GREATER THAN 1 WEIGHT PERCENT)

Material

Alumina cement
Aqueous sludges
Ash
Calcium carbonate
Celite
Clays (e.g., bentonite)
Concrete
Diatomite
Fe(0H)3
Florco
Glass
Grit
Inorganic filter media
Inorganic insulation
Nitrates (e.g., ammonium nitrate, sodium nitrate)
Oil-Dri
Perlite
Portland cement
Sand
Salts (e.g., calcium chloride, calcium fluoride, aluminum chloride, sodium
chloride)

Soil
Slag
Soot
Steel
Vermiculite
Water
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TABLE 6

ACCEPTABLE MATERIALS IN WASTE MATERIAL TYPE 1.3
(GREATER THAN 1 WEIGHT PERCENT)

Material

Ash
Calcium carbonate
Clays (e.g., bentonite)
Concrete
Fe(OH)3
Firebrick
Glass
Grit
Inorganic filter media
Inorganic insulation
Nitrates (e.g., ammonium nitrate, sodium nitrate)
Perlite
Portland cement
Sand
Salts (e.g., calcium chloride, calcium fluoride, aluminum chloride, sodium

chloride)
Slag
Soot
Steel
Vermiculite
Water (maximum of 30 weight percent unbound water)
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TABLE 7

EXAMPLES OF ACCEPTABLE MATERIALS FOR SOLID INORGANIC WASTES (WASTE TYPE II)
(GREATER THAN 1 WEIGHT PERCENT)8

Asbestos
Ash
Clays (e.g., bentonite)
Concrete (surface contaminated only)
Firebrick
Florco
Glass (e.g., labware, Raschig rings)
Grit
Inorganic filter media
Inorganic insulation
Inorganic resins
Metals (e.g., aluminum, cadmium, copper, steel, tantalum, tungsten, zinc
magnesium alloy)

Metallic oxides
Molds and crucibles (e.g., ceramic, graphite)
Nitrates (e.g., ammonium nitrate, sodium nitrate)
Portland cement
Salts (e.g., calcium chloride, calcium fluoride, magnesium chloride, sodium

chloride)
Sand
Slag
Soil
Soot

Note: aCelite, Florco, Oil-Dri, Diatomite, Perlite, Vermiculite and other
desiccants are allowed if they contain no absorbed or adsorbed liquids.
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Therefore the effective G values for flammable gas, HC1, and net gas are given

respectively by:

G(flam'gas) - [0.5 x 4.1 + 0.5 x 0] x 0.82 - 1.7

G(HC1) - [0.5 x 0.6 + 0.5 x 0] x 0.82 - 0.3

G(net gas) - [0.5 x 4.1] x 0.82- 1.7

5.2.2 Waste Material Type II.2

The effective G values for Waste Material Type II.2 are equal to zero, since the

inorganic materials and metal containers generate no gas from radiolysis.

5.3 Waste Type III -- Solid Organics

This waste type includes surface-contaminated solid organic materials, such as

plastics, paper, cloth, Plexiglas, and Benelex. The materials may contain

absorbed water, commercial greases, oils or organic liquids having sufficiently

low G values. Cemented organic process solids are included in this category.

The surface-contaminated organic wastes or their organic packaging are assumed

to absorb 100% of the available alpha decay energy. Any gas generated by

inorganic materials (which are also permitted in this category) would be oxygen,

which will be used in the oxidation of the plastic packaging materials.

Therefore, any inorganic materials present are considered to generate-no net gas.

The effective G value for waste material type III.l is given by:

G e f f , r i l . 1 - M̂ <FH X GM> X F p

- [1.0 x G(solid organic)] x 0.82

Therefore the effective G values for flammable gas, HC1, and net gas are given

respectively by:

3.6.7-17
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G(flam gas) - [1.0 x 4.1] x 0.82 - 3.4

G(HC1) - [1.0 x 0.6] x 0.82 - 0.5

G(net gas) - [1.0 x 10.2] x 0.82 - 8.4

Acceptable materials for Waste Material Type III.l wastes are listed in Table

8. Based on the data developed in Appendix 3.6.8, solid organic materials

containing the following structural groups are also acceptable: aromatic rings,

unsaturated C-C bonds, and C-N triple bonds.

Materials for which the G value at room temperature for flammable gas could be

greater than 4.1 are limited to trace quantities (<1 weight percent) based on

current data. These materials are cellulose nitrate, polyvinyl formal,

polyoxymethylene, and poly(olefin sulfone)s, as determined in Appendix 3.6.8.

Other polymers containing ether functional groups may also have high G (flammable

gas) values.
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TABLE 8

ACCEPTABLE MATERIALS FOR SOLID ORGANIC WASTES (WASTE TYPE III)

(GREATER THAN 1 WEIGHT PERCENT)

Material

Aniline- formaldehyde
Any solid inorganic material in Waste Types I or II
Asphalt
Bakelite3

Cellulose (BenelexR, cotton ConwedR, paper, rags, wood)
Cellulose acetate butyrate
Cellulose proprionate
Cellulose triacetate (Rayon)
Chlorinated polyether
Chlorosulfonated polyethylene (HypalonR)
Detergent (solid)
Melamine-formaldehyde
Oil
Organic acids (solid)
Organic filter media
Organic insulation
Organic resins
Phenol-formaldehyde
Phenolic resins
Polyamides (nylon)
Polybutadiene
Polycarbonate
Polychloroprene (NeopreneR)
Polychlorotrifluoroethylene (Kel-FR)
Polyesters (DacronR, Mylar")
Polyethylene
Polyethylene glycol (Carbowax)
Polyimides
Polyisobutylene
Polyisoprene
Polymethyl methacrylate (PlexiglasR), LuciteR)
Polyphenyl methacrylate
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TABLE 8 (Cont'd)

ACCEPTABLE MATERIALS FOR SOLID ORGANIC WASTES (WASTE TYPE III)
(GREATER THAN 1 WEIGHT PERCENT)

Material

Polypropylene (Ful-FloR filters)
Polystyrene
Polysulfone
Polytetrafluoroethylene (TeflonR)
Polyurethane
Polyvinyl acetate
Polyvinyl alcohol
Polyvinyl chloride (PVC)
Polyvinylidene chloride (SaranR)
Rubber (natural or synthetic, ethylene-propylene rubber, EPDM, etc.)
Rubber hydrochloride (Pliofilm")
Sand
Soil
Tributyl phosphate
Urea-formaldehyde
Water (absorbed)
Waxes or greases (commercial brands)

Note: aBakelite is a trade name for materials that can be composed of several
different polymers, including polyethylene, polypropylene, epoxy phenolic,
polystryene, phenoxy, perylene, polysulfone, ethylene copolymers, ABS, acrylics,
and vinyl resins and compounds.
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ATTACHMENT 1.0

MASS-WEIGHTED FRACTION OF ENERGY ESCAPING FROM PUO2 PARTICLES

.1.0 INTRODUCTION

This attachment demonstrates that a maximum of 822 of the alpha decay energy

escapes from particles of PuO2 when the particle size distribution is taken into

account.

2.0 MASS-WEIGHTED FRACTION OF ENERGY ESCAPING FROM PUO; PARTICLES

Attachment 2.0 of Appendix 3.6.8 describes a mathematical calculation of the

fraction of alpha decay energy that escapes from a spherical particle containing

uniformly distributed TRU nuclides.

As the PuO2 particle radius exceeds the stopping distance of the alpha particles,

some of the alpha particles are completely absorbed within the PuO2 particle.

Only the outer shell of the PuO2 particle (11-12 /im thick) contains radionuclides

whose alpha particles can escape from the PuO2 particle.

Many different particle-size distributions for PuO2 have been reported in the

literature. Mishima (Reference 3.1) in his examination of transport methods for

PuO2 powder for fuel considered thirteen different distributions. The PuO2 used

for fuel fabrication is required to be finely divided powder or coprecipitate

so that it can be intimately blended with UO2 to form a mixed oxide fuel. It is

unlikely that the PuO2 found in surface-contaminated waste would be as fine a

powder as is used in fuel fabrication. HEPA filters in glovebox exhaust systems

will trap the smaller particles, which more easily become airborne. Size

distributions for aerosols are applicable only to HEPA filters (which typically

have inorganic filtration media) . Small particles can also agglomerate, creating

larger particles.

The particle size distribution used in this document was chosen by Schwendiman

(Reference 3.2) as most appropriate for evaluating leakage from a transportation

container for PuO2 powder. The distribution corresponds to 1000°C calcined
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plutonium oxalate with a fifteen minute dispersion prior to measurement. This

particle size distribution is listed in Table Al.l. The particle size

distributions in most wastes are expected to have larger mean particle sizes.

These data were converted to mass fraction of particles having diameters between

two values, and the mass fraction was assigned to a diameter corresponding to

the range midpoint. The fraction of the alpha decay energy escaping from each

size particle was calculated using Table A2-1 of Appendix 3.6.8, Attachment

A-2. The results and the mass-weighted total energy escaping from the PuO2

particles are tabulated in Table A1.2.

The conclusion drawn is that at most 82% of the alpha decay energy from

particulate contamination is available to interact with waste materials.
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TABLE Al.l

PUO2 PARTICLE SIZE DISTRIBUTION

Particle Diameter

and Smaller

(Mm)

Cumulative

Percent by Weight

20

18

10

8

6

4

2

1

0.5

0.1

100

99

81

56

39

20

4

1

0.15

0.1

Reference 3.2
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TABLE A1.2

MASS-WEIGHTED TOTAL ENERGY ESCAPING FROM PUO2 PARTICLES

FOR PU-239

Midpoint

Particle Radius

(Mm)

9.5

7.0

4.5

3.5

2.5

1.5

0.75

0.28

Note: aParticles

Fraction of

Alpha Energy

Escaping

0.48

0.61.

0.77

0,82

0.88

0.93

0.96

0.99

have the size

Mass Fraction

in

Distribution

0.01

0.18

0.25

0.17

0.19

0.16

0.03

0.01

Mass-Weighted

Fraction of

Energy Escaping

0.005

0.110

0.193

0.139

0.167

0.149

0.029

0.010

TOTAL 0.802

distribution given in Table Al.l.
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TABLE A1.3

MASS-WEIGHTED TOTAL ENERGY ESCAPING FROM PUO2 PARTICLES

FOR PU-238

Midpoint

Particle Radius

(Mm)

9.5

7.0 •

4.5

3.5

2.5

1.5

0.75

0.28

Note: aParticles

Fraction of

Alpha Energy

Escaping

0.52

0.65

0.79

0.84

0.89

0.93

0.97

0.99

have the size

Mass Fraction

in

Distribution

0.01

0.18

0.25

0.17

0.19

0.16

0.03

0.01

Mass-Weighted

Fraction of

Energy Escaping

0.005

0.117

0.198

0.143

0.169

0.149

0.029

0.010

TOTAL 0.820

distribution given in Table Al.l. •
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GLOSSARY

adsorption -- The adhesion in an extremely thin layer of
molecules (such as gases, solutes, or liquids) to the
surfaces of solid bodies or liquids with which they are in
contact.

absorbed dose - The amount of energy absorbed from the radiation
field per unit of mass of irradiated material.

activation energy - The energy, in excess over the ground state,
that must be added to an atomic or molecular system to allow
a particular process to take place.

adiabatic - Any change or process resulting in no heat loss or
gain.

alcohol - A class of organic compounds derived from hydrocarbons,
containing the hydroxyl group, OH (general formula ROH).
Phenols, a subgroup of alcohols, are derived from aromatic
hydrocarbons.

aldehyde - Compounds of the general formula RCHO, where R is any
aliphatic or aromatic group and the oxygen is attached via a
double bond to the carbon chain.

aliphatic - Any of a class of organic compounds characterized by
straight or branched chain structures. Aliphatic compounds
may contain single, double, and/or triple carbon-carbon
bonds.

alkane - Any of a class of aliphatic hydrocarbon compounds
characterized by single carbon-carbon bonds.

alkene - Any of a class of unsaturated aliphatic hydrocarbon
compounds characterized by at least one double carbon-carbon
bond.

alkyd - A thermoplastic or thermoset synthetic resin used
especially for protective coatings.

alkyl - An aliphatic hydrocarbon group which may be derived from
an alkane by dropping one hydrogen from the formula, such as
"methyl" (CH3) .

alkyne -. Any of a class of organic compounds containing at least
one triple carbon-carbon bond.
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alpha particle - A massive, positively charged particle (He"1"1")
emitted by certain radioactive materials; particle energy
depends on the parent material, and penetrating ability is
limited.

amine - Any of a class of organic compounds that can be
considered to be derived from ammonia by replacement of one
or more hydrogen atoms with alkyl or aryl groups.

anaerobic - In the absence of oxygen.

antioxidant - An inhibitor, such as ascorbic acid, effective in
preventing replacement of other elements by molecular
oxygen.

aqueous solution - A solution which contains water as the
dominant solvent.

aromatic - Any of a class of organic compounds characterized by
closed ring structure and resonance stabilized (shifting/
shared) unsaturation.

Arrhenius Equation - An equation relating the rate constant of a
chemical reaction and the temperature at which the reaction
is taking place:

k-Aexp(-E/RT)
where A is a constant, k the rate constant, T the
temperature in degrees Kelvin, R the gas constant, and E the
activation energy of the reaction.

aryl - A compound whose molecules have the ring structure
characterized by benzene--that is, six carbon atoms
condensed into a planar ring.

beta particle - A particle emitted by certain radioactive
materials. A negatively charged beta particle has the
characteristics of an electron; a positively charged beta
particle is called a positron.

bond dissociation energy - The required energy for complete
separation of two atoms within a molecule.

carbonyl compound - A compound containing the carbonyl group
(C-O), such as aldehydes, carboxylic acids, esters, etc.

carboxyl - A univalent group COOH typical of organic acids.

cellulosic - Any of the derivatives of cellulose, such as
cellulose acetate.
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chain reaction - A reaction that'involves a series of steps, each
of which generates a reactive substance that brings about
the next step.

chemical reaction rate - The speed at which a change occurs when
a substance (or substances) is (are) changed into one or
more new substances.

contact-handled - Radioactiyely contaminated materials having a
container surface dose rate of no more than 200 mrem/hr,
which are allowed to be handled manually.

crosslink - A chemical bond formed between separate polymer
elements; crosslinking may be intermolecular (between
molecules) or intramolecular (between parts of the same
molecule).

Curie - The basic unit of radioactivity; equal to 3.7 x 1010

disintegrations per second.

depolymerization - The decomposition of macromolecular compounds
into relatively simple compounds.

diffusion - The spontaneous movement and scattering of atomic and
molecular particles of liquids, gases, and solids.

diluent - An inert substance added to a material so that the

concentration per unit volume of the material is decreased.

dose - See "absorbed dose."

dose rate - The rate at which energy is deposited in a material.
dose rate effect - An effect depending on the rate at which a

material is irradiated.

elastomer - A natural or synthetic rubber that stretches to at
least twice its original length and retracts rapidly to near
its original length when released.

• emulsifier - A surface-active agent (like a soap) which promotes
the formation and stabilization of a solid-in-liquid or
liquid-in-liquid suspension.

Envirostone - A licensed (U. S. Gypsum) gypsum-based process used
for the solidification of organic and low pH aqueous
sludges.
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ester - A compound formed from the bonding of an alcohol
(Including phenols) with an organic acid or organic acid
derivative by the elimination of water.

ether - A compound formed by attaching two groups to an oxygen
• atom, of the form R-O-R'.

excitation - The process by which energy is supplied to
electrons, atoms, or radicals, usually rendering them
chemically more reactive.

free radical - An atom or group of atoms having at least one
unpaired electron not involved in bond formation. Free
radicals are highly reactive.

gamma rays - Electromagnetic radiation (photons) emitted from the
nucleus of certain radioactive materials; gamma rays are
more penetrating than particle radiation of comparable
energy.

Gray (Gy) - The SI recommended unit of absorbed dose that
represents an absorption by a specified material of 1 x 10*
ergs/gram; 1 Gray - 100 rads.

G value - The number of molecules, radicals, crosslinks, etc., of
a specified type formed or consumed per 100 electron volts
(eV) of energy absorbed by a system; this value is also used
to specify the number of reactions that occur per 100 eV
absorbed.

half-life - The time required for a quantity of a specific
radionuclide to decay to one-half of its original amount.

halogenated compound - A compound that contains a member of the
halogen family (for example, fluorine, chlorine, bromine).

halogenation - A chemical process or reaction in which a halogen
atom (F, Cl, Br, I, At) is introduced into a substance.

hydrocarbon - One of a very large group of chemical compounds
composed only of carbon and hydrogen.

hydrolysis - Decomposition or alteration of a chemical substance
by water. In aqueous solutions of electrolytes, the
reaction of cations with water to produce a weak base or of
anions with water to produce a weak acid.

inelastic collision - An encounter in which the total kinetic
energy of the colliding particles is lower after the
collision than before it.
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inhibitor - A substance that slows down or stops a reaction.

ion - An electrically charged atom, radical, or molecule result-
ing from the addition or removal of electrons by any of a
number of possible processes.

ionization - The process of ion formation.

ionizing radiation - Particles or photons that have sufficient
energy to produce ionization directly by their passage
through a substance.

irradiation - Exposure to radiation.

isomer - One of two or more chemical substances having the same
elementary percentage composition and molecular weight but
differing in structure and, therefore, usually differing in
properties.

isotactic - Refers to crystalline polymers in which groups in the
asymmetric carbon atoms have the same (rather-than random) -
configuration in relation to the main chain.

ketone - Any of a class of organic compounds characterized by the
presence of the carbonyl group, -C-O, attached to two alkyl
groups.

LET (Linear Energy Transfer) - The radiation energy lost per unit
length of path through a material, usually expressed in
kilo-electron volts (keV) per micron of path (or eV/nm). A
higher value of LET indicates more effective ionization of
the absorber.

monomer - A simple molecule that is a repeating structural unit
within a polymer. It is capable of combining with a number
of like or unlike molecules to form a polymer.

neutron - An uncharged elementary particle present in the nucleus
of every atom heavier than hydrogen; neutrons are released
during fission.

nitration - Introduction of an NO5 group into an organic
compound.

olefin - An alkene.

organic acid - A chemical compound with one or more carboxyl
radicals (-COOH) in its structure.
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outgas - The release of adsorbed o'r occluded gases or water
vapor, usually as the result of heating or differences in
vapor pressure.

oxidation - A chemical reaction in which a compound or radical
loses electrons.

paraffin - An alkane.

permeation - The movement of atoms, molecules, or ions into or
through a porous or permeable substance (such as a
membrane).

pi orbital - A region in a molecule, formed by the overlap of
atomic orbitals, in which there is a high probability of
finding a "p" or "d" electron; two atomic p or d orbitals
overlapping at right angles to the axis between the atoms'
nuclei form a pi orbital with electron regions above and
below the axis.

polyamide - The product of polymerization of an amino acid or the
condensation of a polyamine with a polycarboxylic acid.

polymer - Any of a class of organic compounds characterized by
repeating structural units (monomers).

polymerization - The process of bonding two or more monomers to
produce a polymer.

rad - The traditional unit of absorbed radiation dose
representing the absorption by a specified material of 100
ergs per gram of that material; 1 rad - 10"2 Gray; 1 rad -
6.24E13 eV/g.

radiation - The emission and propagation of energy through matter
or space; also, the energy so propagated; the term has been
extended to particles, as well as electromagnetic radiation.

radical - A molecular fragment having one or more unpaired
electrons (e.g., -H or -CH3). It may be charged or
uncharged.

radical scavenger - A substance that readily combines with a
radical.

radiolysis - Alteration of materials caused by irradiation.

range - The distance a given ionizing particle can penetrate into
a given material before its energy drops to the point that
the particle no longer ionizes the material.
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repeat unit - See "monomer."

resin - Any of a class of solid or semisolid organic products of
natural or synthetic origin with no definite melting point,
generally of high molecular weight; most resins are
polymers.

saturated hydrocarbon - A carbon-hydrogen compound containing no
double or triple bonds.

saturated vapor pressure - The vapor pressure of a substance at
its boiling point.

scission - The process by which chemical bonds are broken; also,
the number of bonds broken by the process. Usually refers
to breaks in the backbone of a polymer macromolecule.

spur - A small group of excited and ionized species associated
with the track caused by passage of ionizing radiation.
Consists of the molecules ionized directly, radicals, and
secondary ionizations produced by electrons released in the
primary ionization. A spur usually forms a side track from
the path of the particle or ray.

steric hindrance - The prevention or retardation of chemical
reaction caused by geometrical restrictions of neighboring
groups on the same molecule.

synergistic effect - The effect on a material of two or more
stresses applied simultaneously that is greater in magnitude
than that resulting from the same stresses applied
separately.

track - The path of gamma rays, x-rays, or charged particles
through matter.

TRU nuclide - A nuclide with an atomic number greater than that
of uranium (92). All transuranic nuclides are produced
artificially and are radioactive.

TRU waste - Waste materials contaminated with alpha-emitting
TRU nuclides with half-lines >20 years, in concentration
>100 nCi/g of waste at the time of assay.

unsaturated hydrocarbon - One of a class of hydrocarbons that
have at least one double or triple carbon-carbon bond. Such
compounds are different from aromatic hydrocarbons.

vapor - A gas that exists at a temperature below the critical
temperature and that can be liquefied by compression without
lowering its temperature.
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viscous - Having relatively high resistance to flow.

X-rays - Penetrating electromagnetic radiation, usually generated
by decelerating high-velocity electrons through collision
with a solid body or by inner7shell electron transitions for
atoms with atomic number greater than 10.

3.6.8-xviii



NuPac TEOPACT-II SAR Rev. 0, February 1989

ACRONYMS AND ABBREVIATIONS

Acronym/Abbreviation Complete Term

CH-TRU (wastes) contact-handled transuranic wastes
e . accelerated electrons
EB activation energy
EPRI Electric Power Research Institute
F fraction of energy absorbed
FDA Food and Drug Administration
HC hydrocarbon
HDPE high-density polyethylene
LANL Los Alamos National Laboratory
LDPE low-density polyethylene
LET linear energy transfer
PET polyethylene terephthalate
PMMA polymethyl methacrylate
PTFE polytetrafluoroethylene (Teflon)
PVC polyvinyl chloride
RFP Rocky Flats Plant
SARP Safety Analysis Report for Packaging
SRL Savannah River Laboratory
SRP Savannah River Plant
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CHEMICAL NOTATION

Symbol Meaning

CaCl2
CaO
Ca
C-C
C-Cl
CCI3F

C-F

C-H
CHCI3
CH3

Cfy
Cl2

Cm-244
of 244
CO
C02

3 8
C2H2

Fe2O3

HC1
He++

H2

KC1
MgCl2

MgO
NaCl
Na2O
OH

°?
Po

Pu-238

Pu-239
Pu(NO3)x
. PuO2
R, R'
SiO2
S02
Z
Zn

calcium chlor ide
calcium oxide
calcium
carbon-carbon bond
carbon-chlorine bond
trichlorofluorome thane
carbon tetrachloride
carbon-fluorine bond
carbon tetrafluoride
1-butene
butane
carbon-hydrogen bond
chloroform
methyl group
methane
chlorine
curium isotope with atomic mass

carbon monoxide
carbon dioxide
cyclopropane or propylene
propane
acetylene
ethylene
ethane
iron (III) oxide (ferric oxide)
hydrogen chloride
doubly charged helium ion. An
alpha particle,

hydrogen
potassium chloride
magnesium chloride
magnesium oxide
sodium chloride
sodium oxide
hydroxyl group
oxygen
polonium
plutonium isotope with
atomic mass of 238

plutonium isotope with
atomic mass of 239

plutonium nitrate
plutonium dioxide
any alkyl or aromatic group
silicon dioxide
sulfur dioxide
atomic number
zinc
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G VALUE* NOTATION

Notation

G(C2)
G(C3)
G(C^)
G(CH<)
G(C2H6)
G(H2)
G(S)
G(gas)
G (water vapor)
G(X)

Interpretation - G Value for

all hydrocarbons with two carbon atoms
all hydrocarbons with three carbon atoms
all hydrocarbons with four carbon atoms
methane
ethane
hydrogen
scission
all gas generated
water vapor
crosslinking

aG value - The number of molecules, radicals, crosslinks, etc.,
of a specified type formed or consumed per 100 eV of energy
absorbed by a system.
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EXECUTIVE SUMMARY

This appendix presents radiolytic G values for solids, liquids, vapors, and

gases obtained from the technical literature. Experimental data are

evaluated, and applicable maximum G values are determined for use in

calculations of flammable gas concentration and total pressure for transport

of contact-handled transuranic (CH-TRU) wastes. G values for organic solids

are related to G values for structurally-related liquids. It is demonstrated

that G values (for hydrogen and other flammable gases) for organic materials

can be ranked according to the functional groups that determine most other

chemical properties. This relationship allows G values for other organic

solids to be estimated. Maximum G values obtained from laboratory-scale

experiments are compared with effective G values measured for actual drums of

CH-TRU wastes. For materials that are commonly present in the CH-TRU wastes,

polyethylene has the highest value of G(H2) of 4.0. The maximum G(H2) value

for water is 1.6.

This document is not meant to be a comprehensive summary of all radiolysis

experiments that have measured gas generation. Instead, the literature has

been searched for typical and upper bound G values, and for general

characteristics that allow extrapolation to other materials for which no

radiolysis experiments have been reported. Where possible, data obtained by

various authors are discussed and compared. When authors disagree, an effort

has been made to determine which data are valid and the reasons for the

differences.

Factors affecting gas generation from the reactions of alpha, beta, neutron,

or gamma radiation with matter are discussed. These factors include the

linear energy transfer (LET) and range of the incident radiation; irradiation

environment, including temperature, pressure., and gases present; absorbed dose

and dose rate; specific composition of the material; and particle size and

distribution of radioactive contaminants.

The controlling factor in the behavior of materials under irradiation, as

under most other environmental influences, is the chemical structure.
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Chemical bonds are not broken randomly even through the excitation energy may

exceed the bond disassociation energy. Energy may be transferred from the

location on a molecule where it is absorbed to another chemical bond that is

broken. Additives to improve physical or aging properties may affect changes

produced by radiation.

For this reason, radiolysis can be discussed in terms of functional groups as

can other chemical reactions. The functional group is the atom or group of

atoms that defines the structure of a particular family of organic compounds,

and, at the same time, determines their properties. A particular set of

properties can be associated with a particular group wherever it is found.

G values for a given material may depend on the type of radiation absorbed by

the material. (LET effect). For several liquids, such as cyclohexane, benzene,

water, and acetone, alpha radiolysis experiments yield higher G values than

gamma radiolysis experiments. Similar effects may also occur in solids, such

as polymers, but very few experiments have been conducted to determine LET

effects in gas generation in solids. This is possibly due to the difficulty

in measuring the absorbed dose in alpha radiolysis, where self-absorption of

some of the alpha radiation emitted from particulate contamination occurs.

G values measured using nonalpha radiation are the best data available for

many materials. These data are included in establishing maximum G values in a

best faith effort to establish upper bound gas generation calculations for CH-

TRU wastes.

Liquids that have G values for flammable gas greater than 4.0 are saturated

hydrocarbons, alcohols, ethers, ketones, and organic acids. Liquids that have

G values for flammable gases less than 4.0 include unsaturated hydrocarbons,

aromatic hydrocarbons, water, esters, halogenated hydrocarbons, aromatic

halides, and commercial lubricant oils. G values for liquid organic nitrogen

compounds are low for those having aromatic characteristics or C-N triple

bonds.
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Common plastics and papers are composed of one or more base polymers and

additives designed to increase flexibility, stability, or other properties.

Organic functional groups found in common polymers include saturated C-C

bonds, unsaturated C-C bonds, and alcohol, ether, and ester groups. Aromatic

characteristics (resonant structures containing carbon and hydrogen or carbon

and nitrogen atoms) greatly increase the stability of many polymers, and are

commonly found in additives.

Saturated hydrocarbons produce hydrogen as the principal radiolysis gas.

Small amounts of other hydrocarbons are formed. The maximum G(H2) value is

4.0 for polyethylene.

Polymers having ether functional groups generate gases that contain oxygen,

even when irradiated in a vacuum. G values for cellulose and urea

formaldehyde have been shown to be strongly dependent on the absorbed dose.

For absorbed doses greater than 10 Mrad, the maximum value of G(H2) is 3.2 for

cellulose. One of the polymers in this family (polyoxymethylene) generates

other flammable gases that cause the G(flam gas) value to exceed 4.1, and

another (polyvinyl formal) has a measured G(gas) that is 1.4 times the G(gas)

value for polyethylene. For this reason, polyoxymethylene and polyvinyl

formal are permitted in CH-TRTJ wastes only in trace amounts.

Pplymers containing chlorine are stabilized to reduce the catalytic effect of

HC1 generated by radiolysis or thermal degradation. The strong effect of the

plasticizers and stabilizers on the radiolysis of PVC is demonstrated by the

differences in the composition of the radiolysis gas, which varies from 85%

H2, to 83% HC1, to 70% C02, depending on the specific formulation and whether

oxygen is present.

Radiolysis of adsorbed or absorbed liquids indicates that the sorbing medium

can either be inert to radiation or can transfer energy to the sorbed liquid.

Unless experimental data demonstrate that the binding medium is radiolytically

Inert (e.g., vermiculite), all of the radiation energy should be assumed to
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interact with the sorbed liquid. Nitrates present in solidified aqueous wastes

significantly reduce G(H2) from the value for water, while increasing G(02).

Very low G values have been observed from irradiation of water present as the

hydrate in crystals. Water in the hydrates appears to exhibit the property of

an "energy sink."

Gas generation experiments conducted on actual CH-TRU wastes are summarized.

Typically, several different contaminated materials were present inside a

given waste container. The results are presented in terms of effective

G values that include the effects of the different materials and self-

absorption of some alpha decay energy by particulate contamination.

On the whole, the effective hydrogen G values for actual CH-TRU wastes are

much lower than maximum hydrogen G values for the waste forms that would be

estimated based on the worst-case material. For drums of combustible wastes,

the maximum G(H2) value determined in controlled experiments was 2.1 versus a

possible value of 4.0 based on laboratory experiments. For drums of sludge,

the maximum G(H2) value measured was 0.3 versus a possible value of 1.6 based

on laboratory experiments. No explanation currently exists for high G(H2)

values calculated from experiments conducted on solidified organic waste

forms.

Gas pressure and composition data for retrieved drums of stored wastes are

also discussed. Calculated G values for sealed retrieved drums provide only

lower limits, because of uncertainties in the rates at which gases can

permeate through the drum gaskets or diffuse through gaps between the gasket

and the sealing surfaces. Typically, only the drum head space was sampled,

and the concentrations of generated gases could have been higher inside the

rigid liner and waste bags. Most of the minimum G values were very low.
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1.0 INTRODUCTION

The purpose' of this document is to establish maximum G values from the

technical literature for production of gas (particularly hydrogen) from the

radiolysis of materials in contact-handled transuranic (CH-TRU) wastes. These

maximum G values are used in calculations of flammable gas concentrations and

total pressure in safety analyses for transport of the wastes. In Chapter 6,

the maximum G values obtained from laboratory-scale experiments are compared

to G values calculated from gas generation experiments conducted on drums of

actual CH-TRU wastes. The maximum G values typically are much larger than

those obtained from actual wastes.

This document reports radiolysis data (including temperature dependence) for

many types of materials, including the chemical families of organic compounds

that are liquids (e.g., alcohols, aldehydes, and ketones); organic solvents;

water; polymers; and commercial plastics, cellulosics, and rubbers. Inorganic

materials and commercial plastics, cellulosics, and rubbers are the major

constituents in CH-TRU wastes and packaging materials. Liquids may be major

constituents (> 10 wt%) of solidified liquid wastes or minor or trace

(< 1 wt%) constituents when they are absorbed on paper tissues or used as

plasticizers in plastics and rubbers. For solid materials for which the G

values are unknown, related organic solids or liquids are used to estimate

bounding values. In order to provide a thorough discussion of this subject, G

values are reported for some materials that are not known to be present in the

CH-TRU wastes.

This document is not meant to be a comprehensive summary of all radiolysis

experiments- that have measured gas generation. Instead, the literature has

been searched for typical and upper bound G values, and for general

characteristics that allow extrapolation to other materials for which no

radiolysis experiments have been reported. Where possible, data obtained by

various authors are discussed and compared. When authors disagree, an effort

has been made to determine which data are valid and the reasons for the

differences. For example, discrepant data in the case of PVC appear to be

largely caused by variations in material composition and not by experimental

error. '
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Radiolysis data used in this report result from irradiation of materials by

gamma, alpha, or other particles; accelerated electrons; or X-rays. For the

CH-TRU wastes, alpha irradiation is the only significant contributor to gas

production. Chemists and materials scientists for many years have used gamma

radiolysis as a tool to explore the stability of materials. As a result, many

more materials have been studied by gamma than by alpha radiolysis. Many

alpha radiolysis experiments were performed during the 1970s at the Los Alamos

National Laboratory (LANL) , the Savannah River Laboratory (SRL) , and the Rocky

Flats Plant (RFP) to measure radiolytic gas generation from common materials

that appear in CH-TRU wastes [see Molecke (1979) and Blauvelt (1986) for

discussions of these experiments]. Some of these data have been reanalyzed in

this report, and different conclusions are now drawn from these data.

G values for a given material may depend on the type of radiation absorbed by

the material (known as an LET effect). For several liquids, such as

cyclohexane, benzene, water, and acetone, alpha radiolysis experiments yield

higher G values than gamma radiolysis experiments. Similar effects may also

occur in solids, such as polymers, but very few experiments have been

conducted to determine LET effects in gas generation in solids. This is

possibly due to the difficulty in measuring the absorbed dose in alpha

radiolysis, where self-absorption of some of the alpha radiation emitted from

particulate contamination occurs. G values measured using nonalpha radiation

are the best data available for many materials. These data are included in

establishing maximum G values in a best-faith effort to establish upper bound

gas generation calculations for CH-TRU wastes.

Chapter 2 introduces basic concepts of radiation chemistry and factors that

affect radiolytic gas generation or consumption. This forms the. basis for

discussions of the experimental data on radiolysis of liquids and vapors in

Chapter 3, the radiolysis of polymers in Chapter 4, and the radiolysis of non-

polymer solids in Chapter 5. Chapter 6 compares the laboratory G values

measured for specific materials with rates of gas generation measured for
1 actual drums of CH-TRU wastes. Attachment 1.0 describes the families of

organic liquids and polymers, and shows the structures of many common
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polymers. Attachment 2.0 calculates the fraction of alpha decay energy

escaping from a particle of PuO2 as a function of particle radius. A glossary

is provided that includes acronyms, abbreviations, chemical notation, and G

value notation.

Major reviews of the radiation chemistry literature, such as An Introduction

to Radiation Chemistry by J. W. T. Spinks; The Radiation Chemistry of

Macromolecules edited by M. Dole; and Radiation Effects on Organic Materials

edited by R. 0. Bolt and J. G. Carroll, have been used extensively. When

these references are cited, the original reports were not reviewed by this

author.
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2.0 RADIATION CHEMISTRY

Radiation chemistry is the study of the chemical effects produced in a system

by the absorption of ionizing radiation. Included in this definition are the

chemical effects produced by radiation (alpha and beta particles and gamma

rays) and by electromagnetic radiation of short wavelength (X-rays) .

Photochemistry, on the other hand, deals with reactions of excited species

unaccompanied by ionization.

This chapter discusses the factors affecting gas generation from the reactions

of alpha, beta, gamma, or neutron radiation with matter. These factors

include the linear energy transfer (LET) and range of the incident radiation;

irradiation environment including temperature, pressure, and atmosphere

present; absorbed dose and dose rate; specific composition of the irradiated

material; and particle size and distribution of radioactive contaminants.

2.1 Reactions of Radiation with Matter

The discussion that follows is based primarily on Spinks (1976).

Absorption of energy from ionizing radiation results in the formation of

tracks of excited and ionized species in matter. The incident radiation is

not selective and may react with electrons of any atom or molecule lying in

its track. Free radicals are produced by the dissociation. of excited

molecules and by ion reactions in or near the tracks of ionizing particles.

Free radicals have one or more unpaired- electrons available to form chemical

bonds, but free radicals are generally uncharged. These free radicals are

often more important in the chemical reactions that follow than are the

primary species. Back reactions can combine two radicals to form a stable

molecule. Radicals that do not undergo radical-radical reactions in the

tracks diffuse into the bulk of the material and generally react there. Some

of the more reactive radicals are H-, -OH, Cl-, and -CH3. Stable radicals

include NO, N02, and 02. Nitric oxide and nitrogen dioxide each has a single

unpaired electron. Oxygen has a triplet ground state and behaves in radical

reactions as diradical (Spinks 1976). Oxygen readily reacts with other free
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radicals and, if it is present, will almost invariably affect the radiation-

induced reactions. Free radicals can also be produced by other processes,

such as thermal degradation.

The species produced by ionizing radiation will, in general, be the same in a

particular material regardless of the type or energy of the ionizing

radiation. All ionizing radiation will, therefore, give rise to qualitatively

similar chemical effects. With respect to gas generation, different types of

ionizing radiation will generally produce the same gas species, though

possibly in different amounts.

Alpha particles consist of two protons and two neutrons and, therefore, are

the same as the nuclei of helium atoms and have a double positive charge. On

passing through matter, alpha particles lose energy principally by inelastic

collisions with electrons lying in their paths, leading to excitation and

ionization (if the energy transmitted is high enough) of the atoms and

molecules to which those electrons belong. Electrons liberated in the process

also interact with other atoms and molecules of the material. An alpha

particle loses only a small fraction of its energy per collision. As a

consequence, alpha particles slow down gradually as the result of a large

number of small energy losses and travel in a nearly straight path. The

energy of an alpha particle decreases as the distance traveled increases.

Because each of the alpha particles from a given radionuclide has the same

initial energy, each will have about the same range in a given material.

Alpha particles can also be produced in situ in a material by combining it

with a compound of boron or lithium and irradiating the mixture with slow

neutrons. Some radiolysis experiments have used this technique for producing

alpha particles.

Beta particles are fast electrons emitted by radioactive nuclei. In contrast

to alpha particles, the beta particles from a particular radioactive element

are not all emitted with the same energy (Spinks 1976). Instead, the energies

range from zero up to a maximum value which is characteristic of the element.

On passing through matter, beta particles lose energy predominantly through

inelastic collisions with electrons, in a similar manner to alpha particles.

However, because the beta particle and the electron with which it collides

3.6.8-5



NuPac TRUPACT-II SAR Rev. 0, February 1989

have the same mass, the beta particle can lose up to half of its energy in a

single collision and may be deflected through a large angle. As a result,

even beta particles that start with the same energy may come to rest at widely

separated -points.

Gamma rays are electromagnetic radiation with wavelengths in the region of

3 x 10"9 to 3 x 10"11 cm. The gamma rays emitted by radionuclides are

monoenergetic, but each decay may be to one of a small number of discrete

energies. Low-energy gamma rays tend to lose most of their energy through a

single interaction with an electron.(the photoelectric effect). The entire

energy is transferred to a single electron, which is then ejected from the

atom. Photoelectric interactions are most probable for high-atomic-number

materials and for low gamma energies. A fraction of the incident gamma rays

are completely absorbed by the material, but the remainder are transmitted

through the material with up to their full initial energy. For example, the

number of low-energy-gamma photons transmitted through a sheet of absorbing

material decreases exponentially as the thickness of the absorber increases.

For low-atomic-number materials and for gamma energies between 1 and 5 MeV in

high-atomic-number materials, the Compton effect predominates. In the Compton

effect, a gamma ray interacts with an electron, which may be loosely bound or

free, so that the electron is accelerated and the gamma ray deflected with

reduced energy. For example, Compton interactions in water predominate for

gamma rays with energy from about 30 keV to 20 MeV.

Neutrons are uncharged nuclear particles with a mass of one mass unit (Spinks

1976) . Because they are uncharged, neutrons do not produce ionization

directly in matter. However, the products of neutron interactions can produce

ionization and give rise to radiation-chemical changes. The main ionizing

species are protons or heavier positive ions, and the chemical effects of

neutron irradiation are similar to those produced by beams of these charged

particles.
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2.2 Energy Transfer

Sometimes energy absorbed at one location on a large molecule appears to

damage a more susceptible site elsewhere on the molecule. Thus, one type of

bond may be broken more frequently than would be calculated from the

statistical distribution of electrons (O'Donnell 1970). Another way of

looking at this phenomenon is to compare the likelihood of a recombination

reaction when a given kind of bond is broken. For example, by comparing the

C-C and C-H bond energies in hydrocarbon polymers, one would think that

cleavage of the main polymer chain is more probable than the splitting off of

the hydrogen atoms. However, during irradiation of most polymers, processes

caused by the cleavage of the C-H bonds predominate. A model used to explain

this apparent contradiction is that simultaneous cleavages of the C-C and C-H

bonds occur. In the case of polymers that primarily crosslink, a considerable

fraction of the broken C-C bonds recombine, and as a result, the C-H bond

cleavage processes predominate. In degradable polymers, a rapid recombination

of the split ends of the chain is sterically hindered (Makhlis 1975) .

The concept of energy transfer from the location on a molecule where energy is

absorbed to the chemical bond that is broken is a key concept for

understanding the effects of radiolysis. The major products of radiolysis are

influenced by molecular structure (Hall 1963). Chemical bonds are not broken

randomly even though the excitation energy may exceed the bond disassociation

energy.

For this reason, radiolysis can be discussed in terms of functional groups as

can other chemical reactions. The functional group is the atom or group of

atoms that defines the structure of a particular family of organic compounds,

and, at the same time, determines their properties (Morrison 1973). A

particular set of properties can be associated with a particular group

wherever it is found. Functional groups in macromolecules also determine

their chemical reactions. Chapters 3 and 4 contain more detailed discussions

'of the functional groups.
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Certain structures, such as aromatic rings (e.g., a benzene ring), seem to

absorb • ionizing energy and dissipate it as heat in the form of molecular

vibrations. In this way, systems containing these structures undergo less

decomposition than would be expected (O'Donnell 1970).

When a homogeneous mixture of two compounds is irradiated, the yields of the

different products are generally directly proportional to the yields from the

pure components and their relative proportions (by electron density) in the

mixture. This behavior is found when each component degrades independently of

another. However, some components of a mixture may transfer absorbed energy

to other components. In a two-component mixture, the second component may be

decomposed more readily, and the result is a higher product yield. On the

other hand, if the second component is less readily decomposed, as with an

aromatic compound, there may be correspondingly less decomposition and a lower

product yield (O'Donnell 1970).

During gamma irradiation of polymers filled with finely dispersed metals, the

absorbed energy can distribute itself nonuniformly between the two components

of the system. In rubbers containing heavy metals (Z ̂  40) in a free state or

in the form of chemical compounds, the rate of radiation cross-linking has

been observed to double. The energy absorbed by the polymeric component

increases because of secondary electrons generated by gamma reactions with the

metal (Makhlis 1975). This effect is not expected to be significant for

surface alpha irradiation of leaded rubber gloves because the lead is

dispersed throughout the rubber material.

2.3 Factors Affecting the Rate of Radiolvtic Gas Generation

(or Consumption') from a Material

The rate of radiolytic gas generation (or consumption) from a material depends

on: (1) the G value for gas production (or consumption) for the given

material and type of radiation, (2) the energy emitted from radioactive decay,

' and (3) the fraction of emitted energy absorbed by the material (F) . G values

also appear in the radiation chemistry literature for other products, such as

the number of crosslinks or scissions, or the production of a non-gas

substance. A G value may be positive (as in the generation of hydrogen or
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carbon dioxide) or negative (as in the depletion of oxygen). F depends on the

nature of the emitted energy and the materials being irradiated. In the case

of short-range radiation, F also will depend on the spatial distribution of

radioactivity, especially when several different materials are present, such

as in wastes.

The rate of radiolytic gas generation (n) in moles per second from a material

is given by:

n - W x 2(F.x Gi) x C

where
W - total decay heat (watts),

F - fraction of energy emitted that is of radiation type i and is
absorbed by the material (range 0 to 1),

G - number of molecules of gas produced (or consumed) per 100 eV of
energy absorbed from radiation type i, and

C — conversion constant

- (1 joule/ W-sec) x (1E7 erg/joule) x (1 eV/1.6E-12 erg)

x (1 g-mole/6.02E23 molecules)

- 1.04E-5 (g-mole)(eV)/(molecule)(W-s)

- 1.04E-7 (g-mole)(100 eV)/(molecule)(W-s)

2.3.1 Factors Affecting the G Value

A number of factors influence the G value measured in an experiment. They

include LET of the radiation, temperature, pressure, atmosphere in which

irradiation occurs, total absorbed dose, and specific composition of the

material.

2.3.1.1 Linear Energy Transfer (LET) Effect

Differences in G values for a material when irradiated by different types of

radiation are ascribed to differences in the ways in which energy is lost in

matter. Linear energy transfer (LET) is the linear rate of energy loss by an

ionizing particle traveling through a material. An average LET value is

calculated by dividing the initial energy of a particle by its range in the

material. Expressions that reflect the changing density of active species in
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particle tracks, such as specific ionization and LET, are useful in evaluating

the overall chemical effect. Track effects of this sort have been thought to

be more important in the case of liquids or solids, where the active species

are hindered from moving apart by the proximity of other molecules, than in

gases, where species can move apart with relative ease. In gases, the

different types of radiation do not give the different yields of products that

may be found in liquid systems or solids (Spinks 1976).

The linear energy transfer from alpha particles to irradiated materials

follows the Bragg curve, which rises sharply from low energies to reach a peak

at about 1 MeV, then falls off gradually at higher alpha particle energies.

This behavior leads to an "end of track" effect, with higher LET than at the

beginning of the track (Cember 1978).

Table 2.3-1 lists average LET values for irradiation of water.

Radiation-chemistry studies on LET effects in low-molecular-weight compounds

have shown that the molecular product yields increase with increasing LET.

Molecular products are generated in the spurs, before the reactive species can

diffuse into the bulk of the system (Schnabel 1981). The result is that G(H2)

appears to increase with increasing LET, at least in liquids such as benzene,

acetone, cyclohexane, and water (see Chapter 3 for details). These effects

could also occur in solids. Unfortunately, similar experiments have not been

uncovered in the radiation chemistry literature that measure G values of a

solid material using different LET radiation at the same absorbed dose.

A characteristic feature of radiation with high LET is the sharp decrease in

the effectiveness of protective additives (such as antioxidants) in the

material being irradiated, particularly those that react with free radicals.

The reason for this is the intense reactions of the radicals in the track

(Makhlis 1975).
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Table 2.3-1. Average values of LET in water irradiated
with various types of radiation.

Radiation Average LET (eV/nm)

Co-60 7-rays
2-MeV electrons
200-kV x-rays
3H £-rays
50-kV x-rays
10 MeV iH
10 MeV «He
5.3 MeV a-particles (Po-210)
3 MeV *He
65.7-MeV "N ions

0.2
0.2
1.7
4.7
6.3
8.3
92
136
180
553

Reference: Spinks 1976, Chapter 2 and Table 8.19.

2.3.1.2 Temperature

Chemical reaction rates depend on temperature. The rate (k) of a chemical

reaction can be expressed by: k - Aexp(-B/T) where T is the absolute

temperature, and A and B are constants. The equation can be written in the

form k - Aexp(-Ea/RT), generally known as the Arrhenius law. Ea is an

activation energy, which will have different values for different chemical

reactions. This law holds for elementary reactions but does not necessarily

hold for successive reactions which may have different Ea's (Spinks 1976).

Also, the Ea can change when the reactions change, as .at the melting point for

crystalline materials.

In an Arrhenius plot, the log of the reaction rate versus the- reciprocal

temperature (degrees Kelvin), In k vs. 1/T, has a slope equal to -Ea/R.

Arrhenius plots of G values versus 1/T for several materials are shown in

Chapiro (1962) and Jellinek (1978).

The activation energy (Ea) for G values for gas generation from most materials

appears to be less than or equal to 3 kcal/g-mole, giving a weak temperature

dependence compared to many other chemical reactions. Ea for PVC is about

3 kcal/g-mole, and Ea for polyethylene is about 0.8 kcal/g-mole (see
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Chapter 4). Alpha radiolysis data for cellulosics are consistent with an Ea

of 1-2 kcal/g-mole (Kosiewicz 1981; Zerwekh 1979) (see Chapter 4). The

temperature dependence of G(H2) in liquid n-hexane and neopentane corresponds

to an activation energy of about 3 kcal/g-mole (Bolt 1963).

The relationship between the rate constants k2 and kx at two different

temperatures T2 and Tx is given by:

In (Vkj) - (Ea/R)[(T2-T1)/(T2 x Tx) ]

where R - ideal gas constant (1.99 cal/g-mole-K) and temperatures are in

degrees Kelvin. For example, if the activation energy for gas produced by a

material is equal to 1 kcal/g-mole, then the ratio of the G(gas) value at 55CC

to the G(gas) value at 25°C would be:

G(55°C)/G(25°C) - exp {(1E3/1.99)[(328 K - 298 K)/(328 K x 298 K)]}

- exp {(5.03E2)[30/(328)(298)]}

- exp (0.154)

- 1.17.

At -29°C, the ratio G(-29°C)/G(25°C) would be 0.69 for Ea-1 kcal/g-mole. An

activation energy of Ea - 3 kcal/g-mole, considered as the maximum value of Ea

for materials present in the CH-TRU wastes, results in the following:

G(55°C)/G(25°C) - exp (3 x 0.154) - exp (0.462)

- 1.59.

For most polymers then, the radiolytic gas generation rate at 55°C should be

' no greater than approximately 1.6 times the gas generation rate at room

temperature (25°C).
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Rates and* product yields from radiation-induced chemical reactions in many

polymers are influenced by molecular mobility (Schnabel 1981, Jellinek 1983).

This explains why increases in temperature, leading to phase transitions, or

allowing specific intramolecular motions (such as rotations of side groups)

frequently influence the G values. Increasing the temperature generally

reduces the probability of radical recombinations (Schnabel 1981) and

increases the diffusion rates of gas molecules, such as H2.

For polymers containing crystalline areas, the molecular mobility increases

drastically above the crystalline melting temperature, with consequent changes

radiation chemical yields (Jellinek 1978). For example, an abrupt increase in

the activation energy occurs for both G(X) (crosslinking between polymer

molecules) and G(S) (scission--breaking of the polymer molecule backbone) near

the melting temperature. Large changes in the ratio G(X)/G(S) are often

observed at higher temperatures, which suggests changes in reaction

mechanisms. For example, a ten-fold increase in G(S) is observed in

radiolysis of polystyrene when the temperature is increased from 30 to 150°G

(Jellinek 1983).

There is no general correlation between thermal stability and radiation

resistance. For instance, irradiated polytetrafluoroethylene (TeflonR)

readily undergoes main-chain scission while polysiloxanes are efficiently

crosslinked, although both polymers are heat resistant (Schnabel 1981). At

elevated temperatures, radiation may accelerate the usual thermal degradation

reactions because thermal initiation characterized by a high activation energy

(about 20 to 80 kcal/g-mole [Madorsky 1964]) is replaced by radiation

initiation, which has a much lower activation energy (Makhlis 1975). The

threshold temperature for thermal degradation can be decreased significantly

if the material is irradiated before (or during) heating.

2.3.1.3 Pressure

' Pressure up to 50 psig may slightly lower G values as a result of back

reactions. Experiments conducted in a vacuum measure more of the gas

generated than do experiments conducted at ambient pressure, in which some of

the gases can remain dissolved in the material being irradiated.
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The decrease in segmental motions in polybutadiene with increasing pressure

led to' a corresponding decrease in G values for chain scission in

polybutadiene (Sasuga 1975) and an increase in G values for crosslinking.

2.3.1.4 Atmosphere in Which Irradiation Occurs

Measured total gas G values depend on the atmosphere in which the irradiation

occurs, especially whether or not .any oxygen is present. In most polymers,

oxygen retards or completely eliminates formation of a cross-linked network.

Even polymers that otherwise would crosslink will degrade in the presence of

oxygen (Makhlis 1975). Radiation-induced oxidation initially consumes

dissolved oxygen that diffuses into the material from the surrounding oxygen-

containing atmosphere (Makhlis 1975). The' efficiency of radiolytic oxidation

of polymers under otherwise equal conditions depends on the dose rate and on

other factors determining the rate at which oxygen can permeate the sample

(e.g., oxygen pressure, sample thickness, oxygen solubility and ability to

penetrate through the material, irradiation temperature, and polymer phase

state) (Makhlis 1975).

Organic solvents can change the net effect of radiolysis by permeating the

material and reacting chemically. Reactions of trapped radicals may occur

with chemically active molecules (such as oxygen or solvents) that have

diffused into the sample after irradiation ceases (Makhlis 1975). These

effects are most pronounced in materials that have been irradiated in the

absence of oxygen. Intense degradation of polymers that have been pre-

irradiated in the absence of oxygen has been observed when the polymers are

exposed to oxygen (Makhlis 1975).

Most G values are measured in a vacuum, in air, or in pure oxygen. In the

vacuum experiments, a larger amount of evolved gas may be measured because gas

molecules will be pulled out of the materials rather than remain dissolved in

the materials. A few experiments have been conducted in atmospheres

'different from air or pure oxygen, such as oxygen plus carbon tetrachloride,

chloroform vapor, or nitrous oxide; or air saturated with water vapor. (The

results are discussed in later chapters.)
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Various thermal, chemical, and radiolytic oxidation processes occurring in the

CH-TRU waste materials, the packaging materials, and the waste containers

themselves will react with the oxygen initially present inside the innermost

waste bags. Eventually, these processes could deplete the oxygen inside the

transport package cavity.

The gases that could be present inside the transport package include the

following: (1) air; (2) nitrogen, argon, or helium used to inert the cavity;

(3) nitrogen plus hydrogen and carbon dioxide, with trace amounts of carbon

monoxide, oxygen, and methane; (4) any of the above plus vapor from absorbed

water or other liquids. These liquids may include various oils and solvents.

For example, some of the solvents that could be present in the wastes include:

1,1,1-trichloroethane, carbon tetrachloride, 1,1,2-trichloro-l,2,2

trifluoroethane (Freon), methylene chloride, inethanol, xylene, and butanol.

2.3.1.5 Total Absorbed Dose

As irradiation of a material proceeds, the stable end products of radiolysis

(called primary products) may increase to such a concentration in the material

that they are irradiated or react with some of the free radicals or other

species to form secondary products. It follows that the G value (slope of the

yield of a product versus dose curve) may decrease as the absorbed dose

increases (assuming that the products are more stable under irradiation than

the parent material), and the concentration of the product may ultimately

reach a steady-state limit (O'Donnell 1970). Many of the common plastics

contain saturated carbon-carbon bonds. Radiolysis of these materials results

in release of hydrogen and an increase in unsaturation. Unsaturated

hydrocarbon liquids have much lower G(H2) values than do related saturated

hydrocarbon liquids. Therefore, the degraded material in the plastics should

be more stable than the parent material with respect to gas formation, leading

to lower G(H2) values with absorbed dose. Eventually, all of the available

hydrogen will have been released from the material. The decrease in G values

'with absorbed dose has also been called a matrix-depletion effect. To avoid

this complication, G values are often expressed as initial G values or as the

G values extrapolated to zero absorbed dose.
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On the other hand, radiolysis of plastics where additives are used to achieve

stability, such as PVC, could result in higher G values with increasing

absorbed dose as the additives are consumed.

Absorbed dose effects can disappear at higher temperatures. For example, for

irradiation of crystalline polyethylene at 25°C, the value of G(H2) decreased

from about 3.7 to 3.2 as the absorbed dose increased from near zero to 15 Mrad

(0.15 MGy) (Mandelkern 1972). For the same sample, irradiated at 120°C,

virtually no change in G(H2) with increasing radiation dose was reported.

Several reports discuss absorbed dose effects for alpha radiolysis. For Cm-244

irradiation of paper tissue, Bibler observed a decrease in G(gas) from an

initial value of 1.9 to about 0.8 after 17 days (Bibler 1976). Zerwekh's data

show decreases in G(gas) values by about 50% in 250 days of irradiation from

Pu-238 (Zerwekh 1979).

For alpha irradiation, the absorbed dose for waste materials is applicable

only to the mass of the waste reached by the alpha particles. The range of

alpha particles in low density materials for 4 < E < 8 MeV is given by (see

Section 2.3.2.1):

Range(cm) - [1.24 x E(MeV) - 2.62] x [1.2E-3 g/cm3/(density of

material)].

The density of plastics and paper is approximately 1 g/cm3. The range of a

5.14 MeV alpha particle (Pu-239 alpha) in plastics or paper would be 4.6E-3

cm, while the range of 5.59 MeV alpha particle (Pu-238 alpha) would be 5.2E-3

cm.

The alpha particle track is cylindrical, with 90% of the ions present within a

diameter of 0.01 microns. The remaining 10% are recoil electrons with

sufficient energy to produce their own ionizations. Such ions are present out

' to about 0.2 microns from the center of the track (NAS 1976).

The volume of material most affected by an alpha particle can, therefore, be

approximated by a cylinder of diameter 0.01E-4 cm and length equal to the
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range of the alpha particle. For 5.59-MeV alpha particles, the estimated

volume of irradiated material is 4.IE-15 cm3. For 5.14-MeV alpha particles,

the estimated volume of irradiated material is 3.6E-15 cm3. The corresponding

dose absorbed by that material from' one alpha particle is given by:

Decay energy feT) x 1 rad/T6.24E13 eV/gl

Dose (rad) - Volume (cm3) x density (g/cm3)

Therefore, the dose absorbed by material irradiated by a Pu-238 or Pu-239

alpha particle is 22-23 Mrad. With time, the particle tracks will begin to

overlap, and the dose absorbed by the material will increase. For a given

particle size of PuO2, for example, absorbed dose effects should be observed

much more quickly during Pu-238 irradiation, which produces a factor of about

200 times the disintegrations per second of Pu-239 irradiation.

Several conclusions may be reached from this discussion:

1. The gas-generation rates from materials irradiated to absorbed doses much

less than 22 Mrad are expected to be greater than expected for alpha

radiolysis of these materials in CH-TRU wastes.

2. A particle of Pu-238 oxide will have an activity over 200 times the

activity of the same size Pu-239 oxide particle. Absorbed dose effects

should occur much sooner with Pu-238 contamination than with Pu-239

contamination.

3. G values measured using Pu-238 contamination should be extrapolated to

initial G values before the results are applied to Pu-239 contamination

to minimize the difference in absorbed dose effects.

2.3.1.6 Dose Rate

'Some radicals are fairly stable and may build up to. quite high concentrations.

Under these conditions they may react with other radicals, rather than with

the material being irradiated. If this occurs, the G values may exhibit a

nonlinear dependence on the dose rate. For example, a radiation-initiated
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chain reaction can result in a G value for products that is inversely

proportional to the square root of the dose rate (O'Donnell 1970). In a

number of experiments, however, the G values for molecular gas products for

specific materials were independent of dose rate for the ranges studied [e.g.,

Bibler 1976, Chapiro 1962 (p. 415)].

Some apparent dose rate effects are caused by an increase in the material's

temperature. Since the major portion of the absorbed radiation energy is

converted to heat, at high dose rates the rate of heat release to the

environment can be insufficient, resulting in an increase in temperature.

Many chemical reactions have activation energies in the range of 20-50

kcal/mole. Consequently, it is feasible that at high absorbed dose rates

(i.e., at high localized material temperatures), reaction pathways different

from those occurring at low dose rates may dominate (Schnabel 1981).

Gillen and co-workers have documented evidence of physical and chemical dose-

rate effects in gamma radiolysis of polymers in oxygen-containing environments

as part of their efforts to perform accelerated aging simulations. Much of

this work is summarized in Bonzon (1986).

Physical dose-rate effects appear to be a common occurrence for gamma

radiation aging of polymeric materials. Evidence for dose-rate effects was

observed for polyolefins and ethylene-propylene rubber, while no noticeable

dose-rate effects were noted for a chloroprene rubber, silicone, and two

chlorosulfonated polyethylene materials. The dose-rate effects ranged from

insignificant to very large, depending on such factors as polymer type, aging

conditions, sample geometry, and the degradation parameter being monitored.

(Change in tensile elongation was commonly used in these studies to detect

radiation damage.) More mechanical degradation was produced for a given total

dose as the dose rate was lowered. Diffusion-limited oxidation processes were

shown to be the cause of such effects. When the oxidation processes in a

material use up dissolved oxygen faster than it can be replenished from the

atmosphere surrounding the material (through diffusion), a heavily oxidized

layer of material is formed near the sample surfaces, and oxygen depletion

occurs in the sample interior. As the dose rate is reduced, oxidation of the

sample increases due to the longer times available for the diffusion

processes.
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Oxidation-controlled dose-rate effects are less likely to occur for alpha

irradiation of polymers from surface contamination. In order for the

reactions to' be dose-rate independent, oxygen must diffuse only to a depth

equal to the range of the alpha particles. Physical dose-rate effects are

minimized in gamma irradiation experiments by using thin films (Bonzon 1986).

Other, chemical dose-rate effects were observed in the interactions between

radiation and thermal degradation. Deterioration in polyethylene and

polyvinyl chloride cable materials was found in the containment building of

the Savannah River nuclear reactor (Gillen 1982). The degradation in material

properties was much higher than expected for the maximum dose [2 Mrad (0.02

MGy) ] experienced by the cable materials at the relatively low operating

temperature of 43°C. Experiments performed to model this behavior showed that

the most severe mechanical degradation was found when irradiation occurred at

elevated temperature. The observed degradation was much greater than the sum

of the damage caused by separate exposure to radiation and to the elevated

temperature. This effect was also attributed to an oxidation mechanism, in

which peroxides initially formed by the radiation are then thermally

decomposed.

Chemical dose-rate effects caused by synergistic behavior of radiation and

elevated temperature would also occur for alpha irradiation when oxygen is

present. The magnitude of these effects could be reduced by removing any

remaining oxygen before the irradiated materials are heated.

2.3.1.7 Specific Material Composition

Many of the radiolysis experiments reported in the radiation chemistry

literature were performed to examine the chemical reactions occurring in the

pure material. However, commercial plastics differ from the pure polymers

because they contain large fractions of various additives, such as stabilizers

and plasticizers. These materials can significantly influence the amount and

' species of gases generated by thermal degradation and radiolysis. See

Attachment 1.0 and Chapter 4 for more detailed discussions.
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2.3.1.8 Extreme Upper Bound Estimate for Gas Generation G Values in Most

Organic Liquids and Polymers

For most materials, bond dissociation energies can be used to estimate an

extreme upper bound to the number of gas molecules produced by radiolysis per

unit energy absorbed. Dissociation energies of chemical bonds in common

polymers range from about 65 kcal/g-mol (C-Cl) to 108 kcal/g-mol (C-F), with

carbon-carbon bonds in the middle of the range (75-85 kcal/g-mol) (Spinks

1976). The carbon-hydrogen bond dissociation energy is about 90-100 kcal/g-

mole (3.9-4.4 eV/molecule).

Hydrogen is the major gaseous product from radiolysis of most organic liquids

and polymers that contain hydrogen. In the simplest case, a hydrogen molecule

conceptually could be formed by breaking two C-H bonds and recombining the two

hydrogen atoms. If all the radiation energy went into breaking bonds-, then

the energy needed to form one hydrogen molecule is given by twice the bond

dissociation energy, or 2 x (3.9-4.4 eV)/molecule. This required energy

results in an extreme upper bound G value estimated to be about 12 molecules

generated per 100 eV of energy absorbed. This is an extreme upper bound

because it ignores the H atoms that recombine with the parent molecule and the

energy that is dissipated as heat.

Most measured G values lie between 0.1 and 10 (O'Donnell 1970). Higher

G values usually indicate a chain reaction has occurred. For example, the

radiolysis products may chemically degrade the parent material, as occurs from

HC1 generated in pure PVC.

2.3.2 Factors Affecting the Fraction of Energy Absorbed by a Material

Factors affecting the fraction of energy absorbed by a material include the

range of effectiveness of the radiation in the material, distribution of

radioactive contaminants, and (in the case of alpha radiolysis) particle size

of the radioactive contaminant (such as PuO2 particles) .
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2.3.2.1 Ran^e of Effectiveness of the Radiation

The range of alpha particles in gases, liquids, and solids must be considered

both when comparing alpha with gamma radiolysis experiments on specific

materials, and when evaluating the gas generation rates expected from actual

waste drums. For example, the range of alpha particles in air at 0°C and

760 mm Hg pressure is approximated by (Cember 1978):

Range(cm) - [1.24 x E(MeV)] - 2.62, for 4 < E < 8 MeV.

For 5.5 MeV alpha particles, the range in air would be 4.2 cm. The presence

of water vapor or other vapors would decrease that distance. The range of

alpha particles in biological tissue, or other materials of low density, is

given by (Cember 1978):

Range - Range(air) x (density of air)/(density of material)

- 4 cm x (1.2E-3 g/cm3)/(density of material).

Plastics and cellulosics (or liquid water), have densities of about 1 g/cm3.

Therefore the range of alpha particles in typical combustible wastes or

absorbed aqueous solutions is estimated to be about 5E-3 cm [(5E-3 cm x 1E4

microns/cm - 50 microns; 5E-3 cm/(2.54 cm/in) x 1E3 mils/in - 2 mils)].

Several conclusions that can be reached from the above calculations are:

1. For low-density materials less than about 2 mils thick, both alpha

particles and gamma rays can penetrate completely through the material.

2. Materials more than about 4 cm away from all alpha-emitting radionuclides

should not experience any alpha radiolysis.

3. Radiolysis of gases or vapors within 4 cm of alpha-emitting radionuclides

will occur unless the alpha particles are first absorbed by other

materials.
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2.3.2.2 Distribution of Radioactive Contaminants

The distribution of radioactive contaminants can affect the rate of gas

generation. This is especially important when the materials being irradiated

are heterogeneous. For example, consider a drum containing mixed combustible

and dry metal waste, where the thick metal pieces are individually wrapped

with plastic, and the activity all results from alpha decay. Several possible

distributions of the alpha activity include the following:

1. All the activity is located in the interior of the metal pieces.

2. All of the activity is located on the exterior of the metal pieces, in

contact with both the plastic wrapping and the metal pieces.

3. All of the activity is uniformly distributed in the mixed combustible

waste.

The rate of gas production will be different for each of the three cases. In

Case 1, no radiolytic gas will be generated. In Case 2, gas could be

generated at a rate up to one-half the rate characteristic of plastic (no

radiolytic gas is generated by metal). In Case 3, gas will be generated at a

rate equal to the weighted average G value for the mixed combustibles. An

upper-bound estimate of the quantity of radiolytic gas generated from a

mixture of materials would occur if all of the emitted alpha energy was

assumed to be absorbed by the material having the highest G value.

If a plutonium dioxide particle is located on a surface, up to half the alpha

particles may interact with gases or vapors above the contaminated surface,

unless another surface is in contact with the first. The quantity of gas

generated may be greater than calculated based only on the surface-

contaminated material if a significant fraction of the atmosphere above the

surface consists of organic vapors.

2.3.2.3 Particle Size of the Contaminant

The plutonium contaminants in CH-TRU wastes are usually in particle form as

PuO2 or hydroxides but may also be in the form of plutonium nitrate from

solution in nitric acid. If the plutonium is in particle form, some of the
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alpha particles will interact with plutonium or oxygen atoms (in the process

known as self-absorption), rather than with the waste material. Attachment

2.0 presents a calculation of the fraction of alpha decay energy escaping from

a particle of PuO2 as a function of" the PuO2 particle radius.

The gas generation rate observed from particulate contamination could then be

less than the rate predicted using maximum G values and all of the. activity

measured in the waste using segmented gamma scan, passive/active neutron

interrogation, or other assay methods. For example, the G(H2) value for Pu-

238 dissolved in nitric acid was observed to be about 2.5 times the G(H2)

value for 2-micron particles of the oxide (Bibler 1979). (These particles had

probably agglomerated to larger particles.)

2.3.3 Use of G Values Measured by Non-Alpha Irradiation

Alpha radiolysis predominates in the CH-TRU wastes. However, many radiolysis

experiments have been performed using gamma (or other) radiation. Some

differences are found in the gases produced in alpha radiolysis versus gamma

radiolysis, but the results in most cases are very similar, as shown in

Chapters 3, 4, and 5. The quantities and compositions of the evolved gases

should be comparable when:

L. The total absorbed dose for the gamma radiolysis experiment is similar to

the total absorbed dose for the alpha radiolysis experiment.

2. The dose rate for the gamma radiolysis experiment is similar to the dose

rate for the alpha radiolysis experiment.

3. For materials that are surface contaminated in an alpha radiolysis

experiment, the gamma radiolysis experiment is performed on powders or

thin films, to minimize diffusion effects in bulk materials.
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3.0 RADIOLYSIS OF LIQUIDS. VAPORS. AND GASES

G values for liquids are applicable to the following three waste forms:

liquids absorbed onto various waste materials, liquids incorporated into a

matrix such as concrete, and liquids used as plasticizers in plastics and

rubbers. Radiolysis of vapors near contaminated surfaces may occur. The

organic liquids are grouped into families based on their functional groups

(Morrison 1973). The functional group is the atom or group of atoms that

defines the structure of a particular family of organic compounds, and, at the

same time, determines their properties. For example, the functional group in

alcohols is the -OH group while in alkenes the functional group is the carbon-

carbon double bond. A large part of organic chemistry is the chemistry of the

various functional groups. A particular set of properties can be associated

with a particular group wherever it is found. When a molecule contains a

number of different functional groups, the properties of the molecule are

expected to be roughly a composite of the properties of the various functional

groups. (The properties of a particular group may be modified by the presence

of another group, however.) Functional groups in macromolecules also

determine their chemical reactions.

The major products of radiolysis are also influenced by molecular structure

(Hall 1963) . Chemical bonds are not broken randomly even though the

excitation energy may exceed the bond disassociation energy. For solid

materials for which the G values are unknown, structurally related organic

liquids can provide estimates of maximum G values.

The radiolysis data are organized by families of liquids, which are based on

functional groups (see Attachment 1.0 for more details). Where data are

available, G values at different LETs are shown.

Liquids that have G values for flammable gas greater than 4.1 are: saturated

hydrocarbons, alcohols, ethers, ketones, and organic acids. Liquids that have

'G values for flammable gases less than 4.1 include unsaturated hydrocarbons,

aromatic hydrocarbons, water, esters, halogenated hydrocarbons, aromatic
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halides, and commercial lubricant oils. G values for flammable gases for

organic nitrogen compounds are low for those having aromatic characteristics

or C-N triple bonds.

3.1 Radiolvsis of Saturated Hydrocarbons

Saturated hydrocarbons contain only hydrogen and carbon atoms and single

carbon-carbon bonds. They include most of the common petroleum fuels. An

example of a saturated hydrocarbon is hexane, with the following structure:

H H H H H H

I I I I I I
H—C-C-C-C-C-C—H

M I N I
H H H H H H

Table 3.1-1 presents G values for saturated hydrocarbons for irradiation at

room temperature in vacuum. G(gas) is the G value for all gas produced.

From Table 3.1-1, the bounding G(H2) value is 5.6 for saturated hydrocarbons

in the liquid phase at room temperature. In addition to hydrogen, other

flammable gases may be generated. Newton (1963) has observed some general

characteristics of gas generation from saturated hydrocarbons. Normal

saturated hydrocarbons yield principally hydrogen, with methane being produced

only from the end groups. Therefore, the ratio of hydrogen to methane

increases with increasing molecular weight. With branched-chain hydrocarbons

(such as isobutane or neopentane), relatively more methane is produced, and

the yield of methane increases with the number of methyl groups on the

hydrocarbon chain.

Hall (1963) reports an activation energy of about 3 kcal/mole for the G(H2)

value for the liquid phase of neopentane and n-hexane. (See Section 3.4.1.1

' for the use of activation energies in calculating the temperature dependence

of G values.)
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Table 3.1-1. G values for saturated hydrocarbons.

Material

Vanor chase

propane
butane
pentane
hexane
isobutane
neopentane

Liquid phase

pentane

hexane

cyclohexane

heptane
octane

nonane
decane
dodecane
hexadecane•
2-methylpentane
2,2- dimethyl -butane
neopentane

G(H2)

8.2
9.0
7.3
5.6
7.4
2.0

4.2
4.2
5.0
5.0
5.6
5.3
7.7

4.7
4.8
4.6
4.2
5.0
5.2
4.9
4.8
4.0
2.0
1.6

OCOH.)

0.4
1.2
0:8
0.8
2.7
2.0

0.4
0.2
0.2
0.1
0.1
0
--

0.1
0.1
0.1
--
0.1
0.1
0.1
0
0.5
1.2
3.7

G(gas)»

5.4
5.2
7.2
5.7
5.3

5.6

Comments

alpha; vacuum
alpha; vacuum
alpha; vacuum
alpha; vacuum
alpha; vacuum
alpha; vacuum

electron; vacuum
electron; vacuum
electron; vacuum
electron; vacuum
electron; vacuum
alpha; vacuum
fission fragments;
vacuum
electron; vacuum
electron; vacuum
gamma; air
alpha; air
electron; vacuum
electron; vacuum
electron; vacuum
electron; vacuum
electron; vacuum
electron; vacuum
gamma; vacuum

Ref.

(1)
(1)
(1)

' (1)
(1)
(1)

(1)
(2)
(1)
(2)
(1)
(1)
(3)

(1)
(1)
(4)
(4)
(1)
(1)
(1)
(1)
(1)
(1)
(2)

References: (1) Spinks 1976, p. 365; (2) Hall 1963, p. 71; (3) Gaumann 1968;
(4) Bibler 1977.

Note: aG(gas) includes miscellaneous gaseous hydrocarbons
C2-C4.
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3.2 Radiolvsis of Unsaturated Hydrocarbons

Unsaturated hydrocarbons are hydrocarbons that have at least one double

or triple carbon-carbon bond. Examples include acetylene, ethylene, 1-hexene,

and cyclohexene. The compound 1-hexene has the following structure:

H H H H H H

I I I I I I
H—C-C-C-C-C-C—H

I II I
H H H H

G(H2) values for unsaturated hydrocarbons are generally much smaller than for

saturated hydrocarbons, even when the only structural difference occurs in a

small area of a long molecule (e.g., hexane compared to 1-hexene). Table

3.2-1 gives G values for three unsaturated hydrocarbons.

Radiolysis products of liquid cyclohexene and their G values are listed

in Table 3.2-2 for both gamma and alpha (1.5 MeV) radiation (Spinks 1976).

Table 3.2-1. G values for three unsaturated hydrocarbons.

Material G(H2) G(CH4) G(gas)a Comments Ref.

ethyleneb 1.2 0.1 2.8 electron; vacuum (1)

cyclohexene 1.3 0 1.3 gamma; vacuum (2)
3.0 0 3.0 alpha; vacuum (2)

1-hexene 0.8 0 0.8 electron; vacuum (1)

References: (1) Hall 1963, p.78; (2) Spinks 1976, p. 384.

Notes: aG(gas) includes C2H2.
bGas phase.
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Table 3.2-2. Radiolysis products and G values for
liquid cyclohexene.

G (Product)
Product

H2
cyclohexane
2,2'-bicyclohexenyl (II)
3-cyclohexylcyclohexene (III)
bicyclohexyl (IV)
polymer, unidentified dimer
(as C6 units)

60Co 7-Ray

1.3
1.0
1.8-1.9
0.5-0.6
0.2
8.9-9.8

1.5 MeV a

3.0
0.3
0.4
0.5
0.1
6.1

Reference: Spinks 1976, Table 8.6.

3.3 Radiolvsis of Aromatic Hydrocarbons

An aromatic hydrocarbon has a closed ring structure and resonance-stabilized

unsaturation. The stability of aromatic compounds is attributed to the

presence in the aromatic ring system of electrons in pi orbitals, which can

dissipate energy throughout the ring system. This reduces the probability

that excited or ionized aromatic molecules will dissociate. Alternative modes

of energy dissipation are favored which do not result in dissociation of the

molecule (Spinks 1976). Examples include benzene, xylene, and discrete-ring

polyphenyls. All of the aromatic hydrocarbons have very low G values for

hydrogen and total gas, as shown in Table 3.3-1.

Aromatic hydrocarbons are good protective agents for a large number of

chemicals because they have-many low-lying excited states, have low ionization

potentials, and are themselves radiation resistant (Newton 1963). The

transfer of energy from higher excited states or charge exchange with the ion

of the primary compound results in dissipation of energy in the aromatic

hydrocarbon. For example, cyclohexane is protected from radiolytic

decomposition by small amounts of added benzene. Internal protective agents

can be built into molecules by adding aromatic groups.
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Table 3.3-1. G values for several aromatic hydrocarbons.

Material

benzene

toluene

p-xylene

ethyl benzene

isopropyl
benzene

tert-butyl
benzene

mesitylene

biphenyl

p,-terphenyl

References:

G(H2)

0.6
-0 .
~0

0.6
0.1
0.1

0.2

o 
o 

o
to

 t
o 

to

0.2
0.2
0.3
0.2

0.1
0.2

0.2

a
a

-0
-0

G(C

0
-0
-0

0
-0
-0

0

-0
-0
-0

0.
0.
0.
0.

0.
-0-

-0

a

a

-0
-0

1
1
1
1

1

(1) Spinks 1976,
Effects 1963. TJ.

G(gas)

0.8
-0
-0

0.6
0.1
0.1

0.2

o 
o 

o
to

 t
o 

to

0.3
0.3
0.4
0.3

0.2
0.2

0.2

-0
0.1

-0
-0

p. 388;
63.

Comments

alpha; vacuum
gamma; vacuum
electron; vacuum

alpha; vacuum
gamma; vacuum
electron; vacuum

gamma; vacuum

electron; vacuum
gamma; vacuum
reactor; vacuum

gamma; vacuum
electron; vacuum
alpha; vacuum
reactor; vacuum

electron; vacuum
reactor; vacuum

electron; vacuum

electron; vacuum
reactor; vacuum

electron; vacuum
reactor; vacuum

(2) Hall 1963, p. 91;

Ref.

(1)
(1)
(3)

(1)
(1)
(2)

(1)

(2), (3)
(1)
(2)

(1) •
(2),.(3)
(3)
(2)

(2), (3)
(2)

(3)

(2)
(2)

(2)
(2)

(3) Rad.

Notes: anot listed
b_Q denotes a value < 0.1.

3.4 Radiolvsis of Water

Table 3.4"-l presents G values for radiolysis of water. G(H2) strongly depends

on LET, increasing by a factor of 3-4 from gamma radiolysis to alpha

radiolysis. (Note that LET for alpha particles decreases for increasing alpha

particle energy that is greater than 1.5 MeV.)
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Table 3.4-1. G values for watera»b.

Radiation Type pH G(H2) Ref.

Vapor phase

gamma, e ' . • not given 0.5 (1)

Liquid phase
gamma, e . 0.5 0.4 (1),(2)

3 to 13 0.45 (1),(2)

6.4 MeV He++ not stated 1.1« (2)

Cm-244 alpha (5.8 Mev) not stated 1.3 (3)

5.3 MeV alpha (Po)c 0.5 1.6 (1)

Cf-252 alpha, beta, and fission fragments 0.4M 1.7 (4)
H2S0A

References: (1) Spinks 1976, p. 258; (2) Burns 1981; (3) Bibler 1974; (4)
Bibler 1975.

Notes: a"e" means accelerated electrons.
bG(02) values not reported; maximum G(02) would be 1/2 G(H2) .
cPo - polonium.
*G($2) value from curve fit to data from seven authors at a wide range
of LET values.

The maximum G(H2) value for water is 1.6 for alpha radiation. The maximum

G(02) value for water would be 0.8. Addition of nitrates to water lowers the

production of hydrogen, but can increase the production of oxygen.

Bibler (1974) measured gas evolution from aerated nitric acid or sodium

nitrate-0.4-M H2SO4 irradiated by Cm-244 and Pu(IV)-239 alpha particles. The

nitrate ions scavenged the precursors of hydrogen and reduced G(H2) as

observed in gamma radiolysis experiments. Above 1-M N03" concentration,

oxygen and nitrite ions were produced as a result of direct energy absorption

by nitrate ions.

The G(H2). value in alpha radiolysis experiments was found to decrease sharply

from about 1.3 for zero concentration of N03", to 0.7 at 1-M N03", to about

0.25 at 2.5-M N03". The decrease in G(H2) was more pronounced for Co-60
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gamma irradiation than for alpha irradiation. This effect has been attributed

by Bibler and others to nitrate ions being more efficient hydrogen scavengers

for gamma irradiation than for alpha irradiation. The G(02) variation with

N03" concentration was approximately linear, from about G(02)-0.25 at zero

concentration NO3" to G(02)-0.75 at 5.6-M N03". Agitation of the samples was

necessary to release all of the generated 02, much of which otherwise stayed

in solution.

Bibler (1975) reports measurements of gas produced from irradiation of 0.4-M

sulfuric acid by Cf-252, which is a transuranic isotope that decays by alpha

emission as well as spontaneous fission. The total absorbed dose from Cf-252

is due to alpha particles, fission fragments, and beta particles from decay of

the fission fragments. The net G(H2) value observed from all contributions

was 1.7. The fission fragment contribution (LET of 400 eV/A) was calculated

to have G(H2)-2.1.

G(H2) values and equilibrium concentrations of H2 for irradiated water are

controlled by a back reaction of H2 with the OH" radical to form water (Gray

1984, Bibler 1977). This back reaction is much more efficient for gamma

radiation than for alpha radiation, resulting in a G(H2) value for gamma

radiolysis 3-4 times lower than that for alpha radiolysis. The gas pressure

above the water also was found to reach an equilibrium value at a much lower

pressure for gamma radiolysis than for alpha radiolysis.

Another scavenger species that could compete with H2 for OH" is Cl", present

in salt brines. The results of an experimental program to measure gas

generation from radiolysis of salt brines are reported by Gray (1984). The

brine was prepared by dissolving Permian Basin salt, consisting primarily of

NaCl with a small amount of calcium sulfate, in deionized water. The

irradiations were conducted in pressure vessels. The alpha radiolysis tests

were terminated as the pressure approached the capacity of the pressure

transducers. Gas compositions for both gamma and alpha radiolysis were

'roughly two parts H2 to one part 02 in most cases. The gamma radiolysis
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experiments reached an equilibrium pressure of about 100 atm, while the alpha

radiolysis experiments were extrapolated to reach an equilibrium pressure of

about 275 atm.

Alpha radiolysis experiments conducted by Bibler (1981) on the free water in

concrete demonstrated that below 100°C, the H2 production rate is independent

of temperature and radiation dose rate.

3.5 Radiolvsis of Alcohols

Alcohols are compounds of the general formula ROH, where R is any alkyl or

substituted alkyl group (Morrison 1973). The group may be open-chain or

cyclic; it may contain a double bond, a halogen atom, or an aromatic ring.

All alcohols contain the hydroxyl (-0H) group, which determines the properties

characteristic of this family. Compounds in which the hydroxyl group is

attached directly to an aromatic ring are called phenols, and differ markedly

from the alcohols. A glycol is a dihydroxy alcohol, containing two hydroxyl

groups. For example, ethylene glycol has the structure

CH2—CH2

I I

OH OH

Table 3.5-1 presents G values for many alcohols.

3.6 Radiolvsis of Ethers

Ethers are compounds of the general formula R-O-R, Ar-O-R, or Ar-O-Ar

(Morrison 1973).

Table 3.6-1 presents G values for many ethers. The maximum value of G(H2) is

3.6. Almost all of the other radiolysis gases or vapors are also flammable.

' Branching in the alkyl group decreases hydrogen evolution but increases

hydrocarbon yields (Hall 1963).
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Table 3.5-1. G values for alcohols.

Material

Vapor phase
ethanol
methanol

Liauid phase
ethanol

methanol

methanol
1-propanol

2-propanol
n-propanol
1-butanol

t-butanol
n-butanol
1-octanol
1-decanol

References:

C3(H2)

10.8
10.8

5.0
3.5
4.1
5.4
3.5
4.0

major

4.4
2.8
3.7
2.8
4.6
3.6
1.0
3.6
3.5
3.5

G(CO)

1.2
1.0

0.1
0.1 .
0.1
0.1
0.2
0.2

• product
--
0.1
--
--
--
0.1
--
--
0.1
-0

(1) Spinks 1976, pp.

G(CH,)

0.9
0.3

0.6
0.4
0.4
0.7
0.4
0.2

G(gas)«

12.9
12.1

5.7
4.5
4.6
6.2
4.5
4.4

is formaldehyde

--
0.1
1.5
0.1
--
0.1
3.6
0.1
-0
-0

410, 417,

4.4=

3.0
5.2°
3.9
4.6=
4.3
4.6°
4.3
3.7
3.6

420; (2)

,h Comments

electron; vacuum
gamma; vacuum

gamma; vacuum
alpha; vacuum
alpha; vacuum
gamma; vacuum
alpha; vacuum
gamma; vacuum

gamma; oxygen
gamma; vacuum
alpha; vacuum
gamma; vacuum
alpha; vacuum
gamma; vacuum
alpha; vacuum
gamma; vacuum
alpha; vacuum
alpha; vacuum
alpha; vacuum

Rad Effects. 1963.

Ref.

(1)
(1)

(1)
(2)
(3)
(1)
(2)
(3)

(1)
(1)
(3)
(1)
(2)
(1)
(3)
(1)
(2)
(3)
(3)

pp. 59-61; (3) Hall 1963, p. 92.

ljotes: a Water vapor is generated but is not included.
b Other highly volatile products, such as formaldehyde, acetylene,

ethylene, ethane, acetaldehyde, ethyl ether, and others, are also
generated. G(gas) values greater than the sum of G(H2) , G(CO), and
G(CH4) have included these vapors.

c Only major products were listed.
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Table 3.6-1. G values for ethers in the liquid phase.

Material

ethyl ether
r

ethyl n-butyl
ether

dibutyl ether
n-butyl ether
ethyl tertbutyl

ether
isopropyl ether

di-isopropyl ether
dioxan
tetrahydrofuran

G(H2)

3.4
3.6
3.3

2.9
2.7

2.0
2.2
2.4
2.4
2.1
2.6

G(CO)

_ —

0.1
0.1

--
0.1

0.1
-0
0.1
--
0.3
— •

G(CH4)

0.4
0.2
0.1

0.1
0.1

0.8
1.5
0.9
1.7
--

G(gas)»

3.8
3.9
3.5

3.0
2.9

2.9
8.4
5.8
4.1
2.4
2.6

Comments

gamma; vacuum
alpha; vacuum
alpha; vacuum

gamma; vacuum
alpha; vacuum

alpha; vacuum
gamma; vacuum
alpha; vacuum
gamma; vacuum
gamma; vacuum
gamma; vacuum

Ref.

(1)
(2)
(2)

(1)
(2)

(2)
(3)
(3)
(1)
(1)
(1)

References: (1) Spinks 1976, pp. 421-423; (2) Hall 1963, p. 98; (3) Newton
1963, p. 55.

Note: "Other gases or highly volatile products, such as formaldehyde
acetylene, ethylene, ethane, acetaldehyde, alcohols, and others, are
also generated. G(gas) values greater than the sum of .G(H2), G(CO),
and G(CH4) have included these other gases or vapors.

3.7 Radiolysis of Aldehydes and Ketones

Aldehydes are compounds of the general formula RCHO; ketones are compounds of

the general formula RR'CO (Morrison 1973). The groups R and R' may be

aliphatic or aromatic. Both aldehydes and ketones contain the carbonyl group,

C-0, and are often referred to collectively as carbonyl compounds. It is the

carbonyl group that largely determines the chemistry of aldehydes and ketones.

For example, the structure of acetone is

CH3-C-O

CH3
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Table 3.7-1 presents G values for propionaldehyde. Table 3.7-2 illustrates

the effect of LET on the gaseous products of acetone. Table 3.7-3 presents G

values for several ketones, including acetone. The maximum total G value for

flammable gas production from gamma or alpha radiolysis of these aldehydes or

ketones is 3.1.

The series consisting of formaldehyde, acetaldehyde, and acetone was

irradiated in the gas phase with electrons (Hall 1963). Hydrogen, CO, and C02

were the principal products from formaldehyde. Replacing one or both hydrogen

atoms of the formaldehyde molecule with CH3 groups (giving acetaldehyde or

acetone) resulted in lower radiolytic production of C02 and H2, but gave

substantial yields of alkanes and alkenes. This result was considered by the

authors to be as expected on the basis of a group-to-product correlation.

Table 3.7-1. G values for an aldehyde.

Material

propion-
aldehyde

6 (Ha)

1.2

Reference: Hall 1963,

Note: "G(gas) includes

Table 3.7-2.

Radiation
-dE/dx(eV/nm)

Effect of

6OC0-7

0.2

G(CO) G(CH4) G(gas)«

' 1.6 0.1

p. 102.

C2-C4 hydrocarbons.

LET on the gaseous

6.9-MeV He-ions
131

4.4

products of

Comments

electron;

acetone.

67-MeV C-ions 65.
390

vacuum

,7-MeV N-ions
553

G(H2)
G(CO)
G(CH4)
G(C2H«)
G(C2H6)
G(gas)

0.96
0.56
1.76
0.04
0.30
3.62

1.47
0.80
0.97
0.12
0.50
3.86

2.36
1.05
0.99
0.21
0.56
5.17

2.71
1.22
0.96
0.24
0.64
5.77

Reference: Spinks 1976, Table 8.19.
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Material

acetone

methyl ethyl
ketone

diethyl ketone

G(H2)

1.0
1..5
0.9

1.2
1.2

G(CO)

0.6
0.8
0.8

0.8
1.5

G(CH«)

1.8
1 . 0 •
2.6

0.9
0.1

G(gas)*

3.6 "
3.9
4.8

6.8
7.7

Comments

gamma; vacuum
alpha; vacuum
gamma; vacuum

gamma; vacuum
gamma; vacuum

Ref.

(1)
(1)
(2)

(2)
(2)

References: (1) Spinks 1976, p. 427; (2) Hall 1963, p. 102.

Note: *G(gas) includes C2-C* hydrocarbons.

3.8 Radiolvsis of Carboxvlic Acids

Carboxylic acids contain the carboxyl group

C

OOH

attached to either an alkyl group (RCOOH) or an aryl group (ArCOOH) (Morrison

1973). For example, acetic acid, CH3COOH, has the structure

CH3—C-0

OH

Whether the group is aliphatic or aromatic, saturated or unsaturated,

substituted or unsubstituted, the properties of the carboxyl group are

essentially the same.

Table 3.8-1 gives G values for two carboxylic acids that are liquids at room

temperature. G values for some carboxylic acids that are solids at room

temperature are given in Chapter 5.
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Table 3.8-1. G values for carboxylic acids (liquids at room temperature).

Material ' G(H2) G(CO) G(C02) G(CH4) G(gas) Comments Ref.

acetic acid 0.5 0.2 5.4 3.9 10.5 gamma; vacuum (1)
0.5 0.4 4.0 1.4 7.2 alpha; vacuum (1)

propionic acid 0.8 0.3 3.9 0.5 5.5 alpha; vacuum (2)

References: (1) Spinks 1976, pp. 428-429; (2) Hall 1963, p. 108.

Note: "G(gas) may include C2; water vapor is also generated but is not
included.

3.9 Radiolvsis of Esters

Esters are functional derivatives of carboxylic acids in which the -OH of the

carboxyl group has been replaced by -OR' (Morrison 1973). Phosphate esters

are discussed separately. For example, the structure of methyl acetate is

CH3—C-0

I
0—CH3

The emulsifier for Envirostone, a gypsum-based material used to solidify

organic and low pH aqueous sludges and liquid waste, has been identified as a

polyethyl glycol ester. Many plasticizers added to polymers to form commer-

cial plastics are esters, such as dioctyl phthalate. Table 3.9-1 gives G

values for many esters. Note that benzyl acetate, which includes a benzene

ring in its structure, has a much lower G(H2) value than the other esters.
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Table 3.9-1. G values for esters.

Material

methyl acetate

ethyl acetate

isopropyl
acetate

n-propyl
acetate

benzyl acetate

di (2-ethyl)
hexyl sebacate

di (2-ethyl)
hexyl adipate

pentaerythritol
ester

References: (1)

G(H2)

0.8
0.9
0.6

0.9

6.9
0.5

0.8

0.1

1.0
1.0

0.9

0.8

Spinks

G(CO)

. 1.6
1.6
1.2

1.1

1.2
0.8

1.1

0.2

0.3
0.3

0.5

0.8

1976, p.

G(CO2)

1.0
0.8
0.4

--

0.8
0.6

0.6

1.6

0.2
0.2

0.2

0.3

430; (2)

G(CH4)

2.0
2.1
0.8

1.6

0.9
1.0

0.4

0.8

-0
-0

~0

-0b

Hall 1963,

G(gas)«

5.7
5.6
3.4

3.6

5.6
3.6

4.0

2.7

1.8
1.5

1.7

1.9

p. 104; (3)

Comments

gamma; vacuum
gamma; vacuum
electron; vacuum

gamma; vacuum

alpha;' vacuum
electron; vacuum

electron; vacuum

Ref

(1)
(2)
(2):

(2)

(2)
(2)

(2)

electron; vacuum;(2)
aromatic character

electron; vacuum
gamma; vacuum

gamma; vacuum

gamma; vacuum

(3:
(4)

(*:

(4;

Rad. Effects 1963.
p. 62; (4) Arakawa 1983a.

Note: aG(gas) may include C2 hydrocarbons or vapors from volatile liquids, such as
aldehydes, alcohols, or ethers.

bThe value of 0.3 in the reference appears to be in error (0.03 vs. 0.3).

3.10 Radiolvsis of Phosphate Esters

Phosphate esters have one of the following structures (Morrison 1973)

0 0 0

I I I
HO—=-P—OH, R0—P—OH, or R0—P—OR .

1 I I
OR OR OR
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Table 3.10-1. G values for phosphate esters.

Material G(H2) G(CO) G(C02) G(CHA) G(gas)* Comments Ref

tricresyl
phosphate

tributyl
phosphate

trioctyl
phosphate

0

2

2

.05

.0

.3

-0

--

-0

-0

-0

-0

0.3

0.1

0.06 gamma; vacuum; (1)
aromatic character

2.3 {Tflmiufi 1 2 )

2.6 gamma; vacuum (1)

References: (1) Arakawa 1983a; (2) Holland 1978.

Note: "G(gas) may include C2 hydrocarbons

Tricresyl phosphate contains three benzene rings and has a much lower G(H2)

value than either trioctyl or tributyl phosphate.

Tri-n-butyl phosphate (TBP), an organic ester of phosphoric acid, is used as

an extractant in the reprocessing of nuclear fuel. Radiolysis experiments have

been conducted to determine the decomposition of TBP in different phases of

the extraction system. The Purex process uses solution of TBP in dodecane

(Ladrielle 1983).

Ladrielle (1983) conducted both gamma and alpha radiolysis experiments on TBP

on solutions of TBP in dodecane at room temperature. The average alpha

particle energy from the cyclotron beam interacting with the solution was

estimated to be 10.5 MeV; Pure TBP and dodecane were also irradiated.

Radiolysis.of pure TBP resulted in the formation of mono and dibutyiphosphate,

butanol, and saturated hydrocarbons (C5 to C8). Radiolysis of pure dodecane

yielded hydrocarbons (C5 to C1X). Lower molecular weight hydrocarbons (C4 and

below) were neglected in this study.

Holland (1978) performed gamma radiolysis experiments on TBP, dodecane, and

mixtures of TBP and dodecane. All samples were treated with dry clean helium

for a period of four to eight hours. The number of moles of gas
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volatile at 161 K was determined by PVT analysis. A sample of the gas

extracted was analyzed at 40°C by gas chromatography. Values of G(H2)-6.7 and

G(CH4)-0.05 were determined for dodecane. Corresponding G values for pure TBP

were G(H2)-2.0 and G(CH4)-0.3. Mixtures of TBP and dodecane were also

irradiated, with dodecane electron fractions of 40%, 70%, 80%, 90%, and 95%.

Plots of G(H2) versus TBP electron fraction were nonlinear. The yield of

hydrogen was less than would be predicted by the mixture law (the yield of

acid was greater).

Aromatic hydrocarbons, such as benzene, toluene, and cyclohexene protect TBP,

while saturated hydrocarbons such as hexane1, cyclohexane, and dodecane

sensitize TBP to radiolytic degradation (Barney 1977). Carbon tetrachloride

also sensitizes TBP radiolysis. Barney found that chlorinated aromatic

hydrocarbons also provided more protection to TBP for alpha radiolysis, than

did the chlorinated unsaturated hydrocarbons. The rate of chloride ion

formation in 20% TBP mixtures with various chlorinated hydrocarbon diluents

was also measured. The relative rates were in the ratio 1/0.7/0.5 for carbon

tetrachloride/trichloroethylene/tetrachloroethylene. No detectable chloride

ion formation was found for 1,2,4-trichlorobenzene or o-dichlorobenzene.

3.11 Radiolvsis of Halogenated Hydrocarbons

Halogenated hydrocarbons are hydrocarbons in which at least one and possibly

all of the hydrogen atoms have been replaced by halogen atoms (the major

functional group for these materials). Radiolysis of halogenated hydrocarbons

can be strongly affected by the presence of oxygen or moisture, and chain

reactions can occur involving HC1 for chlorinated hydrocarbons.

3.11.1 Radiolvsis of Carbon Tetrachloride

Radiolysis of carbon tetrachloride, CC14, represents a simple example of

radiolysis of an organic halogen compound because the radicals produced have

limited possible reactions. Only two products are found: chlorine and

hexachloroethane (not a gas). The observed G values for both products are
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0.65 to 0.75 for gamma radiation (Spinks 1976). When carbon tetrachloride is

irradiated in the presence of oxygen, phosgene gas and chlorine are formed,

each with a G value for gamma radiation of 4.3 (Spinks 1976).

Kazanjian (1976) measured gas generation from carbon tetrachloride

contaminated with plutonium dioxide and mixed with calcium silicate to form a

paste. The initial atmosphere was air. The only gaseous product found was

carbon dioxide, with a G value of 0.6. After the oxygen was completely

depleted in about 40 days, the gas production rate became essentially nil.

Kazanjian remarked that finding only carbon dioxide was puzzling because

previous studies had shown that chlorine and phosgene were the only gaseous

products. He hypothesized that chlorine was not detected because of its high

reactivity. Phosgene can react with water to form HC1 and C02 (Kazanjian

1969). Another possibility is that the calcium silicate, while radiolytically

inert, could sorb radiolysis products, such as chlorine. Table 3.11-1 gives G

values for carbon tetrachloride.

3.11.2 Radiolvsis of Aromatic Halides

The aromatic halides chlorobenzene, bromobenzene, and idobenzene consist of a

benzene ring with one hydrogen atom replaced by a chlorine, bromine, or iodine

atom, respectively.

•

Table 3.11-2 lists G values for several aromatic halides. Very- low G(H2)

values are found, as for the aromatic hydrocarbons.
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Table 3.11-1. G values for carbon tetrachloride.

Radiation Type G(Products) Comments Ref.

gamma G(gas)-0.7-0.8 vacuum (1),(2)

G(C12)-O.7-O.8

gamma G(gas)-8.6 oxygen (1)

alpha G(gas)-0.6 air; CC1« (3)
G(CO2)-0.6 mixed with

calcium silicate
to form a paste

References: (1) Spinks 1976, pp. 401-403; (2) Rad. Effects 1963, p. 62;
(3) Kazanjian 1976.

Table 3.11-2. G values for aromatic halides.

Material

chlorobenzene

bromobenzene

idobenzene

G(Products)

G(H2)-O;G(HC1)-1.4;
G(C12)-O

G(H2)-0; G(HBr)-2.3;
G(Br2)-0.2

G(H2)-0; G(HI)-O;
G(I2)-2.0

G(gas)*

1.4

2.5

2.0

Reference: Spinks 1976, p. 407.

Note: "Gamma irradiation in a vacuum.

3.11.3 Radiolvsis of Miscellaneous Halogenated Hydrocarbons

Some of the halogenated hydrocarbons that may be present in CH-TRU wastes are

chloroform, methylene chloride, 1,1,1-trichloroethane, and 1,1,2-trichloro-

1,2,2-.trifluoroethane (Freon-113) .
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The amounts and species of gases generated from gamma radiolysis of liquid

chloroform are dependent on temperature and dose rate and, in particular, on

traces of oxygen and moisture which induce chain reactions. Aqueous solutions

of chloroform do not decompose by a chain reaction (Spinks 1976). Measured

values, of G(HC1) near 5 up to 11 have been reported at 22-25°C (Ottolenghi

1961, Chen 1960) for pure chloroform.

In the presence of oxygen, chloroform takes part in a radiation-initiated

chain reaction. Nearly 100 chloroform molecules are decomposed per 100 eV of

energy absorbed (Schulte 1953). Most of the radiolysis products are

hydrolyzed by water to produce hydrochloric acid.

Kazanjian (1976) measured gas generation from the alpha radiolysis of

Chlorothene-VG solvent, which is a trade name for 1,1,1-trichloroethane. The

samples were mixed with calcium silicate to form a paste. The total pressure

decreased for the first 30 days because of oxygen depletion; then it increased

because' of evolved gases. The main products measured were hydrogen, carbon

dioxide, and dichloroethylene. Kazanjian remarked that formation of

dichloroethylene inferred the production of hydrogen chloride, and that the

hydrogen chloride probably was not detected because of its high reactivity.

Calculations using Kazanjian's data show average G values for C02 and H2 of

0.3 and 0.2, respectively; and G(gas)-0.7. The G values did not decrease with

increasing dose.

Getoff (1985) performed gamma irradiation of oxygenated waste water containing

1,1,1 trichloroethane and found G(Cl")-0.4.

Kazanjian (1969, 1970) performed gamma radiolysis experiments on Baker

reagent-grade trichloroethylene. Trichloroethylene is a highly sensitive

compound, and very little energy input is necessary to initiate decomposition.

In the absence of air, there were only two major products: hydrochloric acid

and chloroacetylene, each with a G value of 0.25. A chain reaction was

observed to occur when trichloroethylene was irradiated in the presence of

oxygen. Extremely high yields were obtained, but the products were difficult
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to analyze because of their high reactivity. The major products were

determined to be dichloroacetyl chloride, phosgene, and trichloroethylene

oxide. There was no HC1 or Cl2 measured. Rapid reaction of the products with

water to form HC1 made it possible to analyze for total acidity. The total

acid yield was measured by shaking the irradiated solvent with water and

titrating the mixture with standardized NaOH solution. The G(H+) obtained was

4600 at' room temperature (Kazanjian 1970) and increased with increasing

temperature with an activation energy value of 2.2 kcal/mole.

Kazanjian (1969) also measured the products from gamma irradiation of Alk-Tri,

a commercial brand of trichloroethylene, which contains diisopropyl- amine for

light stabilization. G(H+) was found to be 1600. Acid yields for this

material would be expected to increase to the yields obtained for the reagent

grade chemical as the additives were depleted through continued irradiation.

Perchloroethylene is expected to have a radiation chemistry similar to that of

trichloroethylene and to produce an extremely high yield of acidic products in

the presence of oxygen (Kazanjian 1969).

Alfassi and co-workers have performed gamma radiolysis experiments on two

Freons, CFC13 and CF2C12, in the liquid phase (Alfassi 1982, Alfassi 1983). A

variety of C-F-Cl compounds were found with maximum measured G value for

products of 2.6 in the presence of oxygen. All of the products were gases or

highly volatile liquids.

Table 3.11-3 gives G values for miscellaneous organic halogen compounds.
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Table 3.11-3. G values for miscellaneous organic halogen compounds.

Material

chloroform*

methylene
chloride

1,1,1-tri-
chloroethane

G(Products)

G(HCl)-5.3

G(HCl)-4.9

G(gas)-0.7;
G(H2)-0.2; G(CO2)-0.3;
G(dichloroethylene)-0.2

Comments

gamma; vacuum

gamma; vacuum

alpha; with or
without 02

present

Ref.

(1)

(2)

(3)

trichloroethylene

Freons

G(Cl-)-0.4

G(H+)-4600»
G(HCl)-0.25

G(gas)-2.6(max);
G(C-F-C1 compounds)-1.6;
G(C02)-0-l.l

gamma; 02 present (4)
in aqueous solution

gamma; oxygen present (5)
gamma; vacuum (5),(6)

gamma; with or
without 02

present

(7),(8)

.References: (1)- Spinks 1976, p. 403; (2) Rad. Effects 1963, p. 62;
(3) Kazanjian 1976; (4) Getoff 1985; (5) Kazanjian 1970;
(6) Kazanjian 1969; (7) Alfassi 1982; (8) Alfassi 1983.

Notes: »G(H+) is large for irradiation in oxygen. A chain reaction
occurs in the liquid.

bAverage G values calculated using author's data.
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3.12 Radiolvsis of Organic Nitrogen Compounds

Organic nitrogen compounds are basically hydrocarbons where a functional group

has been replaced by a N02, NH2, or other group containing one or nitrogen

atoms. Amides (such as propionamide) are functional derivatives of carboxylic

acids in which the -OH of the carboxyl group has been replaced by -NH2

(Morrison 1973). Amines have the general formula RNH2, R2NH,
 o r R3N., where R

is any alkyl or aryl group. In many of their reactions, the final products

depend on the number of hydrogen atoms attached to the nitrogen atom. Two

examples of amines are methylamine (CH3NH2) and analine, which has the NH2

group attached to a benzene ring. Some of the heterocyclic compounds

containing nitrogen (such as pyrrole, pyrazole, pyridine, and pyrimidine) have

aromatic properties, while others, including 3-pyrroline and pyrrolidiene, do

not.

G values for radiolysis of organic nitrogen compounds that have aromatic

characteristics are low, as were the G values for radiolysis of aromatic

hydrocarbons. Table 3.12-1 lists the G values for the products generated by

the gamma radiolysis of many liquid organic nitrogen compounds. Ammonia is

one of the products formed for a few of the compounds.

Table 3.12-1. G values for liquid organic nitrogen compounds*.

Material G(Products) Comments

nitromethane G(HCHO)-2.0
nitrobenzene G(N2)-0.16
acetonitrile G(H2)-0.67; G(CH4)-0.65; G(HCN)-0.2 C»N bond
methylamine G(H2)-5.4; G(CH4)-0.18
aniline G(H2)-0.12; G(NH3)-0.25; G(C6H6)-0.04 contains benzene ring
propionamide G(H2)-0.14;'G(CO)-2.6; G(CH4)-0.93
pyrrole G(H2)-0.20 aromatic N-C bonds
3-pyrroline G(H2)-2.34
pyrollidine G(H2)-6.35
pyrazole G(H2)-0.04; G(N2)-0.12 aromatic N-C bonds
tetrazole G(H2)-trace; G(N2)-0.96 aromatic N-C bonds
pyridine G(H2)-0.025 aromatic N-C bonds

. pyrimidine G(H2)-0.030 aromatic N-C bonds

Reference: Spinks 1976, Table 8.22.
Note: aGamma irradiation in vacuum. Other liquid products are also formed.
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A value of G(gas)-10.1 was reported for gamma irradiation at room temperature

of mono-n-butylamine (Mirchi 1981). Major gas constituents were hydrogen

[G(H2)-5.6] and ammonia [G(NH3)-4.0]. For dibutylamine and tri-n-butylamine,

measurements of G(H2) values at room temperature were 3.6 and 2.7,

•respectively. In all three cases, the total G value for hydrocarbon gases was

0.5.

Diethylenetriaminepentaacetic acid (DTPA) is a polyamino carboxylic acid used

as an eluting agent for the purification of Cm-244 by cation exchange

chromatography. DTPA has been irradiated in aqueous solution by alpha and

gamma radiation sources (Bibler 1972). In some experiments, the solutions

were degassed before irradiation, and the amounts of radiolytically produced

gases that were noncondensible at -196°C and at -78°C were determined. The

products were identified by mass spectrometry. Gamma radiolysis of solutions

of DTPA in 4-M HNO3 or 0.4-M H2S04 produced C02 and H2, with measured G values

of 6.5 and 4.2, respectively. Gases produced in the alpha radiolysis

experiments were not reported. However, measured G values for the destruction

of DTPA were much lower for the alpha radiolysis experiments than for the

gamma radiolysis experiments, indicating that gas production for alpha

radiolysis should also be much lower than for gamma radiolysis.

3.13 Radiolvsis of Commercial Lubricants

Commercial lubricants consist of paraffinic, naphthenic, and aromatic

hydrocarbons. The aromatics have much lower G values than the paraffins but

are largely removed from the oils by refining because of their poor viscosity-

temperature properties (Carroll 1963).

G values have been measured for many different commercial lubricants using

gamma irradiation at room temperature at a dose rate of I Mrad/h and absorbed

doses ranging from 100 to 3000 Mrad (Arakawa 1983a). Graphs of the amount of

evolved gas versus dose were nearly linear even at high absorbed dose,

indicating nearly constant G values.
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G values for Texaco Regal A motor oil, used in machining operations at the

Rocky Flats Plant, were measured by Kazanjian using Co-60 gamma irradiation

(1969) and alpha irradiation from Pu-239 (1976). In the gamma irradiation

experiment, samples of the oil were irradiated under vacuum or sealed under

500 torr air. Values of G(H2) at 8.4-Mrad absorbed dose were 2.3 for the

vacuum experiment and 1.8 for the experiment in air. The author did not

consider this difference significant. At 8.4-Mrad absorbed dose,

G(-O2)-1.6, decreased from a value of 3.0 at 1.4 Mrad.

In the alpha radiolysis experiment, the Texaco oil was contaminated with

plutonium dioxide and mixed with calcium silicate to form a paste. About 15%

of the alpha energy could have been absorbed by the calcium silicate, which

was considered to be radiation stable. In the first experiment the materials

were contained in an initial air atmosphere in a valved stainless steel

vessel. The oxygen concentration decreased from 21% to 5% over the course of

the 100-day experiment. For the second experiment the vessel was evacuated

and backfilled with helium. Calculations using Kazanjian's data show that as

the absorbed dose increased, the G values for H2 and total gas increased from

about 1.6 to 2.8-2.9 for the first experiment. During the second experiment

in vacuum, the G values decreased from about 2.3 to 1.9-2.1. The cause for

these changes in G values is unknown. Maximum values for these experiments

are listed in Table 5.12-1.

Zerwekh (1979) measured gas generated from the alpha radiolysis of vacuum pump

oil (DuoSeal) absorbed on vermiculite. Two experimental cylinders were

prepared. One cylinder contained 62 mg of Pu-238 in the oxide form dispersed

in 35 g of oil which was then absorbed on 17.5 g of vermiculite. The other

cylinder contained the same amounts of oil and vermiculite but only half as

much PuO2. The gases in the cylinders were sampled each time the pressure

reached 15-17 psig and then the pressure was reduced to 1 psig. The 02

concentration was less than 0.1% at the first sampling. The gas generated was

predominantly hydrogen, with a small amount of methane. Concentrations of CO

'and C02 did not exceed 0.7% (each) at any time during the experiment. The
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maximum G(gas) value observed was about 1.7. The initial G(gas) value

observed for the sample contaminated with 32 mg of PuO2 was about 10% higher

than for the sample contaminated with 62 mg of PuO2.

G values for Cm-244 alpha and Co-60 gamma radiolysis of DuoSeal vacuum pump

oil absorbed on vermiculite were measured by Bibler (1977) at various dose

rates, absorbed doses, and mass fraction of oil. (Vermiculite is a hydrated

magnesium-aluminum-iron silicate, and produced no H2 when irradiated.)

Usually, 2.5 ml of the oil was absorbed onto each gram of vermiculite. " At low

gamma dose rates (1.5-4.8E5 rad/hr), a G(H2) of 2.0 was calculated based on

energy absorbed only by the organic material. The composition of the evolved

gas was about 96% H2, 3% C02, and 1% CHt. Experiments conducted at a dose rate

of 1.4E7 rad/hr (gamma) showed that G(H2) was directly proportional to the

amount of organic material present, indicating that the energy absorbed by the

vermiculite was not transferred to the organic material.

The corresponding alpha radiolysis experiment using vacuum pump oil absorbed

on vermiculite contaminated with 7.2 mg Cm-244 (dose rate 1.4E6 rads/hr)

resulted in a G(H2) value of 2.7. No decrease in G values with increasing

absorbed dose was observed for the alpha radiolysis experiment.

Rykon lubricating grease was irradiated under vacuum and in air using a Co-60

gamma source (Kazanjian 1969). The gas yield was low and consisted mostly of

hydrogen, with an approximate value of G(H2)-1.

Table 3.13-1 gives G values for many commercial lubricants. The maximum G

values for commercial lubricants are G(gas)—2.9 and G(H2) —2.8.
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Table 3.13-1. G values for many commercial lubricants.

Material/Radiation Type G(Products) Comments Ref.

to

Ov

oo
I

U1
O

Mineral oils
gamma G(gas)-2.8; G(H2)-2.7; G(CH^)-0.05 vacuum; highest G values for four paraffin oils (1)

Naphthenic neutral oil
gamma ' G(gas)-0.9; G(H2)-0.9

Poly-alpha-olefin oil
gamma G(gas)-2.4; G(H2)-2.3

Ester lubricants
gamma

Aromatic lubricants
gamma

Silicones
gamma

Texaco Regal-A machining oil
alpha (Pu-239)b G(gas)-2.9; G(H2)-2.8; G(HC)«-0.1

G(gas)-2.6; G(H2)-2.3;
G(CH4)-0.1; G(CO)~0

G(gas)-0.6; G(H2)-0.5

G(gas)-2.3; G(H2)-0.6
)-1.4; G(C2H6)-0.3

gamma
gamma
gamma

DuoSeal vacuum oil
alpha (Pu-238)

alpha (Cm-244)
gamma

Rycon grease
gamma

G(H2)-2.3
G(H2)-1.8
G(H2)-2.1

G(gas)-1.7; G(H2)-1.6

G(gas)-2.8; G(H2)-2.7; G(C02)-0.1
,G(gas)-2.1; G(H2)-2.0; G(C02)-0.1

G(H2)-1

vacuum

vacuum

(1)

hi

g

(1) M

CO

vacuum; highest G values for 5 oils* (1)

vacuum; highest G values for 7 aromatic oils (1)

vacuum; highest G values for 2 silicones (1)

in air, before or after oxygen depletion; raaxi- (2)b

mum values; mixed with calcium silicate to form
a paste
vacuum; 8.4 Hrad (3)
500 torr 02; 8.4 Mrad (3)
500 torr 02; 1.4 Mrad (3)

in air after oxygen depleted; sorbed on
vermiculite
in air
in air; extrapolated to zero dose

vacuum or air

(4)

(5)
(5)

(3)

5
%

(0
cr
H

References: (1) Arakawa 1983a; (2) Kazanjian 1976; (3) Kazanjian 1969; (4) Zerwekh 1979; (5) Bibler 1977.
Note: a Includes oils based on di-2-ethylhexyl sebacate (DOS), di-2-ethylhexyl adipate (DOA), pentaerythritol

ester, tricresyl phosphate (TCP), and trioctyl phosphate (TOP).
b Calculated using author's data. Assumes all decay energy was absorbed by the oil (85% by weight).
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3.14 Radiolysis of Gases

Radiolysis of the nitrogen/oxygen mixture found in air produces a small amount

of ozone, as well as oxides of nitrogen (Spinks 1976). Back reactions lead to

an equilibrium concentration of these gases of a few ppm for ozone to a few

percent for N02 and N20. The NO yields are much smaller (Kazanjian 1969).

When moisture is present, the main product is nitric acid, which is formed

until the water vapor is exhausted (Spinks 1976, Kazanjian 1969). G values

are around 1 for nitric acid formation but vary with water concentration

(Kazanjian 1969).

Gaseous carbon dioxide is almost unaffected by ionizing radiation (Spinks

1976), possibly due to a back reaction between CO and ozone to form C02 plus

02.
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4.0 RADIOLYSIS OF POLYMERS

Radiation effects in organic solids are generally similar to those for the

same compound in the liquid state- when allowance is made for the restricted

mobility of the active species in the solid. Polymers, including materials

such as polyethylene, PVC, and cellulose are common organic solids found in

CH-TRU wastes. Attachment 1.0 describes the families of polymers and their

use in commercial plastics. Other solids, such as solidified organic liquids,

aqueous sludges, and bitumen are discussed in Chapter 5. Some of the polymers

discussed in this chapter occur in the liquid state at room temperature.

The controlling factor in the behavior of polymers under irradiation, as under

most other environmental influences, is the chemical structure (Sisman 1963).

Additives to improve physical or aging properties affect changes produced by

radiation.

For example, polystyrene demonstrates the stabilizing effect of a regularly

recurring phenyl group on the main chain (Sisman 1963). The protective effect

appears to depend on closeness to the phenyl group (not more than six carbon

atoms' away). A part of the stability of polystyrene must be assigned to the

low mobility of the molecular segments in the solid.

Radiolysis of polymers generally results in two types of reactions: (a) chain

scission and (b) crosslinking. Chain scission (degradation) is the term used

for breaking of main-chain bonds in polymer molecules, which results in the

formation of species of lower molecular weight. When scission of the polymer

is predominant, structural strength and plasticity are rapidly lost. The

polymer may actually crumble to a powder. Crosslinking results in network

structures that are insoluble and infusible because of increased molecular

weight and size. Generally, competition occurs between the two reaction

mechanisms.

In the atisence of oxygen, polymers can be divided into classes according to

their tendency to degrade or crosslink. Tables 4.0-1 through 4.0-3 list
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Table 4.0-1. Radiation resistance of common polymers that predominantly
crosslink.11

Polymer Characteristics

poly(vinyl carbazole)
polystyrene
analine-formaldehyde
nylon
polymethyl acrylate
polyacrylonitrile
styrene-butadiene rubber
polybutadiene
polyisoprene
nitrile-butadiene rubber
polyethylene oxide
polyvinyl acetate
polyvinyl methyl ether
polyethylene
silicone

aromatic, N in main chain
aromatic
aromatic, N in main chain
N in main chain (amide)
ester
C-N triple bond
aromatic, unsaturated
unsaturated
unsaturated
C-N triple bond, unsaturated
ether
ester

saturated

Reference: Sisman 1963.

Note: aListed in order of decreasing resistance to net molecular-
weight change.

Table 4.0-2. Radiation resistance of common polymers that are
borderline between predominant crosslinking and
scission".

Polymer Characteris tics

polysulfide rubber
polyethylene terephthalate
polyvinyl chloride
polyvinylidene chloride
polypropylene

S in main chain
aromatic, ester
halogen
halogen
saturated

Reference: Sisman 1963.

' Note: aListed in order of decreasing resistance to net molecular-weight
change.
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Table 4.0-3. Radiation resistance of common polymers that scission
predominantly8.

Polymer Characteristics

phenol-formaldehyde aromatic
polymethyl methacrylate ester
polyvinyl alcohol alcohol
polytetrafluoroethylene halogen
polyisobutylene saturated
cellulose alcohol/ether

Reference: Sisman 1963.

Note: aListed in order of decreasing resistance to net molecular-weight
change.

common polymers in order of their decreasing resistance when irradiated to net

molecular-weight change for polymers that predominantly crosslink, are

borderline between crosslinking and scission, or that predominantly undergo

scission, respectively. Oxygen enhances the degradation of most polymers

(polymethyl methacrylate is one exception).

Ether-type oxygen linkages occur in the main chain in polyethylene oxide.

Cellulose is made up of glucose residues joined through acetal linkages (ether

links formed between hydroxyl and carbonyl groups). Cellulose and cellulose

esters and ethers undergo scission, probably resulting from a break in the

acetal link rather than rupture of the glucose ring (Sisman 1963).

Commercial plastics and papers contain additives that modify the properties of

the base polymer in the material. In general, the additives improve the

radiation stability of the commercial materials and reduce G values for

flammable gases.

Additives and nonpolymer components can be divided into two categories:

active and inert materials. The active additives can be subdivided into two

classes: the energy-sink materials and the chemical reactants. The aromatic

ring acts as an energy sink incorporated intramolecularly in the polymer.
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Antioxidants are usually complex aromatic amines or phenols, which should have

low G values as a result of their aromatic characteristics-(Sisman 1963).

Scission of polymethyl methacrylate has been reduced by the addition of

aromatic compounds dissolved in the polymer (Bopp 1963). Protection was shown

to be concentration dependent. For several of the additives, no dose

dependence was found, indicating that the additives were not being

radiolytically degraded, but in other cases, a dose dependence was observed.

Antioxidants and aromatic stabilizers and plasticizers are frequently used to

enhance durability of mechanical properties. Polyethylene and hydrocarbon

rubbers normally require a small quantity of antioxidant for stability during

hot processing.

From the observed G values for flammable gas [G(flam gas)], the expected

relationships between the G(flam gas) values for structurally related polymers

are shown in Table 4.0-4.

Table 4.0-4. Expected relative G(flam gas) values for polymers from
G(flam gas) values in structurally related liquids.

High
Hydrocarbon polymers containing only saturated C-C bonds
Polymers containing alcohol functional groups
Polymers containing ether functional groups

Medium
Hydrocarbon polymers containing unsaturated G-C bonds
Polymers containing ester functional groups

Low
Polymers with aromatic characteristics

Notes: High: liquid G(flam gas)-5-7; Medium: liquid G(flam gas)-2-3;
Low: liquid G(flam gas)<l.

Radiolysis experiments on polymers that are discussed in this chapter are

organized into the following groups, that follow the approximate order of high

to low G values for flammable gas expected for synthetic polymers containing

only carbon, hydrogen, nitrogen, and oxygen:
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(1) Hydrocarbon polymers containing only saturated C-C bonds

(polyethylene, polypropylene, ethylene-propylene rubber, and

polyisobutylene)

(2) Polymers containing alcohol functional groups

(polyvinyl alcohol and polyethylene glycol)

(3) Polymers containing ether functional groups

(cellulose, urea formaldehyde, polyoxymethylene,

polypropylene oxide, and polyvinyl formal)

(4) Hydrocarbon polymers containing unsaturated C-C bonds

(polybutadiene and polyisoprene)

(5) Polymers containing ester functional groups

(polymethyl methacrylate and polyvinyl acetate)

(6) Polymers with aromatic characteristics

(polystyrene, polysulfone, polycarbonate, and polyethylene

terephthalate and other polyesters)

Additional groupings include halogen-containing polymers and miscellaneous:

(7) Polymers containing halogens

(polyvinyl chloride, polychloroprene, chlorosulfonated

polyethylene, polytetrafluoroethylene, polychlorotrifluorethylene,

chlorinated polyether, rubber hydrochloride, and polyvinylidene

chloride.

(8) Miscellaneous polymers

(polyamides, ion-exchange resins, and others).

The maximum G values are summarized in Table 4.0-5.
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Table 4.0-5. Summary of maximum G values for polymers at room temperature*

Group

S-HC

Al

Eth

U-HC

Est

Ar

b Polymer

polyethylene
. polypropylene
ethylene-propylene
polyisobutylene

polyvinyl alcohol
polyethylene glycol

cellulose
cellulose nitrate
urea formaldehyde
polyoxymethylene
polypropylene oxide
polyvinyl formal

polybutadiene
polyisoprene

polymethyl methacrylate
polyvinyl acetate

polystyrene
polysulfone
polycarbonate
polyesters

• polyphenyl
methacrylate

G(H2)

4.0
3.3
d

1.6

3.1
3.5

3.2
a

2.4
2.1
1.1
a

0.5
0.7

0.4
0.9

0.2
0.1

0.3

G(flam gas)

4.1
3.4
d

2.4

3.1
3.5

3.2

2.8
5.6

e

0.5
0.9

2.0
1.4

0.2
0.1

0.3

G(net gas)c

4.1
3.4
d

2.4

3.1
3.5

10.2
6.0*
2.8
14.1

a

5.6*

0.5
0.9

4.1
1.4

0.2
0.1
0.8
<0.8

1.3

Notes: aValues listed are those most appropriate for CH-TRU waste, i.e., above
10 Mrad absorbed dose or for commercial rather than for pure materials

bS-HC-saturated hydrocarbon, Al-alcohol functional group,
Eth-ether functional group, U-HC-unsaturated hydrocarbon, Est-ester
functional group, Ar-aromatic character, Hal-halogen functional group,
and M-miscellaneous

cG(net gas)is the net G value, and includes depletion of oxygen when
applicable

dValues are intermediate between those for polyethylene and those for
polypropylene
"Not reported
Calculated on the basis of G(gas)-factor x G(gas) for polyethylene,
factor-1.5 for cellulose nitrate and factor-1.4 for polyvinyl formal,
and G(gas)-4.1 for polyethylene
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Table 4.0-5. Summary of maximum G values for polymers at room temperature" (Cont'd)

Group b Polymer

Hal polyvinyl chloride
polychloroprene
chlorosulfonated

polyethylene
polychlorotrifluoro-

ethylene
polytetrafluoroethylene
chlorinated polyether
rubber hydrochloride
polyvinylidene chloride

M polyamides
ion-exchange resins

G(H2)

0.7
0.1

0.3

0
0
0.7
0
0

1.1
1.7

G(flam gas)

0.7
0.1

0.3

0
0
0.8
0
0

1.2
1.7

G(net gas)c

• 2.6
0.7

0.6

1.1
<0.3
0.8

<2.1
<2.1

1.5
2.1

Notes: aValues listed are those most appropriate for CH-TRU waste, i.e.,
above 10 Mrad absorbed dose or for commercial plasticized or
stabilized materials rather than for pure polymers

bS-HC-saturated hydrocarbon, Al-alcohol functional group,
Eth-ether functional group, U-HC-unsaturated hydrocarbon,
Est-ester functional group, Ar-aromatic character, Hal-halogen
functional group, and ^-miscellaneous

cG(net gas)is the net G value, and includes depletion of oxygen
when applicable

4.1 Radiolvsis of Hydrocarbon Polymers Containing Only Saturated C-C Bonds

Polymers included in this section are polyethylene, polypropylene, ethylene-

propylene rubber, and polyisobutylene. The polymers in this group produce

hydrogen as the principal radiolysis gas. Small amounts of other hydrocarbons

are formed. The maximum G(H2) value is 4.0 for polyethylene; the maximum

G(flam gas) value is 4.1 for polyethylene.

4.1.1 Polyethylene

Polyethylene has the repeat unit

-(CH2)-
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Polyethylene materials are generally divided into two classes: low-density

polyethylene (LDPE) and high-density polyethylene (HDPE). Polyethylene bags

and a- 90-mil HDPE rigid drum liner are commonly used polyethylene products

that are found in CH-TRU wastes. Unirradiated polyethylene softens in the

range of 70 to 90°C, and melts to a viscous liquid at about 115 to 125°C

(Spinks 1976). Some of the G values and gas species produced by radiolysis of

polyethylene depend on whether or not oxygen is present.

4.1.1.1 Radiolvsis of Polyethylene in the Absence of Oxygen

When irradiated, polyethylene crosslinks in the absence of oxygen and evolves

a considerable amount of gas (80-95% hydrogen along with other simple

aliphatic hydrocarbons). The amount of volatile hydrocarbons produced by

radiolysis of polyethylene increases while the hydrogen yield decreases, as

the degree of chain branching increases. The evolution of hydrogen and

hydrocarbon gases is accompanied both by an increase in unsaturation in the

polymer chain and by an increase in crosslinking density (Chapiro 1962).

Experimental measurements of G values from radiolysis of polyethylene in a

vacuum, using reactor, gamma, accelerated electron, and X-ray radiation, are

shown in Table 4.1-1 from Chapiro (1962). Chapiro also plotted the data in an

Arrhenius plot (see Fig. 3.4-1) and found a temperature dependence with an

activation energy of about 0.8 kcal/mole. From these data, Chapiro concluded

that the G value for hydrogen at room temperature is about 4.1 and about 3.2

near the glass-transition temperature of -120°C. G values for volatile

hydrocarbon formation were found to be usually less than 0.1. More recent

experiments discussed later in this section have measured lower G(H2) values,

and a maximum G(H2) value is established at G(H2)=4.0.

One set of gamma irradiation experiments examined the effect of molecular

weight on the G(H2) value for crystalline samples of polyethylene in the

absence of oxygen (Mandelkern 1972) . A maximum value of G(H2)-4 was found for
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the higher molecular weights studied (2.5-4.5 x 10*); a G(H2) value as low as

2.8 was found for the lowest molecular weight studied (2 x 103).

Zerwekh (1979) contaminated pieces of LDPE bags (0.05 mm thick) with Pu-238

dissolved in 2-M HNO3. In other experiments, pieces of the HDPE drum liner

material (2.3 mm thick, 100% cross-linked) were contaminated with Pu-238

Table 4.1-1. Summary of G values for hydrogen and methane for
radiolysis of polyethylene in a vacuum.

Material*
Type of Radiation and

Irradiation Temperatureb G(H2) G(CH4)

LDPE
LDPE
LDPE
LDPE
LDPE and HDPE

PE
PE
HDPE
Marlex-50
Marlex-50
Marlex-50

LDPE
LDPE
HDPE
HDPE

reactor (70°C)
800 keV electrons
reactor
Co60 gamma
2 MeV electrons (-196°C
to +80°C)

Co60 gamma
reactor (80°C)
800 keV electrons
(-170° to 34°C)
136°C
240 °C

50 kV X-rays, 13°C
50 kV X-rays, 80°C
50 kV X-rays, 10°C
50 kV X-rays, 80°C

4.0
5.0
5.0°
3.75
3.1

4.0
7.0

3.75
5.5
5.8
2.5
3.0
2.8
3.0

0.08
0.9
--
--
- - •

- -

- -

0.07
0.13
0.17
0.15
0.36
0.03
0.09

Reference: Chapiro 1962, Table IX.I.

Note: a LDPE-low-density polyethylene; HDPE-high density polyethyl-
ene. "High pressure" - "low density"; "low pressure" -
"high density"; (Wiley 1986).

.b Liquid above about 130°C.
c G(gas).

as chloride solution. The materials were allowed to dry, then placed into

stainless steel cylinders. Gases were sampled and the pressure reduced to 1

psig when- the pressure in a cylinder reached 15-17 psig. Almost all of the

oxygen had been depleted by the time of first sampling. Gas compositions were
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determined using a mass spectrometer. The majority of the gas produced from

LDPE in these alpha radiolysis experiments was hydrogen. The maximum G(gas)

value measured for LDPE was 1.7. The HDPE experiment, containing 62 mg of Pu-

238, never pressurized to 15 psig (even after 1300 days). At day 674, a gas

sample was taken, and consisted of 5% H2, 17% C02, and 77% N2, with very small

amounts of CH^, 02, and CO.

Kosiewicz (1981) performed alpha radiolysis experiments on samples of

commercial LDPE. The composition of the generated gas was 98% H2, 1%CH4, and

1% CO plus C02. Kosiewicz has reviewed his experimental data, and has

corrected the originally published G values. The measured value of G(gas) was

2.0-2.4. Typically, 50 g of the material was cut into small squares onto

which the TRU contaminant (Pu-238 or Pu-239 oxide powder) was distributed. A

second piece of the test material was placed over the first to contain the

plutonium. The initial atmosphere inside the experimental cylinders was air

at local atmospheric pressure at Los Alamos of 77 kPa (11.2 psia). The gases

in the cylinders were sampled and the pressures relieved when the pressure had

increased to 100 kPa over ambient pressure. The rate of gas generation was

calculated from the rate of pressure change. (This method results in an

underestimate of the G values for generated gases while oxygen is present

inside the experimental cylinder.)

Mitsui (1979) measured gas generation from films made from Hizex 1200P

polyethylene powder containing no antioxidant that were gamma-irradiated in a

vacuum. Values of G(H2) obtained at different temperatures were 3.0 at 30°C,

3.2 at 50°C, 3.4 at 70°C, and 3.6 at 100°C. From these data the authors

calculated an activation energy of 0.6 kcal/g-mole for formation of H2.

Kang (1966) measured G(H2) values for polyethylene (Marlex-6002 film) as a

function of temperature and dose. The room temperature G(H2) value varied

from 3.7 (extrapolated to zero dose) to 3.3 (at an absorbed dose of 13 Mrad or

more). A large increase in G value from 3.7 to 5.6 was observed when

polyethylene was heated from room temperature to the liquid state at 140°C.

The G(H2) values extrapolated to zero dose for the temperatures studied were:

3.68 at room temperature, 3.73 at 60°C, 3.81 at 80°C, 4.05 at 100°C, and 4.11
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at 120°C. (The values at 60 and 120°C yield an activation energy of 0.4

kcal/g-mole.)

Krasnansky (1961) performed gamma radiolysis experiments (6 Mrad absorbed

dose) in vacuum on various commercial packaging materials. The measured value

of G(gas) was reported to be between 1.6 and 3.2 for samples of both low- and

high-density polyethylene. Both LDPE and HDPE generated 90-91% H2 and 3% C02.

The major difference in the observed gas composition was that the HDPE sample

produced 6.5% CO and 0.5% propane, while the LDPE sample produced 2.5%

propane, 2% ethane, and 1.5% ethene. The authors stated that the relatively

high proportion of CO and C02 could have been a result of oxidation of the

polyethylene prior to the irradiation.

Bowmer (1977) measured G values from two types of LDPE and one type of HDPE at

30 and 150°C using gamma irradiation in a vacuum of small (5-35 mg) or large

(0.5-2.5 g) samples. For the small samples the following G values were

obtained at 30°C: HDPE, G(H2)-2.9, G(HC)-0.01; LDPE-1, G(H2)-3.5, G(HC)-0.09;

LDPE-2, G(H2)-3.1, G(HC)-0.1. Values for G(H2) increased by about 11% for

LDPE and 53% for HDPE when the irradiation temperature was changed from 30°C

to 150°C.

G(H2) values about 25% lower were observed for the large samples, even when

they were heated at 150-200°C for 60-90 minutes to allow volatiles to escape

from the materials (Bowmer 1977). This effect was attributed to reactions of

double bonds and trapped polymer radicals with hydrogen atoms and molecules

for the large samples, for which the hydrogen pressure was an order of

magnitude higher than in the small samples.

G values for various gases generated from the irradiation of polyethylene when

oxygen is absent or has been depleted are listed in Table 4.1-2 for

experiments not reported by Chapiro. The highest value of G(H2) in these

experiments at room temperature was 4.0. The data listed in the table for

Kosiewicz" (1981) are values that incorporate a correction for a calculational

error in the original data, supplied by that author.
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Table 4.1-2. G values for polyethylene (oxygen depleted or absent).

Radiation Type

gamma

gamma

alpha (Pu-238)

alpha (Pu-238)

gamma
gamma
gamma

gamma
gamma

gamma

gamma
gamma
gamma
gamma
gamma
gamma

G(Products)

G(H2)-6.2 (max)

G(H2)-2.8-4.0«

G(gas)-1.7
(90-98% H2)

G(gas)-2.0-2.4
(98% H2, 1% CH4,
1% C02 + CO)

G(H2)-3.0
G(H2)-3.2
G(H2)-3.4
G(H2)-3.6

G(H2)-3.7
G(H2)-3.8
G(H2)-4.05
G(H2)-4.11

1.6<G(gas)^3.2 (92% H2,
2-8% C0+C02> 0-6%

G(H2)-2.9;G(HC)-0.01
b

G(H2)-4.5;G(HC)-0.03
b

G(H2)-3.5;G(HC)-0.09
b

G(H2)-3.9;G(HC)-0.18
b

G(H2)-3.1;G(HC)-0.11
b

G(H2)-3.5;G(HC)-0.36
b

Comments

no oxygen, 130°C

no oxygen, room temp

oxygen depleted from
initial air atmosphere
room temp

oxygen depleted from
initial air atmosphere
20°C; corrected data

vacuum; 30°C
vacuum; 50°C
vacuum; 70°C •
vacuum; 100°G

vacuum; 25°C to 60°C
vacuum; 80°C
vacuum; 100°C
vacuum; 120CC

vacuum; room temp

HDPE; vacuum; 30°G
HDPE; vacuum; 150°C
LDPE; vacuum; 30°C
LDPE; vacuum;- 150°C
LDPE; vacuum; 30°C
LDPE; vacuum; 150CC

Ref.

(1)

(1)

(2)

(3)

(4)
(4)
(4)
(4)

(5)
(5)
(5)
(5)

(6)

(7)
(7)
(7)
(7)
(7)
(7)

References: (1) Mandelkern 1972; (2) Zerwekh 1979; (3) Kosiewicz 1981
(data corrected by that author); (4) Mitsui 1979; (5) Kang
1966; (6) Krasnansky 1961; (7) Bowmer 1977.

Notes: ^Values were 3.9, 3.4, 3.6, 4.0, 3.9, 3.2, 3.4, and 2.8, depending
on the molecular weight and degree of crystallinity.

bHC — hydrocarbons.
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4.1.1.2 Radiolysis of Polyethylene in the Presence of Oxygen

In an early gamma radiolysis experiment, the change in the total gas pressure

was measured for irradiation of high-density polyethylene in pure- oxygen. The

G value for oxygen consumption [G(-02)] was found to be at least twice the sum

of the G values for oxygen-containing gas molecules. The rest of the oxygen

was assumed to be converted into peroxides and hydroxyl groups in the

polyethylene (Dole 1973a).

Relative amounts of gaseous products were measured for irradiation of

commercial samples of LDPE and HDPE in air and in vacuum for gamma irradiation

up to 5.6 Mrad absorbed dose (Bersch 1959). For both low- and high-density

polyethylene, greater amounts of products per gram of material were obtained

for irradiation in air than in vacuum (a ratio of 2.0 for LDPE and 1.4 for

HDPE). The corresponding ratios of hydrogen production in air versus in

vacuum were 1.8 for LDPE and 1.2 for HDPE. The LDPE produced 1.6 times the

gaseous products of the HDPE in air, and 1.2 times the products of HDPE in

vacuum. The second most abundant product for irradiation in air was carbon

dioxide. All of the oxygen in the sample tubes was consumed for both types of

polyethylene films. The experiments were repeated for an absorbed dose of

0.93 Mrad. Radiolysis of the LDPE exposed to air generated only carbon

dioxide, while the G(H2) value for HDPE was higher than at 5.6 Mrad. These

results contradict trends observed in most other radiolysis experiments». on

polyethylene and lower the credibility of Bersch's data on polyethylene.

Arakawa (1983b) performed gamma radiolysis of low- and high-density

polyethylene in the presence of oxygen to examine the effect of antirad

additives. For the pure polymers, hydrogen and carbon dioxide were the

primary gases evolved. For LDPE, values of G(H2)-3.3 and G(C02)-1.3 were

obtained; for HDPE, values of G(H2)-3.2 and G(C02)-4.1 were measured. The

addition of propyl-fluoranthene, an antirad additive, reduced the G(H2) values

by 15-30%. Radiolysis of an ethylene-propylene copolymer showed that the

G(H2) value was independent of the amount of oxygen present.
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Fourteen samples of polyethylene sheet used for bags (presumably LDPE) were

gamma-irradiated in the presence of oxygen (Kazanjian 1969). Hydrogen was the

only significant product, and a value of G(H2)-2.2 was obtained. Oxygen

consumption occurred; a value of G(-O2)-8.1 was measured.

Kazanjian (1976) obtained radiolysis data during the time period when oxygen

was being depleted for alpha radiolysis of LDPE bags contaminated with Pu-238

oxide powder (9.0 mg of Pu-238 to 3.6 g of material). The experiment was

conducted for a total of 267 days, starting with an air atmosphere. The

G(gas) and G(H2) values calculated from these data show a sharp decreases with

time from G(gas)-1.7 to G(gas)-0.7 and G(H2)-1.3 to G(H2)-0.7 after 36 days of

exposure. This decrease in G values could have been caused by (1) a very

strong dependence of the G values on absorbed dose, (2) much higher G values

in the presence of oxygen, or (3) experimental error. The oxygen initially

present had been completely depleted by day 21 (5.8E22 eV absorbed energy).

The G(-02) value was about 3. Only small quantities of CO or C02 were

detected, with maximum G values of 0.1 and 0.3, respectively.

Polyethylene and polyethylene oxide were gamma-irradiated in oxygen in the

presence of carbon tetrachloride (Jellinek 1983). In both cases, chloroform

was evolved. The G(scission) values increased for polyethylene from about 10

in oxygen to about 32 in oxygen mixed with carbon tetrachloride.

G values for various gases evolved for the irradiation of polyethylene

when oxygen is present are listed in Table 4.1-3. The maximum measured value

of G(H2) at room temperature when oxygen was present was 3.5, with the

exception of Bersch's anomalous measurement of G(H2)«-5.4.

4.1.1.3 Hydrogen G Value for Polyethylene

Even at elevated temperature, almost all of the reported G(H2) values for

polyethylene are less than 4.0. All of the G(H2)>4 values that were found in

the technical literature are for experiments conducted prior to 1962. The

credibility of the experiments is questionable, as noted in the discussion, or
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Table 4.1-3. G values for polyethylene (oxygen present).

Radiation

gamma

prailllllfl .

gamma

•Type G(Products)

G(-02)-10.0, G(H2O)-2.5,
G(CO)-1.0, G(CO2)-0.6

G(H2)-2.2; G(-O2)-8.1

G(gas)-5.3;G(H2)-3.5;
G(-02)-14.0;G(C02)-1.3;
G(CO)-0.6;G(CHO-0.1

Comments

30°C; only
measured gases
containing oxygen

LDPE bags; room temp

LDPE; room temp; pure
material; 20 Mrad

Ref.

(1)

(2)

(3)

gamma G(gas)-3.9;G(H2)-2.8
G(-02)-7.4;G(C02)-0.9;
G(C0)-0.2

gamma G(gas)-8.6;G(H2)-3.2
G(-02)-29;G(C02)-4.1;
G(C0)-1.3

gamma G(gas)-5.6;G(H2)-2.2;
G(-02)-12.1;G(C02)-2.8;
G(CO)-0.6

gamma G(gas)-6.4;G(H2)-5.4;
G(CO2)-0.6;G(CO)-0.1«

gamma G(gas)-3.9;G(H2)-3.1;
G(C02)-0.6

b

gamma G(gas)-2.7;G(H2)-0;
G(C02)-2.7

gamma G(gas)-8.5;G(H2)-4.0;
G(CO2)-3.4;G(CO)-1.1

alpha G(gas)-1.7; G(H2)-1.3;
(Pu-238) G(-02)-3; G(CO2)-0.3;

G(HC)=0.1b

LDPE; room temp; contained (3)
antirad additive; 20 Mrad

HDPE; room temp; pure (3)
material; 20 Mrad

HDPE; room temp; contained (3)
antirad additive; 20 Mrad

LDPE; room temp; commercial (4)
material; 5.6 Mrad

HDPE; room temp; commercial (4)
material; 5.6 Mrad

LDPE; room temp; commercial (4)
material; 0.93 Mrad

HDPE; room temp; commercial (4)
material; 0.93 Mrad

LDPE bags; room temp; (5)
water vapor also
detected.

References: (1) Dole 1973a, (2) Kazanjian 1969, (3) Arakawa 1983b;
(4) Bersch 1959; (5) Kazanjian 1976.

Notes: "Water vapor, oxygenated hydrocarbons and unsaturated hydrocarbons
also were detected.

bCalculated from author's data; HC *• hydrocarbons; maximum G
values are given.
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the data were obtained using reactor radiation, where calculation of the

absorbed dose is questionable. The available G(H2) data from alpha radiolysis

experiments are in the 1.6-2.4 range. It is concluded that G(H2)-4.0 and

G(flam gas)-4.1 for polyethylene provide upper bound G(H2) and G(flam gas)

values, for commercial polyethylene materials.

4.1.2 Polypropylene

Polypropylene has the repeat unit

—(CH 2CH)—

CH3

Polypropylene is termed isotactic if the methyl groups are on the same side of

the chain, and atactic if the arrangement is random. The isotactic polymer is

the more common commercially (Bopp 1963).

Polypropylene may be manufactured into fibers (HerculonR is one example) or

into molded shapes. Ful-FloR filters used at the Rocky Flats Plant for

filtering liquid wastes are made of polypropylene.

The maximum G values for hydrogen and total flammable gas are G(H2)-3.3 and

Q(flam gas)-3.4.

4.1.2.1 Radiolysis of Polypropylene in the Absence of Oxygen

Hydrogen is the major gas produced from the gamma irradiation of polypropylene

in a vacuum at room temperature, as shown in Table 4.1-4. Traces of methane

and carbon monoxide are also found (Schnabel 1963).

Polypropylene and other polymers have been gamma-irradiated in the presence of

carbon tetrachloride or chloroform in order to modify the polymer (Ramanan

•• 1981). "When polypropylene fibers were immersed in carbon tetrachloride,

3.6.8-67



NuPac TRUPACT-II SAR Rev. 0, February 1989

generated HC1 gas was collected by cooling the irradiated ampoules to 77 K and

then breaking them under distilled water. The HC1 released was estimated by

following the change in pH. High yields of HC1 were measured (Ramanan 1981).

Table 4.1-4. G values for polypropylene (oxygen absent).

Radiation Type G(Products) Comments Ref.

gamma

camma

gamma

G(gas)-2.4-2.9
G(H2)-2.3-2.8,
G(CH4)-0.1

G(gas)-3.0;
G(H2)-2.9;
G(CH4)-0.1

G(gas)-3.5;
G(H2)-3.3;
G(CH4)-0.1

G(gas)<3.2;
(95% H2, 1% C02,
1% CO, 3% CH4)

G(gas)-3.8;
G(H2)-3.2;
G(CH4)-0.1«

G(gas)-3.0;
G(H2)-2.8;
G(CH4)-0.1

a

vacuum; room temp;
actactic and
isotactic PP

(1)

vacuum; 10 Mrad; room (2)
temp; isotactic PP film

vacuum; 10 Mrad; room (2)
temp; isotactic PP powder

vacuum; room temp; (3)
film

vacuum; 0.1 MGy (10 (4)
Mrad); room temp; stabi-
lized isotactic PP film

vacuum; 0.2 MGy (20 (4)
Mrad); room temp; stabi-
lized isotactic PP film

References: (1) Geymer 1973; (2) Hegazy 1981a; (3) Krasnansky
1961; (4) Hegazy 1986.

Note: "Author's G values for gas constituents do not add up to
. his G(gas) value.

4.1.2.2 Radiolvsis of Polypropylene in the Presence of Oxygen

Hegazy (1981a) measured a G value for oxygen consumption of about 4 for

oxidative radiolysis of isotactic polypropylene (PP) film at ambient
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temperature and 150 torr initial oxygen pressure (which approximates the

oxygen partial pressure in ambient air). The sum of the G values for

production of oxygen containing gases (C02 and CO) was less than 0.3,

suggesting that most of the consumed oxygen had combined with polymer chains.

Table 4.1-5 lists G values for radiolysis of polypropylene in the presence of

oxygen.

Table 4.1-5. G values for polypropylene (oxygen present).

Radiation Type G(Products) Comments Ref.

gamma G(gas)-3.0; G(H2)-2.5; 150 torr 02 (1)
G(CHA-0.1; G(C0)-0.1; initial pressure; 20
G(C02)-0.2, G(-02)-4.2 Mrad; room temp;

isotactic PP film

gamma G(gas)-2.9; G(H2)-2.6; 150 torr 02 (2)
G(CH4)-0.1; G(CO)-0.1 initial pressure; 0.2
G(C02)-0.2; G(-O2)-5.0« MGy (20 Mrad); stabilized

isotactic PP film

References: (1) Hegazy 1981a; (2) Hegazy 1986.

Note: "Author's G values for gas constituents do not add up to his
G(gas) value.

G(scission) values increased for polypropylene from about 5 in oxygen to about

33 in oxygen mixed with carbon tetrachloride vapor (Jellinek 1983); chloroform

was evolved.

4.1.3 Ethylene-Propvlene Rubber

G values for ethylene-propylene rubbers (EPR, EPDM) are close to G values

for polyethylene and polypropylene (Arakawa 1983b, Arakawa 1987, Decker 1973).
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4.1.4 Polvisobutvlene

The repeat unit.for polyisobutylene is:

CH3

I
-<CH2C)-

I
CH3

Bohm (1982) summarized several radiolysis experiments conducted on

polyisobutylene. The composition of the gas evolved from polyisobutylene

during gamma radiolysis experiments conducted in vacuum was approximately 95%

hydrogen and methane, with the remainder composed of isobutylene and other

fragments. Values of G(H2)-1.3-1.6 and G(CH4)-0.5-0.8 have been reported for

gamma-radiolysis experiments. A G(gas) value of only 0.9 was measured for

mixed reactor radiation. Gas production in polyisobutylene is attributed to

the fracture of side chains.

4.2 Radiolysis of Polymers Containing Alcohol Functional Groups

Polymers containing alcohol functional groups include polyvinyl alcohol and

polyethylene glycol.

Gas generation from polyvinyl alcohol that was gamma-irradiated in a vacuum at

12°C, -78°C, and -196°C was measured by Okada (1967). Over 99% of the gas

evolved was hydrogen. G(gas) values were measured to be 3.1 at 12°C, 2.0 at

-78°C, and 1.5 at -196°C (maximum activation energy - 0.6 kcal/g-mole). (The

corresponding G(gas) value at 25°C would be unchanged from the value at 12°C

because of the low activation energy for gas generation.)

Polyethylene glycol (commercial name, Carbowax) having a molecular weight of

6,000 was' irradiated using Co-60 gamma rays in a vacuum at room temperature

(Nitta 1959). The maximum G(gas) value measured was 3.5. The gas consisted
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primarily of hydrogen with some methane, acetylene, and carbon monoxide.

Experiments conducted on a 4,000-molecular-weight Carbowax at various

temperatures showed only a minor change in the G(gas) value from -196°C to

70°C (2.4 to 2.1) (Nitta 1961b).

4.3 Radiolvsis of Polymers Containing Ether Functional Groups

Polymers containing ether functional groups include cellulose, urea

formaldehyde, polyoxymethylene, polypropylene oxide, and polyvinyl formal.

The polymers in this group generate gases that contain oxygen, even when

irradiated in a vacuum. Another polymer in this group is polyethylene oxide.

G values for cellulose and urea formaldehyde have been shown to be strongly

dependent on the absorbed dose, at least for gamma radiolysis. For absorbed

doses greater than 10 Mrad, the maximum value of G(H2) is 3.2 for cellulose.

One of the polymers in this family (polyoxymethylene) generates other

flammable gases that cause the G(flam gas) value to exceed 4.1, and another

(polyvinyl formal) has a measured G(gas) that is 1.4 times the G(gas) value

for polyethylene. For this reason, polyoxymethylene and polyvinyl formal are

permitted in CH-TRU wastes only in trace amounts.

4.3.1 Cellulose

Cellulose is a linear macromolecule consisting of monomeric units with the

empirical formula C6H10O5. Cellulosic materials commonly present in the CH-TRU

wastes include paper, cloth, wood, and Benelex, which is composed of wood

fiber plus phenolic resin. Other commercial materials that contain

cellulosics include cellophane, cellulose acetate (rayon, molded items,

paints, coatings), and ethyl cellulose (paints, molded items).

Natural cotton cellulose, having lattice type I, is about 70-80% crystalline

and 20-30% amorphous. The other commercially important form of cellulose has

lattice Type II, which is commonly referred to as mercerized cotton, and

usually 'consists of regenerated cellulosic materials, paper, and wood

products. Cellulose lattice type II is less ordered than cellulose lattice
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type I and is usually about 60% crystalline (Arthur 1970). Differences

between these types of cellulose may cause differences in the amount and

composition 6f radiolysis gases.

Authors differ as to whether the presence of oxygen affects the radiation

chemistry of cellulose. The results of experiments conducted both in the

absence and presence of oxygen are summarized at the end of this section.

Sulfite cellulose, dried to a constant weight at 378 K, was irradiated using

Co-60 in sealed, evacuated ampules of known volume, as well as in a medium of

air and argon (Ershov 1986) . The experimental data for each of the media were

not reported. The authors stated that the irradiation medium did not

appreciably affect the rate at which the products were generated. The dose

rate was 20 kGy/h (2 Mrad/h). The volume of gas generated was determined

according to the pressure in the ampules. For total absorbed doses from

100-300 kGy (10-30 Mrad) and room temperature, a value of G(gas)-10.2 (31% H2>

59% C02, 9% CO, and 1% CH4) was observed. At liquid nitrogen temperature of

77 K, a value of G(gas)-6.0 (48% H2 and 52% C02) was observed.

Concentrations of radiolytically generated carboxyl, carbonyl, and aldehyde

groups were measured using thin-layer chromatography for samples of powdered

native cellulose that were gamma- irradiated in air and in a vacuum (Dziedziela

1984). No gases were measured. Some of the samples were outgassed for four

days before irradiation. In all cases, yields of functional groups increased

linearly with absorbed -dose, indicating constant G values. For each

functional group, the samples irradiated in a vacuum display two straight-line

portions, with the low-dose part of the graph coincident with the straight

line found for irradiation' in oxygen. The authors attribute this effect to

traces of oxygen from air still left in the samples, in spite of outgassing,

and conclude that formation of functional groups occurs according to the same

mechanism as in air up to the exhaustion of oxygen absorbed on the surface of

the cellulose. For each functional group, the slope of the second line is

• much lower, indicating a lower G value in the absence of oxygen. The ratio of
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the G value in air to the G value in a vacuum for each of the functional

groups-was equal to 3:1.

Cotton cellulose was irradiated under oxygen or nitrogen atmosphere with Co-60

in the dose range 0-130 kGy (0-13 Mrad) (Bludovsky 1984). The yields of the

nongas radiolytic products were measured. The samples were analyzed

immediately after irradiation to eliminate any effects of reactions occurring

after the irradiation. No differences were observed in the qualitative

composition of the products between those produced in nitrogen versus those

produced in oxygen atmosphere. In all cases the presence of oxygen increased

the yields of radiolytic products. The ratios of the yields varied from

nearly 1 up to 1.7. The ratio of the chain scission G value in oxygen to the

chain scission G value in nitrogen was 1.3.

Arthur (1970) reports the G values for gamma irradiation of cotton cellulose I

at absorbed doses of 14E23-42E23 eV/g (22-67 Mrad) in vacuum, oxygen, air, and

nitrogen atmospheres. The three measurements in a nitrogen atmosphere at

different doses show a total absorbed dose effect, with the G(gas) value

reduced from 4.5 at 22E20 eV/g (35 Mrad) to 4.0 at 38E20 eV/g (61 Mrad). All

of the difference in G values comes from changes in the G(CO) value with

absorbed dose. [The ratio of the G values for carbon-containing gases

generated in air or oxygen to the values for gases generated in nitrogen at

low dose is about 1.4, which agrees with the data of Bludovsky (1984).

However, significant differences were seen in the gas composition.]

In one experiment (Dalton 1963), samples of purified American cotton weighing

0.1-2 g were outgassed at 60°C, and electron irradiation was conducted in a

vacuum at ambient temperature. The evolved gas consisted almost entirely of

hydrogen. A G value near 2 was obtained at (relatively) high doses (75-400

Mrads), while the G value near 6 was obtained at 0.1 Mrad. A G value of about

3 was obtained at 5 Mrads. As discussed in Section 2.3.1.5, the dose

experienced by plastics or paper irradiated by Pu-238 or Pu-239 alpha

particles is at least 22-23 Mrad. Therefore, the G value of 6 measured for

0.1 Mrad absorbed dose is not applicable to CH-TRU wastes.
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Purified American cotton samples were also irradiated in a vacuum without

outgassing, and a gas mixture of 82% H2, 5% CO, and 13% C02 was obtained. A

value for G(gas) was not reported for that experiment (Dalton 1963). The

difference in the gas composition was attributed to oxidation processes

involving residual oxygen dissolved in the material.

Kazanjian (1976) measured gas consumption and generation from Pu-238 alpha

irradiation of both wet and dry Kimwipes (paper tissues) . The Kimwipes were

cut up, and the plutonium oxide powder was added to the material in in-

crements arid the mixture shaken or stirred in a container. The wet Kimwipes

contained 11.9 g of water to 4.8 g of paper tissues. The initial atmosphere

was air.

G values were calculated using Kazanjian's data for both dry and wet Kimwipes.

In both cases, the G values decreased as the dose increased. G(gas) decreased

from about 1.1 initially to about 0.5 at 6.0E23 eV for dry Kimwipes, and from

about 0.6 initially to about 0.3 at 4.5E23 eV absorbed dose for wet Kimwipes.

All of the G values are significantly lower for wet Kimwipes compared to the

values for dry Kimwipes. This is attributed to some of the alpha decay energy

being absorbed by water rather than by the cellulose.

The composition of the evolved gas from wet Kimwipes was richer in hydrogen

than for dry Kimwipes (73% vs. 55%) with smaller concentrations of

hydrocarbons. The graphs of moles of evolved gas versus time remained

approximately linear until oxygen was depleted, then began to decrease in

slope. This could be caused by an absorbed dose effect or lower G values in

the absence of oxygen.

Zerwekh (1979) performed alpha radiolysis experiments on two different

mixtures of cellulosic materials, one dry mixture and one wet mixture. The

dry mixture consisted of paper wipes, paper tissues, embossed paper towel with

polyethylene backing, cheesecloth, and cotton laboratory smock material. The
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final composition of the evolved gas from the dry mixture contained about 60%

H2, 25% C02, plus a small amount of CH* [estimated from Fig. 10 of Zerwekh

(1979)]. The initial composition of the evolved gas contained higher

concentrations of C02, up to a maximum of about 50%. The wet mixture

consisted of damp cheesecloth contaminated with Pu-238 as chloride solution.

The final composition of the evolved gas contained about 55% H2 and 35% C02

[estimated from Fig. 13 of Zerwefch (1979)]. The initial composition of the

• evolved gas•contained about 85% H2 and 5% C02. The high initial concentration

of H2 may indicate that radiolysis of the water dominated early in the

experiment, but radiolysis of the cheesecloth dominated near the end of the

experiment (1,000 days). G(gas) values for dry cellulosic materials fell to

about half of their initial values after about 750 days (1.2E25 eV absorbed

energy).

In one of Zerwekh's experiments, gas generation from two identical cylinders

was compared, where one cylinder was sampled and the pressure relieved at 15

psig, and the other one sampled and the pressure relieved only when the

pressure reached 100 psig. From a plot in Zerwekh (1979), the rate of gas

pressure buildup in the low-pressure cylinder was about twice the rate of gas

pressure buildup in the high-pressure cylinder. The evolved gases had the

same composition, but water was also found in the high-pressure cylinder.

E&bler (1976) conducted alpha radiolysis experiments using Cm-244 solution

(5-M nitric acid), which was absorbed by paper tissue that was dried and

folded to surround the Cm-244 deposit. The evolved gas collected at constant

pressure consisted of 49% H2, 36% C02, and 15% CO. The value of G(gas)

decreased to G(gas)-0.6 at 2.5E23 eV absorbed dose. A value of G(gas)-1.9 was

measured during the first five hours of one experiment, with the first

measurement taken at about 4E19 eV absorbed dose. Three different

concentrations of Cm-244, up to a factor of 4 different, were used in the

experiments, and all observations appeared to fit the same curve of G(gas)

versus absorbed dose.
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Kosiewicz (1981, corrected) measured G(gas) values of about 1.9 at very low

absorbed dose and about 1.5 from paper at a total absorbed dose of about 5E23

eV. The G(gas) value decreased to half its initial value after an absorbed

dose of about 2.5E24 eV. The radiolytic gas composition was about 61% H2, 26%

C02, and 13% CO and nearly independent of total absorbed dose. Oxygen was

initially present, but was rapidly depleted. Water vapor was not measured.

Typically, 50 g of the material was cut into 1.5- to 3.0-cm squares onto which

the- finely divided plutonium dioxide (either Pu-239 or Pu-238) was

distributed. A second piece of the test material was placed over the first to

sandwich the plutonium particles. The sample vessel was a stainless steel

cylinder instrumented with a pressure gauge or transducer. The gases in the

cylinders were sampled and the pressures relieved when they had increased to

100 kPa over the ambient pressure.

One set of experiments on paper was conducted in an argon atmosphere to

measure the initial G(gas) value (at low dose) (Kosiewicz 1981, corrected).

Data points started at absorbed dose as low as about 0.5E23 eV, for 0.016 Ci

of Pu-238 per g of waste. A G(gas) value of 1.4 was estimated. A similar

experiment with air as the initial atmosphere reached a maximum G(gas)—1.4 at

about 4E23 eV. The first measured value of G(gas) was about 30% lower than

the maximum value, probably because oxygen depletion was occurring.

Zerwekh (1979) measured the rate of gas evolution from mixed cellulosic

materials at -13°C, 20°C, and 55°C to be 2.59 kPa/day, 3.45 kPa/day, and 4.93

kPa/day, respectively. The composition of the evolved gas was generally

independent of temperature (although the experiment at 55°C also generated a

gaseous component of about molecular weight 60) . After corrections for

thermal expansion of the gas, the activation energy calculated from these data

by this author ranges from 0.8 kcal/mole (-13°C, 20°C) to 1.3 kcal/g-mole

(20°C, 55°C).

Kosiewicz (1981) also performed experiments to measure the temperature

dependence of radiolysis of cellulosic materials, represented by paper. High

dose rates (640E5 nCi/g) were used so that radiolysis would produce the
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majority of the gas, and other potential modes of gas generation, such as

thermal degradation, could be neglected. The rate of gas evolution was

measured for experiments conducted at both • 20 and 70°C. The higher

temperature experiment initially had a rate of gas evolution that was 70%

greater than for the lower temperature experiment. The difference in the rate

of gas evolution was observed to decrease with increasing dose. At 180E23 eV

absorbed dose, the difference had decreased to about 30%. (The • activation

energy for a 70% or 30% increase would be 2.1 kcal/g-mole or 1.0 kcal/g-mole,

respectively.) The composition of the evolved gases was not significantly

different for the two experiments.

Table 4.3-1 presents a summary of G values for several cellulosic materials

when oxygen is absent or has been depleted. Table 4.3-2 presents the results

of irradiation experiments conducted when oxygen is present.

4.3.2 Urea-Formaldehyde

Urea-formaldehyde has been examined as a possible solidification medium for

power reactor wastes (Colombo 1977). Gamma radiolysis experiments in vacuum

were conducted on a urea-formaldehyde formulation using Borden Gasco-Resin 2

that was catalyzed with a 25 wt% solution of sodium bisulfate in water.

Measured values of G(gas) and G(H2) were strongly dose-dependent: at 0.1

Mrad, G(gas)-21 and G(H2)-4.8; at 1 Mrad, G(gas)-8.6 and G(H2)-6.5; at 10

Mrad, G(gas)-2.8 and G(H2)-2.4, and at 100 Mrad, G(gas)-2.0 and G(H2)-1.3.

4.3.3 Polvoxymethvlene

Krasnansky (1961) measured gas evolution from plastic films exposed to gamma

radiation to determine their order of radiation stability. Polyacetyl

(polyoxymethane) had a value of G(gas)>8.1 for an absorbed dose of 6 Mrad.

For that polymer, the gas consisted of 69% C02, 8% H2, 2% methanol, 15%

methane, and 6% dimethyl ether. (The minimum G value for all flammable gases

would be about 5.6.)

3.6.8-77



To. _e 4.3-1. G values for cellulosic materials (oxygwi absent or depleted).

Material/
Radiation Type G(Products) . Comments Ref. a

'. '. &
Sulfite cellulose • " ' o
gamma - G(gas)=10.2; G(H2)-3.2 (31% H2> 59% C02, vacuum, air, or oxygen; room temp; (1) ^

9% CO, 1% CHA) 10-30 Mrad 2
Cotton cellulose I • jjj
gamma G(gas)-3.7;- G(H2)-1.3 (35% H2, 22% CO, vacuum; room temp; 33E20 eV/g . (2) o

43% C02) (53 Mrad) ^
gamma G(gas)-4.5; G(H2)-1.0 (22% H2, 56% CO, nitrogen; room temp; 22E20 eV/g (2) H

22% C02) (35 Mrad) £
gamma G(gas)-4.1; G(H2)-1.0 (24% H2, 51% CO, nitrogen; room temp; 32E20 eV/g (2) £»

24% C02) (51 Mrad)
gamma G(gas)-4.0; G(H2)-1.0 (25% H2, 50% CO, nitrogen; room temp; 38E20 eV/g (2)

25% C02) (61 Mrad)
American cotton
electrons G(gas)<6; G(H2)<6 vacuum + outgassing; room temp; 0.1 Mrad • (3)
electrons G(gas)~3; G(H2)~3 vacuum + outgassing; room temp; 5 Mrad (3)
electrons G(gas)~2.5; G(H2)~2.5 (98% H2, 1% CO, 0.4% C02) vacuum + outgassing; room temp; 25 Mrad (3)
electrons G(gas)-2.0 vacuum + outgassing; room temp; 75-100 Mrad (3)
electrons G(gas) not reported (82% H2, 5% CO, 13% C02) vacuum w/o outgassing; room temp; 48 Mrad (3)

00 Mixed cellulosics (dry)
alpha (Pu-238) G(gas)~0.5; G(H2)-0.3 (60% H2, 25% CO2, oxygen depleted from initial air atmosphere; (4)

15% misc)° room temp; after 1,000 days of exposure
Cheesecloth (wet)
alpha (Pu-238) G(gas)-1.3; G(H2)~0.7 (55% H2, 35% C02, oxygen depleted from initial air atmosphere; (4)

10% misc)a room temp; after 1,000 days of exposure
Paper
alpha (Pu-238, G(gas)<1.5; G(H2)<;0.9 (61% H2, 26% C02, oxygen depleted from initial air atmosphere; (5)

(Pu-239) 13% CO) room temp; £3 E23eV for 50 g material; f?
corrected data .**

Paper o
alpha (Pu-239, G(gas)-1.44 argon; room temp; corrected data (5)

Pu-238)' ' J?

References: (1) Ershov 1986; (2) Arthur 1970; (3) Dalton 1963; (4) Zerwekh 1979; (5) Kosiewicz 1981, corrected. g

Note: aEstimated from author's data. *-*
vo
oo
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Table 4.3-2. G values for cellulosic materials (oxygen present).

Material/
Radiation Type G(Product) Comments Ref.

Cotton cellulose I

gamma

Mixed cellulosics

alpha (Pu-238)

Cheesecloth (wet)

alpha (Pu-238)

Kimwipes (dry)

alpha
. (Pu-238)

Kimwipes (wet)

alpha

(Pu-238)

Paper tissue

alpha
(Cm-244)

G(gas)-6.2;G(H2)-1.2
(19% H2,27% CO,
55% C02)

G(gas)-5.5;G(H2)-0.7
(13% H2,60% CO,
27% C02)

oxygen;42E20 eV/g (1)
(67 Mrad);room
temp

air;14E20 eV/g
(22 Mrad);room
temp

(1)

G(gas)-1.6;G(H2)-0.6 air;room temp; (2)
(40% H2,40% C02; first measurement
20% misc)b that was taken

G(gas)-1.6;G(H2)-1.4 air;room temp; (2)
(85% H2,5% C02; first measurement
10% misc)b that was taken

G(gas)-l.l;G(H2)-0.6 air;room temp (3)
(55% H2,9% CO,
32% CO2,3% HC)

a

G(gas)-0.6;G(H2)-0.4 (3)
(73% H2,5% CO, 22% C02)

a

G(gas)<1.9;G(H2)<0.9 air;room temp (4)
(49% H2,36% C02,15% CO)

References: (1) Arthur 1970; (2) Zerwekh 1979; (3) Kazanjian 1976;
(4) Bibler 1976.

Note: "Calculated from author's data.
bEstimated from author's data.
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Dole (1973d) reported analysis (by gas chromatography) of the gas evolved from

electron irradiation of polyoxymethylene at 30°C and 0.1 torr pressure. In

addition to hydrogen [G(H2)-1.7], formaldehyde [G(HCH0)-4], methane

[G(CH4)-0.1], carbon monoxide [G(CO)—0.1] and various oxygen-containing gases

were detected. Gases excluded were oxygen, carbon dioxide, C2 hydrocarbons,

methanol, dimethyl ether, and butyl alcohol.

Sobashima (1959) measured G values for gas generation from polyoxymethylene

(Delrin 500X from DuPont) exposed to gamma irradiation in vacuum at room

temperature. The G(gas) value measured was 14.1 at low doses. The gas

composition was the following: 15% H2, 67% C02> 1% CO, 10% CH4, 1% methyl

formate, 2% methyl ether, and 3% other. The maximum G value for flammable

gases or vapors would be 4.4. The G(gas) values measured at different

irradiation temperatures were G(gas)-6.1 at -196CC, G(gas)-9.4 at 20°C, and

G(gas)-22.7 at 50°C (Nitta 1961a).

4.3.4 Polypropylene Oxide

Polypropylene oxide is more susceptible to degradation under irradiation than

polypropylene, and yields less hydrogen (Geymer 1973). For irradiation in

vacuum, measured G values for H2, CH4, and CO were 1.0, 0.1, and 0.3 for

atactic polypropylene oxide, and 1.1, 0.1, and 0.4 for isotactic polypropylene

oxide, respectively. G values for other oxygen-containing gases were not

discussed. Measured G(OH) values were 1.8 for atactic polypropylene oxide and

1.7 for isotactic polypropylene oxide, compared to a value of 4.5 for

polyoxymethylene.

4.3.5 Polyvinyl Formal

Polyvinyl formal was one of the many commercial plastics irradiated by Bopp

and Sisman using the Oak Ridge National Laboratory (ORNL) Graphite Reactor

(see section 4.8.4 for more details). The value of G(gas) measured for

polyvinyl* formal was 1.4 times the value of G(gas) measured for polyethylene.
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4.4 Radiolvsis of Hydrocarbon Polymers Containing Unsaturated C-C Bonds

Polybutadiene and polyisoprene (Latex) contain unsaturated C-C bonds.

The G values for polybutadiene (and copolymers) and polyisoprene (Latex) are

given in Table 4.4-1.

'4.5 Radioly'sis of Polymers Containing Ester Functional Groups

Polymers containing ester functional groups include polymethyl methacrylate

(PMMA) and polyvinyl acetate. The maximum measured value of G(flam gas) for

these two polymers is 2.0.

Table 4.4-1. G values for polybutadiene (and copolymers) and polyisoprene.

Material/Radiation Type

Polybutadiene
and copolvmers

gamma, electrons,
and reactor

Latex eloves

alpha
(Pu-238)

Isoprene gloves

alpha
(Pu-238)

G(Products)

G(gas)<0.5;
G(H2+CH4)<0.5

G(gas)-0.4;G(H2)-0.4

G(gas)<0.9;G(H2)<0.7
a

Comments

vacuum or air;
room temp

oxygen depleted;
room temp

oxygen depleted;
room temp

Ref.

(1)

(2)

(3)

References: (1) Bohm 1973; (2) Kazanjian 1976; (3) Zerwefch 1979.

Note: "Estimated from author's data.
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4.5.1 Polvmethvl Methacrvlate (PMMA)

Polymethyl methacrylate has the repeat unit

CH3

— ( C H 2 C ) —

O-COCHg

Two common materials made of PMMA are Plexiglasa and Lucite*.

Because PMMA has a high glass-transition temperature (about 106°C), free

radicals created within the material at lower temperatures are trapped and can

persist days after irradiation. Gases generated from the free. radicals are

also trapped, and the larger molecular components can be released only by

heating the sample (near the glass transition temperature) (Dole 1973c). Even

in the absence of oxygen, chain scission dominates. The melting temperature

decreases as the absorbed dose increases, from about 140°C at zero dose to

about 110°C at 100 Mrad absorbed dose (Jellinek 1978).

G values for PMMA measured using non-alpha irradiation (probably in a vacuum)

differ among authors. The main volatile products formed are H2, C02> CO, CH4,

propane, and methyl methacrylate monomer. The individual G values vary

depending on temperature and the type of ionizing radiation; and G(gas)<2

(Chapiro 1962, Bolt 1963).

Busfield (1982) summarized measurements of volatile products from PMMA that

was gamma irradiated in vacuum at 30°C. The highest G value for volatile

products was 4.1, which included gases and highly volatile liquids including

methyl alcohol, dimethyl ether, methyl formate, dimethoxymethane, and methyl

acetate. The highest G value for all flammable gases or vapors was 2.2.

Kazanjian (1976) measured gas generated from alpha radiolysis of 12.8 grams of

shredded PlexiglasR contaminated with 1 g of Pu-239 oxide powder, initially in
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an air atmosphere. After 100 days of exposure, about half of the remaining

gas' was replaced with helium, and the experiment continued for an additional

347 days. Calculations were made of G values as functions of absorbed dose

using Kazanjian's data. G(gas) values appeared to be gradually decreasing

with time from about 2 initially to 1.0 at 450 days (5.0E23 eV absorbed dose)

with no apparent differences between the two phases of the experiment. The

value of G(H2) fell from 0.4 initially to less than 0.2 in the same time

period. The initial G value for oxygen consumption was G(-O2)~3.8. The

oxygen was considerably reduced after 19 days but was not completely

exhausted.

G values for PMMA are summarized in Table 4.5-1.

Table 4.5-1. G values for PMMA.

Radiation Type G(Products) Comments Ref.

alpha (Pu-238) very low

alpha (Pu-239) G(gas)-2.0
(23% H2, 42% CO,
23% C02, 11% CH4,
2% HC)«

gamma

various

oxygen depleted; room (1)
temp; LuciteR

oxygen depleted; (2)
room temp; PlexiglasR

G(gas)-4.1;
G(H2)-0.3; G(CO)-1.3

vacuum; 30°C;
PMMA; worst case of

G(CH4)-0.6; G(C02)-0.8; three experiments
G (vapors )-l.lc

G(gas) < 2 vacuum; room temp;
PMMA

(3)

(4), (5)

References: (1) Zerwekh 1979; (2) Kazanjian 1976; (3) Busfield 1982;
(4) Chapiro 1962; (5) Bolt 1963.

Note: Calculated from author's data; HC - hydrocarbons.
cVapors include methyl alcohol, dimethyl ether, methyl formate,
methyl acetate, and dimethoxymethane.
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4.5.2 Polwinvl Acetate

Measurements of G values for gas generation from polyvinyl acetate at 20 Mrad

absorbed dose from gamma irradiation in a vacuum are reported by Graessley

(1973). The value of G(gas) obtained was 1.4. The evolved gas consisted of

64% H2, 34% CH*. and 2% C02 + CO. Small amounts of acetic acid also were

evolved but were not detected in the mass spectrometer analysis.

4.6 Radiolvsis of Polymers with Aromatic Characteristics

Polymers having aromatic characteristics include polystyrene, polysulfone,

polycarbonate, polyethylene terephthalate and polyesters, and others. The

G(gas) values reported for these polymers are characteristically low [G(gas)

is usually less than 0.8]. Other polymers in this group, for which scant

radiolysis data are available, include polyurethane, analine-formaldehyde,

styrene-butadiene rubber, phenol-formaldehyde, phenolic resin, epoxy resin,

and polyimides.

4.6.1 Polystyrene

The repeat unit for polystyrene is:

—(CH 2CH)—

Aromatic Ring

One common material composed of polystyrene is Styrofoam11. Polystyrene

contains aromatic rings and exhibits the low G values and relatively strong

LET effects characteristic of aromatic compounds [G(H2) is 0.2 or less]

(Parkinson 1973). Production of very small amounts of methane and benzene by

radiolysis has also been observed. Bersch (1959) measured G(H2)-0.1 and

G(gas)-0.3 for gamma radiolysis of polystyrene in air and G(gas)<0.1 in a

vacuum. Busfield (1982) reported an even lower value of G(H2)-0.03.

The values of G(scission) increased for polystyrene from about 10 in oxygen to

about 45 in oxygen mixed with carbon tetrachloride (Jellinek 1983).
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4.6.2 Polvsulfone

G values for polysulfone have been reported for gamma and electron irradiation

of several different materials (Giori 1984). The value of G(gas) ranged from

0.01 to 0.1. Hydrogen, methane, carbon monoxide, and carbon dioxide composed

most of the gas generated.

4.6.3 Polycarbonate

Krasnansky (1961) measured gas evolution from commercial polycarbonate powder

exposed to gamma radiation in vacuum. The value of G(gas) calculated from his

data was less than 0.8. Most of the gas was carbon dioxide or carbon

monoxide. The value of G(H2) was less than- 0.012.

Samples of polycarbonates were irradiated in vacuum at room temperature using

a Co-60 source (Amamiya 1959). The measured value of G(gas) was 0.9, 97% of

which was carbon monoxide or carbon dioxide.

4.6.4 Polyethylene Terephthalate and Other Polyesters

Commercial polyesters include Dacron? and MylarR. Polyethylene terephthalate

(PET) is the polymer on which these materials are based. Oxygen atoms appear

in the backbone of the molecule as well as in side branches. One or more

aromatic rings occur in the backbone or side branches; consequently, low

G values are expected. Table 4.6-1 lists G values for several polyesters.

The hydrogen chloride observed by Krasnansky (1961) that was evolved from

polyester III was believed to have resulted from the breakdown of the coating

on that material.

4.6.5 Other Polymers Containing Aromatic Rings

Polyphenyl methacrylate produced G values for gamma irradiation in vacuum that

•-were determined to vary from 1.3 for a high molecular weight polymer to 0.7

for a low molecular weight polymer (Raghunath 1982). The majority of the
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Table 4.6-1. G values for polyesters.

Material/Radiation Type G(Products) Comments Ref.

PET

gamma, electrons

gamma

gamma

Polyester I

Polyester II

Polyester III

G(gas)-0.1-0.3; .
G(H2)-0.01-0.02
(CO+CO2-83-90%)

G(gas)-0.3;G(H2)<0.1

G(gas)<0.1

G(gas)<0.2;G(H2)<0.1
(34% H2,56% C02>

6% HC,4% other«)b

G(gas)<0.8;G(H2)<0.1
(18% H2,82% C02)

b

G(gas)<0.2;G(H2)-0.3
(60% H2,24% C02,
16% CH4+HC1)

(1)

air; room temp; (2)
5.6 Mrad

vacuum; room temp; (2)
5.6 Mrad

vacuum; room temp; (3)
6 Mrad

vacuum; room temp; (3)
6 Mrad

vacuum; room temp; (3)
6 Mrad

References: (1) Turner 1973; (2) Bersch 1959; (3) Krasnansky 1961.

Notes: "Other - methyl chloride.
bCalculated from author's data.
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gas in each case was CO. The value of G(H2) was less than 0.1. Scission of

the ester group appeared to be the most important degradation process.

4.7 Radiolvsis of Polymers Containing Halogens

Polymers containing halogen atoms include polymers that also contain hydrogen

(e.g., polyvinyl chloride, polychloroprene, chlorosulfonated polyethylene, and

p'olyvinylidehe chloride) and polymers that contain no hydrogen (i.e.,

polytetrafluroethylene and polychlorotrifluoroethylene).

For the polymers containing both halogen and hydrogen atoms, the G values for

production-of possible gas species, such as HC1, H2, etc., are strongly

dependent on the plasticizers and stabilizers added to the base polymers.

Where G values for commercial materials have been measured, these are used for

the maximum G values applicable to CH-TRU wastes, rather than G values for the

pure polymers. Maximum values are G(H2)-0.7-0.8 and G(gas)-3.2.

4.7.1 Polwinvl Chloride (PVC1

The repeating unit for polyvinyl chloride (PVC) is

—(CH 2CH)—

Cl

PVC is found in many of the CH-TRU wastes as a packaging material, such as the

10-mil PVC box liner or 10-mil PVC 0-ring bag. Various forms of PVC also

appear in combustible wastes. PVC and its copolymers are used in electrical

components, in TygonR tubing, and in PyloxR gloves.

The conventional technique for commercial PVC heat stabilization is the

addition of a stabilizer or a combination of stabilizers to the polymer. Most

PVC heat stabilizers are organometallic salts containing calcium, zinc,

barium, cadmium, or lead. Most traditional stabilizers function as hydrogen

chloride acceptors, which reduce the catalytic effect of evolved HC1 gas

(Kelen 1983).
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Brittle polymers such as PVC are usually plasticized to produce flexible films

and containers. Tricresyl phosphate, the original plasticizer for commercial

PVC, has been replaced by phthalic acid esters, such as dioctyl phthalate

(DOP). Plasticizers may be external plasticizers, such as the phthalates, or

internal plasticizers that form copolymers with vinyl chloride, such as vinyl

acetate, ethylene, or methyl aerylate. Citric acid esters, epoxidized oils,

and dioctyl adipate are substituted for DOP for food packaging materials. Low

molecular weight polyesters are also used as nonvolatile plasticizers (Wiley

1986).

A typical Ca/Zn-stabilized PVC compound for food packaging films consists of

100 parts PVC, 30-70 parts plasticizer, 2-3 parts Ca/Zn stabilizer, 1-2 parts

epoxidized soybean oil, and 0.1-0.2 part stearic acid. Electrical insulation

and jacketing for wires and cables are generally made from PVC formulations

that are stabilized by lead (Kelen 1983).

The strong effect of the plasticizers and stabilizers on the radiolysis of PVC

is demonstrated by the differences in the composition of the radiolysis gas,

which varies from 85% H2, to 83% HC1, to 70% C02 depending on the specific

formulation and whether oxygen is present.

4.7.1.1 Radiolvsis of PVC in the Absence of Oxygen

Values of G(HC1) up to 13 at room temperature, increasing to 23 at 70°C, have

been reported for electron irradiation in a vacuum of unstabilized Geon 101

PVC powder (Miller 1959) . The evolved gas was collected in a stainless-steel

irradiation cell. The PVC powder was outgassed for several hours while the

temperature was raised, then the sample was irradiated to doses of 5-20 Mrad.

Following irradiation, the cell was allowed to stand for one hour at room

temperature, allowing diffusion of the HC1 out of the PVC particles to a

constant pressure reading. Cooling of the evolved gas into a liquid nitrogen

trap showed that at least 95% was condensable and that little or no hydrogen

(noncondensable) was formed. The author assumed all of the condensable

product was HC1, which is a reasonable assumption for pure PVC that had been
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thoroughly outgassed before irradiation. For irradiation at 70°C, the

irradiation cell was immediately quenched in liquid nitrogen to cool the

sample to room temperature in less than 5 minutes, to avoid collecting gas

resulting. from purely thermal degradation. G values were also measured at low

•temperatures, down to -145°C. Very little change in the G value occurred

between 0 and -145°C. The minimum value of G(HC1) measured was 5.6.

Lawton (1961) performed similar experiments involving electron irradiation of

Geon 101 PVC powder and measured values of G(H2)-0.4 and G(HCl)-0.5 for

irradiation at -196°C. He reported a chain dehydrochlorination process that

occurred at temperatures as low as -70°C and concluded that Miller's value of

G(HCl)-5.6 at -196°C was not the true radiation yield.

The gas yield from irradiation of samples of commercial PVC depends strongly

on the materials added to the PVC resin, and even on the solvent used to

dissolve the resin. Szymanski (1976) reports a value of G(HCl)-8-9 for films

prepared by dissolving PVC resin in tetrahydrofuran (THF), and a value of

G(HCl)-4-5 for films prepared using cyclohexanone as the solvent. The HC1

yield was measured by determining the chloride concentration. Films

containing various concentrations of three different stabilizers were prepared

using THF, and irradiated with Co-60 gamma radiation at room temperature to a

dose of about 3 Mrad. (It is unclear whether oxygen was present during the

irradiation.) Addition of 2-3% p-terphenyl or Tinuvin P decreased the value

of G(HC1) to 5. Addition of 1% Epidian 5 (an epoxy resin) decreased the value

of G(HC1) to about 0.3.

Additional experiments were performed using FVC films formulated with 18% DOP

(plasticizer) and 1-5% metallic soaps as stabilizers. Values of G(HC1) ranged

from 1.7 to nearly 0, with most in the range of 0.3-0.7 (Szymanski 1976). For

three of the films, no HC1 was detected. The average value of G(HC1) for 19

formulations of plasticized, stabilized PVC was G(HCl)avg-0.54. A value of

G(HC1) for 18% DOP plasticizer but no stabilizer was G(HCL)-3.1.

Gamma radiolysis of pure PVC powder and plasticized PVC film was studied with

and without oxygen present to determine the effects of additives and oxygen on
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the gases generated (Hegazy 1981b). (His experiments conducted with oxygen

present are discussed in Section 4.7.1.2). Oxygen consumption and gas

evolution were measured by gas chromatography and mass spectrometry. The PVC

film contained PVC, DOP, epoxy oil, and Ca-Zn stearate compounds in the ratio

•of 100/50/5/2. The dose rate was 1 Mrad/hr, and the experiments were

conducted at room temperature. In the absence of oxygen, the amount of

hydrogen produced as a function of absorbed dose remained linear (constant

G value) up to about 80 Mrad absorbed dose. C02 and CH4 production began to

.decrease at about 30 Mrad absorbed dose.

For pure PVC powder irradiated to 10 Mrad absorbed dose in a vacuum, G values

obtained were G(gas)-8.4, G(H2)-0.2, and G(HCl)-8.2. At 60 Mrad absorbed

dose, the values were G(gas)-5.2, G(H2)-0.2, and G(HCl)-4.9. The

plasticized/stabilized PVC film displayed much lower G values than the pure

PVC powder and produced different ratios of gases depending on the absorbed

dose. For PVC film irradiated in a vacuum to 10 Mrad absorbed dose, the

following G values were obtained: G(gas)-0.3, G(H2)-0.1, and G(HC1)-O.O3. At

21 Mrad absorbed dose, the values were G(gas)-0.3, G(H2)-0.2, and G(HC1)-O.O3;

while at 60 Mrad absorbed dose, the values were G(gas)-1.7, G(H2)-0.2, and

G(HC1)-1.4. The increases in G(gas) and G(HC1) with absorbed dose were

attributed to degradation of the stabilizers and DOP above 20 Mrad absorbed

dose (Hegazy 1981b), probably through reaction with radiolysis products.

»

Rigid PVC films containing stabilizers and anti-oxidants in the range of

0.2-0.5 wt% were gamma-irradiated in a vacuum and at various oxygen pressures

(Zahran 1985). For a rigid PVC film in a vacuum irradiated to 10 Mrad

absorbed dose, G values obtained were G(gas)-2.9, G(H2)-0.2, and G(HCl)-2.7;

while in a vacuum at 20 Mrad absorbed dose, the values were G(gas)-2.6,

G(H2)-0.2, and G(HCl)-2.4 (Zahran 1985). Oxygen consumption and gas evolution

were analyzed using gas chromatography.

Arakawa (1986) measured gas evolution and oxygen consumption of PVC gamma-

irradiated at room temperature in a vacuum and in an oxygen environment using

gas chromatography to determine the gas composition. Three samples

containing various plasticizers and stabilizers were tested. One sample

(model formulated PVC) contained PVC, DOP, tribasic lead sulfate, stearic
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acid, and clay #33 in the proportions 100/50/5/1/10. The other two samples

were' of unknown composition but were considered to be representative of

insulating materials used for electric cables. All three samples had G(gas)

values of 1.4 or less at 20 Mrad absorbed dose. The gas generated from each

of the- two unknown samples contained 50% or more C02. C02 generation has also

been noted in the thermal degradation of PVC stabilized using basic lead

carbonates (Michell 1986).

From these experiments it appears that the plasticizers added to flexible FVC

films, in addition to the stabilizers, have a major effect in reducing the

G(HC1) value.

Modified PVC containing 6.5-15.7 mole % N,N-dimethyl dithiocarbamate or

8.3-17.5 mole % N,N-diethyl dithiocarbamate was irradiated with gamma rays

from Co-60 at room temperature under vacuum (Nakagawa 1976). The evolved

gases were measured and analyzed with a mass spectrometer. 6 values were much

lower [G(gas)-0.1-0.3] than those measured for pure PVC, and little (if any)

HC1 was detected. Major peaks in the mass spectra of the gaseous products

were measured at mass 28 (C02) , mass 32, and mass 60. No peaks were reported

at mass 2 (H2) or mass 16 (CH4).

Kazanjian (1969) measured radiolysis products from nine samples of PVC bag

material used at Rocky Plats Plant irradiated using a Co-60 gamma source. The

measured hydrogen G value was G(H2)-0.11. The tubes containing the irradiated

PVC were opened under water, shaken, and titrated with 0.04-N NaOH to

determine the yield of water soluble acid. The acid yield, most of which was

HC1, gave G(HCl)-0.21.

Kazanjian (1976) measured radiolytic gas generation from PVC 0-ring bags

attached to glove box ports at the Rocky Flats Plant. The bags were cut into

pieces and contaminated with PuO2 powder. Two samples were prepared, one

contaminated with 1 g of Pu-239 oxide, the other contaminated with 13.5 mg of

' Pu-238 oxide. The initial atmosphere was air in each experiment. In both

cases, the primary gas produced was hydrogen. Measurements were continued in
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the Pu-239 experiment after the vessel was partially evacuated to estimate the

void volume. No HC1 was detected using a mass spectrometer (possibly due to

reactions with the stainless steel test vessel or the inlet of the

instrument).

G values for hydrogen were calculated fromKazanjian's data for both the

Pu-239 and Pu-238 experiments. Taken as a whole, the data are consistent with

a. value of G(H2) of about 0.6. At doses above 3E23 eV (about 100 days of

exposure), the Pu-238 G(H2) value appears to be decreasing slightly.

Kosiewicz (1979, 1981) measured gas generated by alpha radiolysis of PVC

PyloxR gloves. The contaminant, in the form of finely divided powders of PuO2

(either Pu-239 or Pu-238), was distributed onto squares of the material 2.5-3

cm on a side. A second piece of the test material was placed over the first

to sandwich the plutonium. Gases in the cylinders were sampled and the

pressures relieved when the pressure had increased to 100 kPa over the ambient

pressure of about 77 kPa. The gas composition observed was 85% hydrogen with

small amounts of methane, carbon dioxide, and carbon monoxide. No HC1 was

detected, but it may have been absorbed by the steel cylinder walls or inlet

of the measuring instrument. The (Kosiewicz 1981, corrected) values of G(gas)

were about 0.8 at 20°C for a dose rate of 5E22 eV/day and about 6.3 at 70°C

for a dose rate of 3E20 eV/day. The G(gas) value appeared to be increasing

with time (Kosiewicz 1979), perhaps indicating depletion of stabilizers or

plasticizers was occurring.

Zerwekh (1979) performed similar experiments using PVC and vinyl Bakelite

0.3-mm thick bag materials used to package wastes removed from glove boxes.

The materials were cut into pieces approximately 5 x 5 cm and contaminated

with Pu-238 dissolved in 2-M HNO3. The solution was placed on the materials

with a medicine dropper in as uniform a pattern as possible. The solution was

allowed to evaporate, and then the test materials were loaded into all-glass

systems used to reduce absorption of any HC1 generated. Orsat-type gas burets

' were used to collect the gases produced. The maximum radionuclide

contamination levei was 62 mg of heat-source grade Pu on 52.5 g of waste
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(specific activity of about 14 Ci/g). Vinyl Bakelite produced 100 cm3 of gas

in 69 days.' The gas contained 4% H2, 2% CO, 0.9% C02, and 0.2% CH4. No Cl or

HC1 was detected in the gas using a mass spectrometer, but wet chemical

analysis found 0.06% Cl. The PVC bagout material produced only 10 cm3 of gas

in 335 days, containing 0.6% H2, 0.1% CO, 1.0% C02, and 0.1% CH4. The balance

of each sample was oxygen-depleted air. [The final 02 concentrations were not

reported, so the G(H2) and G(gas) values cannot be calculated from Zerwekh's

'data.]

G values for pure PVC irradiated in a vacuum are listed in Table 4.7-1. HC1

is the primary gas produced. Table 4.7-2 lists G values for plasticized or

stabilized PVC irradiated in a vacuum or after oxygen depletion.

Table 4.7-1. G values for pure PVC (in vacuum).

Radiation Type G(Products) Comments Ref.

electrons G(gas)-G(HC1)-13 30°C (1)

electrons G(gas)-G(HCl)-23 70°C (1)

gamma G(HCl)-4-9 room temp; 3 Mrad; (2)
only HC1 detectable by
measurement technique

gamma G(gas)-8.4; G(H2)-0.2; room temp; 10 Mrad (3)
G(HCl)-8.2

gamma • G(gas)-8.8; G(H2)-0.3; room temp; 20 Mrad (4)
G(HC1)-8.O

References: (1) Miller 1959; (2) Szymanski 1976; (3) Hegazy 1981b;
(4) Arakawa 1986.

In most instances, G(H2) < 0.3 at room temperature. The highest value of

G(H2) observed is 0.7 for alpha irradiation. A bounding value at room

temperature, therefore, appears to be G(H2)mBX - 0.7.
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Table 4.7-2. G values for piasticized and/or stabilized PVC (oxygen absent or depleted).

i »
I vo

Material/
Radiation Type G(Products) Comments

Films w/stabilizers
gamma 6(HCl)«0.3-5

gamma G(gas)-2.9; G(H2)«0.2; G(IICl)-2.7

Films w/stabilizers
and piasticizers
gamma G(HC1)-O-1.7 (most 0.3-0.7) ;G(HCl)avg-0.54

gamma G(gas)-0.3t G(H2)«0.1; 6(HCl)-0.03«i
G(C0)-0.1; G(C02)«0.1

gamma G(gas)-1.4; G(H2)-0.1; G(HC1)-1.2 (8X H2,
83X HC1, 5% CO, 3% C02, 1.2X HC)b

6(gas)-0.7; G(H2)-0.2{ G(HC1)-O.l (26X H2,
14X HC1, 8% CO, SOX C02, 1.4X HC)">

G(gas)-l.l; G(H2)-0.2; 6(HC1)-O.l (15X H2,
8X HC1, 9X CO, 66X C02, 2% HC)b

alpha G(gas)-0.7; G(H2)-0.6 (83X H2, 12% CO + C02,
(Pu-239, Pu-238) 5X HC)>>

alpha G(gas)-0.8; G(H2)-0.7 (85X H2, 2X CH4, 6X C02,
(Pu-238) 7X CO)c

alpha G(gas)-6.3; G(H2)-S.3 (85X H2, 2X Cll4, 6X C02,
(Pu-239) 7X CO)c

vacuum; room temp; 3 Mrad; only HC1
detectable by measurement technique

vacuum; room temp; 10 Mrad

vacuum; room temp; 3 Mrad; only MCI
detectable by measurement technique

vacuum; room temp; 10-20 Hrad

vacuum; room temp; 10 Mrad; three
different materials

oxygen depleted; room temp; O-ring bags

oxygen depleted; 20IC; Pylox gloves;
corrected data

oxygen depleted; 70IC; Pylox gloves;
corrected data

Ref.

(1)

(2)

(1)

(3)

(4)

(5)

(6)

(6)

References: (1) Szymanski 1976; (2) Zahran 1985; (3) Hegazy 1981b; (4) Arakawa 1986; (5) Kazanjian 1976;
(6) Kosiewicz 1981 (corrected).

Notes: »At an absorbed dose of 60 Mrad, G(HC1)-1.4.
bHC • hydrocarbons; calculated using author's data.
'An Increase from G(H2) - 0.7 to G(H2) - S.3 between 20IC and 70IC corresponds to an activation energy
of 8.1 kcal/molej see Section 3.4.1.1.
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4.7.1.2 Radiolvsis of FVC in the Presence of Oxygen

Zeppenfeld (1967) irradiated PVC (apparently pure PVC) with Co-60 gamma rays

in the presence of oxygen. The HC1 formed when PVC was irradiated in air was

• absorbed in water and then titrated. The HC1 yield as a function of radiation

dose was a straight line through the origin, with a G(HC1) value of 46 at

about 95°C (estimated from the author's data). Experiments conducted at

several different temperatures between about 84 and 119°C yielded an

activation energy of 5 kcal/g-mole. The corresponding value of G(HC1) at 25°C

would be 9.4.

Pure PVC powder and PVC film containing PVC, DOP, epoxy oil, and Ca-Zn

stearate compounds in the ratio of 100/50/5/2 were irradiated at various

oxygen pressures (Hegazy 1981b). The dose rate was 1 Mrad/h, and the

experiments were conducted at room temperature. At an absorbed dose of 20

Mrad with an initial oxygen pressure of 150 torr (the oxygen partial pressure

in ambient air), plasticized PVC again produced much less gas than pure PVC.

For pure PVC powder, G values measured were G(gas)-10, G(H2)-0.1, G(HC1)-8.O,

and G(-02)-11.3. For PVC film, G values measured were G(gas)«2.4, G(H2)-0.2,

G(HC1)-1.7, and G(-02)-6. Corresponding results at an oxygen pressure of 500

torr are: for pure PVC powder, G values measured were G(gas)-20.3, G(H2)-0.1,

G(HC1)-15, and G(-02)-29; for PVC film, G values measured were G(gas)-5.9,

G(H2)-0.2, G(HC1)-5.O, and G(-02)-ll (Hegazy 1981).

Rigid PVC films containing stabilizers and anti-oxidants in the range of

0.2-0.5 wt% were gamma irradiated in a vacuum and also at various oxygen

pressures (Zahran 1985). At an absorbed dose of 20 Mrad with an initial

oxygen pressure of 150 torr, G values for rigid PVC film were G(gas)-6.1,

G(H2)-0.1, G(HCl)-5.9, and G(-02)-2.9.

Gas evolution and oxygen consumption were measured for three samples of PVC

containing various plasticizers and stabilizers that were gamma-irradiated at

room temperature with oxygen present (the 02 concentration was not stated)

(Arakawa 1986). The formulations of these samples are discussed in Section
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6.6.1. Fure PVC power was also studied. G(gas) for the pure FVC powder was

much higher (21.6) than G(gas) for any of the plasticized/stabilized samples

(1.4-5.0). ' Radiolysis of the model-formulation FVC produced primarily HC1,

while the two commercial samples of unknown composition produced primarily C02

(as was the case for irradiation in vacuum). Values of G(H2), however, were

consistently between 0.2 and 0.3 for all four FVC samples studied.

Examination of the efficiency in forming a gel fraction in gamma radiolysis of

plasticized PVC samples in air led Krylova (1979) to conclude that the

plasticizers were functioning as anti-rad additives. The plasticizers,

containing esters with long hydrocarbon chains, appeared to break down more

readily than the PVC base polymer. Energy transfer from the PVC molecules to

the plasticizer molecules seemed to be occurring.

Table 4.7-3 lists G values for FVC irradiated in the presence of oxygen. The

highest value of G(H2) observed for PVC irradiated at room temperature, with

or without oxygen present, is G(H2)-0.7.

4.7.2 Polvchloroprene

Neoprene rubber is composed of polychloroprene. G values for polychloroprene

are listed in Table 4.7-4.

4.7.3 Chlorosulfonated Polyethylene

HypalonR gloves are composed of chlorosulfonated polyethylene. Lead oxide is

often incorporated into the glove material to provide gamma shielding. Table

4.7-5 provides G values for chlorosulfonated polyethylene.
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Table 4.7-3. G values for PVC (oxygen present)."

Material/
Radiation Type

G(Products) Comments Ref.

Pure PVC

Films w/stabilizers
gamma

Films w/stabilizers
and plasticizers

gamma

gamma

G(gas)-10.3; G(H2)-0.1;
G(HC1)-8.O; G(CO)-1.0;
G(CO2)-1.2; G(-O2)-11.3

G(gas)-21.6«; G(H2)-0.2
(1% H2, 85% HCl, 4% CO,
10% C02)

b

G(-02)-37.7b

G(gas)-6.1; G(H2)-0.1;
G(HCl)-5.9; G(-02)-2.9

G(gas)-2.4; G(H2)-0.2;
G(HC1)-1.7; G(CO)-0.2;
G(C02)-0.2; G(-02)-6

G(gas)-5.0";G(H2)-0.3
G(HCl)-2.6 (5% H2f 52%
HCl, 6% CO,37% CO2)

b

G(-O2)-8.1b

G(gas)-1.4-;G(H2)-0.2;
G(HCl)-0.2; (15% H2,
15% HCl, 17% CO,
51% C02l 1% HC)b

G(-02)-6.9b

G(gas)-1.9»;G(H2)-0.2;
G(HCl)-0.2; (10% H2,
10% HCl, 9% CO,
70% C02, 1% HC)

b

G(-O2)-6.6
b

G(H2)=0.11;
G(HCl)-0.21

150 torr 02; 20 (1)
Mrad; room temp

02 pressure not (2)
reported0; room
temp

150 torr 02; (3)
room temp

150 torr O2; 20 (1)
Mrad; room temp

02 pressure not (2)
reported; 10 Mrad;
room temp

G(HC1) determined (4)
from G(acid)

References: (1) Hegazy 1981b; (2) Arakawa 1986; (3) Zahran 1985;
(4) Kazanjian 1969.

Note: "See also Ref. (5) in Table 4.7-2.
bCalculated using author's data.
cProbably ambient pressure (- 760 torr).
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Table 4.7-4. G values for polychloroprene.

Material/Radiation Type G(Products) Comments Ref.

Pure -polvchloroprene

gamma

Conunercial NeopreneR

alpha
(Pu-238)

alpha
(Pu-238)

gamma

gamma

cramma

gamma

G(gas)—3.5;G(H2)—0.2 vacuum; room temp
(5% H2,93% HC1,1% C02) a

G(gas)-7.7;G(H2)-0.3
(4% H2,39% HC1,14% CO,
43% C02)«

G(gas)-0.03;G(H2)-0.03
(95% H2>3% C02,l% CO,
1% CH4)

G(gas)<0.1;G(H2)<0.1b

G(gas)«0.2;G(H2)-0.1
(35% H2,16% HC1,3% CO,
43% C02,3% S02)a

G(gas)-0.3;G(H2)-0.1
(29% H2,17% HC1,1% CO,
50% C02l3% S02)*

G(gas)-0.6;G(H2)<0.1
(6% H2,7% HC1,8% CO,
79% C02)»

G(gas)-0.7;G(H2)-0.1
(17% H2,9% HC1,9% CO,
58% C02,l% CH4>6% S02)a

(1)

oxygen; room temp (1)

oxygen depleted; (2)
room temp; cor-
rected data

oxygen depleted; (3)
room temp

vacuum; room temp; (1)
model compound

vacuum; room temp; (1)
special compound

oxygen; room temp; (1)
model compound

oxygen; room temp; (1)
special compound

References: (1) Arakawa 1986; (2) Kosiewicz 1981 (data corrected by that
author); (3) Zerwekh 1979.

Notes: "Calculated from author's data.
bEstimated from author's data.
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Table 4.7-5. G values for Hypalon*.

Material/Radiation Type G(Products) Comments Ref.

Pure Hvr>alonR

gamma

Ejamma

Commercial HvpalonR

alpha
(Pu-238)

alpha
(Pu-238)

alpha
(Pu-239)

gamma

gamma

gamma

G(gas)-5.0;G(H2)-0.6
(12% H2,42% HC1,9% C02,
37% S02)

G(gas)-7.8;G(H2)-0.5
(6% H2,62% HC1,2% CO,
20% C02,10% S02)

G(gas)-0.15;G(H2)-0.15
(96% H2,l% GH4>

2% C02,l% CO)

G(gas)<0.1;G(H2)<0.1«

G(gas)-0.4;G(H2)-0.2;
(56% H2,42% C02,
2% HC)b

G(gas)-0.3;G(H2)-0.3
(90% H2,8% C02,2% CO)

G(gas)-0.4;G(H2)-0.3
(66% H2,33% C02,l% CO)

G(gas)-0.5;G(H2)-0.3
(59% H2,31% C02,10% CO)

G(gas)-0.6;G(H2)-0.3
(52% H2,44% C02>4% CO)

vacuum; room temp (1)

oxygen; room temp (1)

oxygen depleted (2)
from initial air
atmosphere; room
temp; corrected data

oxygen depleted (3)
from initial air
atmosphere; room
temp; dry box gloves

oxygen present;
room temp;
Neoprene-Hypalon
glove box gloves

(4)

vacuum; room temp; (1)
model compound

vacuum; room temp; (1)
special compound

oxygen; room temp; (1)
model compound

oxygen; room temp; (1)
special compound

References: (1) Arakawa 1986; (2) Kosiewicz 1981 (data corrected by that
author); (3) Zerwekh 1979; (4) Kazanjian 1976.

Note: "Estimated from author's data.
bCalculated from author's data.
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4.7.4 Polvtetrafluoroethvlene (PTFE) and Polvchlorotrifluoroethvlene

Both polytetrafluoroethylene and polychlorotrifluoroethylene contain no

hydrogen in their base polymers. 'Polychlorotrifluoroethylene has the repeat

unit

-(CF2CF)-

I
Cl

Bersch (1959) measured gas evolution in air and in a vacuum from gamma

radiolysis of two brands of Kel-FR, which has polychlorotrifluoroethylene as

the base polymer. The maximum value of G(gas) calculated from Bersch's data

was 1.1 in air versus 0.1 in vacuum. Almost all of the radiolysis gas

produced in air consisted of C02.

Polytetrafluoroethylene (PTFE) has the repeat unit

TeflonR is a trade name for PTFE. TeflonR is similar in structure to

polyethylene; however, all of the hydrogen atoms are replaced by fluorine

atoms. Differences in the energy relationships between possible chemical

reactions lead to the generation of hydrogen gas from polyethylene but no

fluorine gas from Teflon11 (Dole 1973b).

TeflonR is one of the most stable polymers with respect to heat, solvents, and

most corrosive chemicals. In contrast, this polymer is extremely sensitive to

radiation and incurs marked damage to its mechanical properties after

relatively low radiation doses.

4.7.4.1 Radiolvsis of PTFE in the Absence of Oxygen

While authors disagree about the details of PTFE radiolysis in the absence of

oxygen, they agree that the total gas generation rate is relatively low. Pure

PTFE contains no hydrogen, so radiolysis of commercial TeflonR should yield
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Table 4.7-6. G values for PTFE (oxygen depleted or absent).

Radiation Type G(Products) Comments Ref.

gamma

reactor

reactor

alpha
(Pu-238)

G(gas)-0.3 for
condensable gases

(primarily CF4;
no G value . given)

G(gas)-0.02-0.05
(C02 + CO)

G(gas)-0.06
(0% Hz, 0.2% CHO •
16.8% C02, 83% CO)

vacuum; room'
•temp

(1)

(2)

(2)

oxygen depleted from (3)
initial air atmosphere;
room temp; TeflonR,
corrected data

References: (1) Dole 1973b; (2) Chapiro 1962; (3) Kosiewicz
1981 (data corrected by that author).

4.7.4.2 Radiolysis of PTFE in the Presence of Oxygen

Irradiation of PTFE in the presence of oxygen increases the rate of

degradation. Gamma irradiation of powdered PTFE resulted in a G value for

oxygen consumption of G(-02) - 5. A G value of 3.5 for condensable gases was

measured; a large percentage of the gas was carbonyl fluoride. The G value

for condensable gases (0.33) for irradiation in a vacuum was much smaller

(Dole 1973b).

G(scission) values for PTFE increased from about 7 in oxygen to about 26 in

oxygen mixed with carbon tetrachloride vapor (Jellinek 1983). The evolved gas

was CC13F.

Table 4.7-7 gives G values for PTFE in the presence of oxygen.
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little or no hydrogen-containing gases. Table 4.7-6 gives G values for PTFE

in the absence of oxygen.

• Table 4.7-7. G values for PTFE (oxygen present).

Radiation Type G(Products) Comments

gamma G(-02)-5, G(gas)-3.5 oxygen present;
for condensable gases mostly CF20

produced

Reference: Dole 1973b.

4.7.5 Other Polymers Containing Halogens

Krasnansky (1961) measured gas evolution from commercial chlorinated polyether

film exposed to gamma radiation in vacuum. The value of G(gas) calculated

from his data was less than 0.8, with hydrogen composing 86% of the gas and

butene 1.4%.

Bersch (1959) measured gas evolution in air and in a vacuum from gamma

radiolysis of rubber hydrochloride (Pliofilm*) and two brands of

polyvinylidene chloride. For these polymers, measured G values were much

smaller than those for polyethylene [G(gas)max-2.1 for polyvinylidene chloride

in vacuum] , and the evolved gas for the polymers when irradiated in air

consisted mostly of C02.

4.8 Radiolvsis of Miscellaneous Polymers

Radiolysis experiments have been conducted for a variety of additional

polymers and commercial plastics.

4.8.1. Polvamides

Polyamides include materials, such as NylonR, which contain H-N bonds as well

as H-C and C-0 bonds. NomexR, used in filters, is an aromatic polyamide (EPRI

1981). G values for polyamides are summarized in Table 4.8-1.
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Poly aery loni tr ile contains C-N bonds and should also have low G values (see

section 3.12 for a discussion of structurally-related liquids).

Table 4.8-1. G values for polyamides.

Material/Radiation Type G(Products) Comments Ref.

Polvmid MXD-6

gamma

Nvlon

gamma

Nvlon

gamma

Nvlon

66

6-6

II

gamma

Aromatic polyamide

not reported

G(gas)-0.1»;G(H2)<0.1
a vacuum; room temp; (1)

(75% H2, 25% C02) 36 Mrad

G(gas)-0.5a;G(H2)-0.4
a vacuum; room temp; (1)

(82.5% H2, 16% CO, 36 Mrad
1.5% C02)

G(gas) not reported;
G(H2)-0.4

G(gas)-1.5«;G(H2)-l.l«
(75% H2, 22.5% CO;
0.5% C02; 2%

G(gas) not reported;
G(H2)-0.01

vacuum; room temp (2)

vacuum; room temp; (1)
36 Mrad

(3)

References: (1) Krasnansky 1961; (2) Dole 1983; (3) Zimmerman 1973.

Note: "Calculated from author's data.

4.8.2 Ion-Exchanpe Resins

The vast majority of ion-exchange resins used are synthetic organic resins

(Pillay 1986). G values vary, depending on the resin and the ionic form.

Pillay (1986) reports G values for many different ion-exchange resins. The

bounding values are G(gas)<2.1, and G(H2)<1.7 for Zeocarb-215 resin (wet)
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(Mohorcic 1968). Most G(gas) and G(H2) values are much lower. Kazanjian

(1976) obtained a value of G(gas)-0.1 for Dowex-1 resin.

4.8.3 Other Miscellaneous Polymers

Some specialty materials have been developed to be highly sensitive to

radiation. These include the poly(olefin sulfone)s, which have very high

G values for production of S02, hydrogen, and olefins. For example, a value

of G(gas) of 71 is reported for polyhexene-1-sulfone (Jellinek 1978). These

materials are not used in common commercial plastics.

The radiation stability of various commercial plastics was studied in the

1950's by members of the Oak Ridge National Laboratory, by irradiating the

materials in the ORNL Graphite Reactor (Bopp 1953, Bopp 1955, Bopp 1963). The

radiation exposure was converted to absorbed dose using the chemical

composition of the material. The data as reported in Bopp (1963) were

arbitrarily scaled up to match a higher G value for polyethylene, indicating

some uncertainty in the absolute values. Because of inherent dosimetry

problems in these early studies, these data are used only in a qualitative

sense to establish the gas generation potential of the materials with respect

to polyethylene (one of the materials irradiated). G values obtained from

these experiments relative to polyethylene are listed in Table 4.8-2.

Only two materials, polyvinyl formal and cellulose nitrate, had higher G(gas)

values than polyethylene in the ORNL reactor irradiation experiments. -The

composition of the evolved gas was not reported. The major use of polyvinyl

formal is in heat-resistant nonconductive electrical wire enamels and other

coatings (Deanin 1972). Because of its thermal instability, cellulose nitrate

does not have wide application in commonly used materials in general commerce,

except in photographic film and lacquers (cellulose nitrate commonly is the

film remaining after the volatile constituents have evaporated) (Deanin 1972).

As a result, polyvinyl formal and cellulose nitrate will be present in the CH-

TRU wastes only in trace amounts.
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Table 4.8-2. G(gas) values for miscellaneovis commercial
plastics (relative to polyethylene).

Material • G(gas) Value Relative to Polyethylene*

cellulose nitrate
polyvinyl formal

polyethylene

allyl diglycol carbonate
ethyl cellulose
methyl methacrylate
cellulose propionate
cellulose acetate butyrate
nylon
phenolics (no filler, or cellu-

losic or mineral filler)
urea formaldehyde

(cellulosic filler)
Silastic
cellulose acetate
butyl rubber
natural rubber-butyl rubber

mixtures
melamine formaldehyde

(cellulosic filler)
Selectron 5038 polyester
natural rubber with fillers
natural rubber
Thiokol ST
Neoprene
casein plastic
Mylar film
Plaskon alkyd
triallyl cyanurate
aniline formaldehyde
furane resin

(asbestos & carbon filler)
polystyrene
styrene-butadiene copolymer

1.5
1.4

1.0

0.6
0.5
0.5
0.5
0.4
0.4

<0.3

0.3
0.3
0.3
0.3

<0.3

0.2
0.2

<0.2
0.1
0.09

<0.06
0.05
0.05
0.03
0.02
0.01

<0.01
<0.01
<0.01

Ref.: Bopp 1953.
Note: 'Calculated from author's data.
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5.0 RADIOLYSIS OF NON-POLYMER SOLIDS

Other common soiid materials in the CH-TRU wastes are solidified liquid

wastes, solid organic acids, asphalt, and miscellaneous inorganic materials.

5.1 Radiolysis of Solidified Liquid Wastes

Solidified liquid wastes include sludges, concretes, and gel-like or

monolithic structures that bind liquid wastes so that free liquids are

minimized.

5.1.1 Aqueous Sludges

One common sludge is produced at the Rocky Flats Plant by the neutralization

of nitric acid solutions in the plutonium recovery process. The sludge

consists of hydroxides of calcium, sodium, potassium, silicon, magnesium,

aluminum, iron, and other metals at lower concentrations (Kazanjian 1981).

The water and nitrate content of the sludge can vary.

Kazanjian (1981) conducted experiments on this sludge to determine the

radiolytic gas yields as a function of water and nitrate content. The nitrate

concentration in the material was determined to be 10.2 wt%, and the water

content was 52 wt%. The water content was varied either by drying or adding

water to the as-received sludge. Mass spectrometric analysis of the gases

evolved under drying conditions showed that the weight loss was essentially

all due to water evaporation. In order to examine the effect of the nitrates

on gas yields, nitrate salts were removed by washing the sludge with water.

All of the experiments were conducted at lowered pressure to permit more

accurate analysis of the evolved gases using mass spectrometry.

The experiments were conducted using gamma radiation. The dose rate was

4.45E5 rad/h, except for the 75% water sample, which was irradiated at 3.8E5

rad/h.
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The results show that decreasing the water content of the sludge decreases the

rate of gas generation. Small amounts of CO and N0x were also observed.

Removing nitrates from the sludge changed the amount and composition of the

evolved gas. Oxygen generation was virtually eliminated. Hydrogen evolution

in these samples, which contained about 65% water, was up to three times

greater than hydrogen evolution obtained from sludge containing nitrate. The

measured value of G(H2) varied from 0.23 to 0.43. [The largest G(H2) value

observed (0.43) is very close to the value of 0.45 for G(H2) measured for

gamma irradiation of liquid water at high pH (see Section 3.4).] A maximum

value of G(02) of 0.9 was found in the nitrate sludges from the radiolysis of

nitrates. These findings are in agreement with other experiments on the

radiolysis of nitric acid and solid inorganic nitrates.

Sludge from waste water processing at Hound Laboratory, composed primarily of

carbon, iron, and calcium compounds, is immobilized in Portland cement (Lewis

1983) . A sample of the sludge was contaminated with heat-source plutonium

dioxide, consisting of particles averaging 20 microns in size, and mixed with

cement. The sludge/cement had a 20 wt% water. The G(gas) value measured was

0.21 (for gas generated only), consisting almost entirely of hydrogen; the

G(-02) value was 0.13. A small amount of nitrogen was also generated.

Gas generation from cemented caustic waste resulting from immobilization at

IJound Laboratory of 1-N NaOH contaminated scrubber solution in Portland cement

is reported in Lewis (1983) . The caustic waste was contaminated with heat-

source plutonium in the form of PuO2 particles averaging 20 microns in size.

The caustic/cement waste form contained 22 wt% water. The measured G(gas)

value was 0.26, consisting of about equal amounts of oxygen and hydrogen

[G(02)-0.11 and G(H2)-0.13]. A small amount of nitrogen was also generated.

5.1.2 Concretes

The cement-based and other hydraulic binders used for immobilization of wastes

require water in their curing reactions. Generally, some excess water remains

in the materials in a closed-pore system (Dole 1986). Radiolysis of
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this unbound water contributes most to the gas generation from within these

solidified radioactive wastes.

High-level radioactive sludges at Savannah River Plant were simulated using

Fe2O3, MnO2, or equimolar mixtures of the two compounds, which were solidified

in high-alumina cement (Bibler 1976, Bibler 1978a). For all tests, the

simulated wastes were 40 wt% of the dry cement-waste mixtures. Irradiation of

this material with Co-60 gamma rays generated a gas consisting predominantly

of hydrogen. The hydrogen pressure reached a steady-state value; higher

pressures corresponded to higher dose rates. The equilibrium pressure also

depended on the specific material being irradiated, with equilibrium pressures

in descending order for Fe2O3-cement, neat cement, and MnO2-cement. In all

three cases, oxygen was partially consumed to form hydrogen peroxide, as

verified by chemical analysis of the irradiated concrete.

In alpha radiolysis experiments conducted on the same concretes, oxygen was a

product as well as hydrogen, composing 20 to 50% of the evolved gas. Up to

200 psi, no steady-state pressure was reached. The average value of G(H2) was

0.21 (Bibler 1978).

The effect of adding N03" or N02" ions was also examined (Bibler 1978). In

low-dose-rate (0.09 Mrad/hr) gamma radiolysis tests, added N03" or N02" did not

lead to additional pressurization. 02 was still consumed, and H2 was still

produced. At the high dose rate (28 Mrad/hr), 02 was a product, indicating a

different radiolytic process dominates at this dose rate. Also, a steady-

state pressure was not reached.

Gas generation from a concrete consisting of a mixture of Portland cement and

gypsum-perlite plaster mixed with water in the ratio of approximately 1.7:1

was measured by Bibler (1977). The value of G(gas) measured in the gamma

radiolysis experiment was 0.03. Hydrogen was the only gas produced. As the

hydrogen pressure increased, back reactions occurred to reduce the rate of

hydrogen formation, resulting in a steady-state pressure that depended on the

dose rate. Oxygen in the air was partially consumed, and nitrogen was
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unaffected. For the alpha radiolysis tests, Cm-244 was dissolved in the water

used to make the concrete, ensuring that the Cm-244 was in direct contact with

the elements in the concrete. In four tests with varying amounts of Cm-244,

G(H2) was constant and equal to 0.6, a value 20 times greater than measured in

the gamma radiolysis experiment. As with gamma radiolysis, oxygen was

partially consumed and nitrogen was unaffected. However, a steady-state

pressure was not attained even at about 200 psi of hydrogen.

Bibler (1980) conducted a series of alpha radiolysis experiments to study

radiolysis of CH-TRU wastes immobilized in concrete, especially incinerator

ash. Drying the concrete at 200°C reduced the water content from 35 to 7.4%

(80% reduction) but greatly reduced the G(H2) value from 0.38 to 0.0002. The

water remaining was thought to be involved in hydration reactions and not as

easily degraded as the free water remaining in the concrete after curing.

The similarity in the radiolysis results for concrete and water led Bibler

(1977) to conclude that the metal oxides of the concrete do not significantly

alter the radiation chemistry of the water, even when the water is

incorporated in the concrete. In gamma radiolysis tests, 02 in the air sealed

in the container was partially consumed, while N2 was unaffected. A steady-

state H2 pressure up to 45 psig was attained. Higher equilibrium pressures

were seen for the higher dose rates in the experiment. The values of G(H2)

were measured to be 0.03 for all dose rates.

In the alpha radiolysis experiments on concrete, a value of G(H2)-0.6 was

measured, independent of the amount of Cm-244. This G(H2) value was a factor

of 20 times higher than the G(H2) value measured for gamma radiolysis. As

with gamma radiolysis, oxygen was partially consumed while N2 was unaffected.

In contrast to gamma radiolysis, a steady-state pressure was not attained even

to about 200 psig H2.

Tests were also performed (Bibler 1979) to determine if self-absorption of

alpha energy would occur when plutonium dioxide particles were added to

concrete. The amount of energy absorbed by a particle depends on the size of
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the particle and its density. The value of G(H2) was decreased by about a

factor of 2 for concrete containing PuO2 particles having an average size of 2

microns and a density about 80% of the maxi.Tin.iin density, compared to concrete

containing plutonium dissolved in nitric acid. (The particles may have

agglomerated to form larger particles.) The calculated range of the Pu-238

alpha particles (in PuO2 of the maximum theoretical density of 11.4 g/cm
3) is

11 microns (Bibler 1979).

Bibler (1979, 1980) reported gas generation experiments on three types of

concrete containing simulated TRU incinerator ash: high-alumina cement,

Portland Type I cement, and Portland-pozzolanic cement. Simulated incinerator

ash containing primarily CaO and TiO2 was mixed with dry cement (30 wt% of

ash, 70 wt% cement) . Pu-238 solution was added, and the resulting paste was

transferred to a mold and cured to allow 30-40% of the free water to

evaporate. G(H2) values ranged from 0.3 to 0.6. G(H2) values were unaffected

by either dose rate or the pH of the water used to make the concrete. G(H2)

could be decreased by reducing the water content of the concrete and by adding

an organic acid (EDTA) to the concrete.

Bibler (1979, 1980) conducted further experiments on high-alumina and Portland

Type I cements. He determined that addition of N03" or N02" ions to the water

used to make the concrete lowered the alpha radiolysis G(H2) values (by a

factor of 20 for 6-M N03" or a factor of 2.4 for 3-M N02"). Oxygen was also

produced from the concrete containing 6-M N03", while oxygen was consumed in

the concrete containing 3-M N02-.

Radiolysis experiments conducted at 70 and 100°C indicated that G(H2) for

concretes does not increase with temperature below 100cC (Bibler 1979, 1980).

In fact, decreases in the hydrogen generation rate were noted, caused by

evolution of free water from the concretes.

Bibler (1979) also compared G(H2) values measured for dissolved TRU

' contaminants versus contaminants present as small particles. When Pu-238 was

added as PuO2, G(H2) for high-alumina concrete was 0.21 compared with 0.55
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determined using dissolved Pu-238. G(H2) for Portland Type I cement was 0.28

compared to 0.65. The PuO2 particles used had an average size of two microns

initially but could have agglomerated to larger particles.

Radio lysis of simulated radioactive waste -immobilized in cement-based grouts

was examined by Dole (1986). All specimens were cured for 28 days before the

radiolysis gases were collected. Some dewatered specimens were dried at

elevated temperature for seven days in order to establish the role of the

porewater in the production of radiolysis gases. Cm-244 was used as the

contaminant in the alpha radiolysis experiments. Two waste streams were

simulated: current acid waste and double-shell slurry (DSS) waste. Both

waste streams were acidic and contain metal sulfates and nitrates. The cement

used was low alumina cement. The authors stated that the gas tightness of

their containers was unreliable, and seals were broken as the pressure

increased. G(gas) values for the current acid waste samples were estimated

that ranged from 0.32 to 0.43 for alpha radiolysis. When samples were dried

at elevated temperature following cure, no evolved gas was detected. The DSS

samples had much lower G(gas) values of 0.04-0.15 for alpha radiolysis and

0.02 for gamma radiolysis. Gas compositions remaining in the vessels at the

end of the tests indicated generation of hydrogen in all of the tests;

production of oxygen was observed in all six of the alpha radiolysis

experiments using current acid waste. Only the DSS waste was examined by both

alpha and gamma radiolysis, and conflicting data were obtained for the two

alpha radiolysis experiments.

Very low G values have been observed from irradiation of water present as the

hydrate in crystals (Zagorski 1983). Water in the hydrates appears to exhibit

the property of an energy sink. This has been attributed to the presence of a

hydrated electron that can absorb energy by changing its state. For example,

KOH • 0.5 H20 was irradiated up to 1 MGy absorbed dose without generation of

any observable H2, 02, or H202. The authors stated that this concept is also

applicable to hydrates of organic materials.
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5.1.3 Adsorbed or Absorbed Liquids

Radiolysis of adsorbed or absorbed liquids indicates that the sorbing medium

can either be inert to radiation or can transfer energy to the sorbed liquid.

Unless experimental data demonstrate that the binding medium is radiolytically

inert (e.g., vermiculite), all of the radiation energy should be assumed to

interact with the sorbed liquid.

Bibler (1977) reported gamma and alpha radiolysis experiments on octane or a

commercial vacuum pump oil sorbed onto vermiculite. Hydrogen was evolved, and

oxygen was consumed. G(H2) was found to vary linearly with the mass fraction

of organic material. This suggested that the vermiculite absorbed some of the

emitted energy, and it acted as an inert diluent (no energy transfer occurred

between the vermiculite and the organic liquid). The extrapolated G(H2)

values for 100% liquid were 3 for octane and 1.6 for oil at high dose rate.

At lower dose rates, the G(H2) values reported were 4.5 for octane and 2.0 for

oil. Radiolysis gases were produced in the nominal ratio of H2/CO2/CH4 —

1.0/0.03/0.01.

Kinetic studies of water radiolysis in the presence of oxide systems have

shown that the exposure of an oxide plus adsorbed water system to gamma

radiation can result in energy transfer from the oxide to the water molecules

(Garibov 1983). Oxides studied included SiO2, SiO2-Al, SiO2-Ca, Er203, La203,

and A12O3. Values of G(H2) measured indicate that the energy transferred from

the oxide to the adsorbed water molecules can easily be 3-5 times the energy

that is originally absorbed by the water. Very little gas generation was

observed from irradiation of silica gel that had been evacuated to remove

adsorbed water (Krylova 1967). Lower values of G(H2) were observed when the

silica gel was purified. This effect was attributed to recombination of

hydrogen precursors by the organic impurities on the surface of the silica

gel.

Garibov (1983) also examined the effect of temperature on charge transfer in

silica gel. Increasing the temperature at which the sample was irradiated
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decreased the value of G(H2) measured. This was attributed to a greater

desorption rate of water molecules from the oxide surface, which inhibited

effective energy transfer to adsorbed molecules, and to thermal annealing of

radiation-defects in the oxide phase.

Vereshchinskii (1964) summarized radiolysis experiments conducted on pentane

adsorbed on zeolites or silica gel. The observed values of G(H2) were

examined as a function of the electron fraction of pentane when the system

pentane-solid was irradiated. The total dose absorbed by the system was used

in calculating the G(H2) value. The results depended to a great extent on the

identity of the solids studied. In most cases, more hydrogen was generated

than would be expected without energy transfer from the adsorbent to the

pentane. The charge transfer appeared to affect only one mono-layer of the

absorbed liquid. In contrast, radiolysis of water adsorbed on zeolites

indicated that there is no energy transfer in that system (Krylova 1967) .

5.2 Radiolvsis of Solid Organic Acids

G(H2) values for some organic acids that are solid at room temperature have

been reported in the range from 1.2 to 2.3 (Bolt 1963). G(gas) values for the

same materials range from 1.8 to 4.1. The maximum G value for flammable gas

was 2.6. A value of G(C02) up to 14 has been reported for one of the organic

acids (isobutyric acid) (Spinks 1976).

5.3 Radiolvsis of Asphalt

A value of G(gas) for bitumen (asphalt) for low absorbed dose was estimated to

be 1.3, with hydrogen being the primary gas evolved (Kosiewicz 1980,

corrected). No dependence was seen on temperature from 20 to 70°C. Gamma

radiolysis experiments reported by Burnay (1987) measured lower G values.
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5.4 Radiolysis of Soil

Gas evolution from plutonium-contaminated soil was reported by Pajunen (1977).

The soil was removed from the Z-9 Trench, which had been used as a liquid

waste disposal site for the Plutonium Finishing Plant at the Hanford site.

The waste solutions were acidic and consisted of aluminum, magnesium, calcium,

and-other metal nitrate salt wastes; degraded solvents (15% tributyl phosphate

or dibutylbutyl phosphate in CC14); and other organics, such as solvent

washings, fabrication oil, and other waste materials from hood and equipment

flushes (Ludowise 1978) . The top 30 cm of soil in the trench was mined. The

soil moisture content ranged between 0.2 and 25.5 wt%, averaging approximately

5 wt%. Organic content averaged 7.1 wt % with a range of 0.2 to 46.4 wt %.

The highest value of G(gas) calculated from Pajunen's data was 1.6, for a soil

having a combined organic and moisture content of about 15 wt%. The typical

composition of the gas generated by the soils was 50% N2, 14% 02, 23% H2, and

13% C02.

Soil samples from Mound Laboratory property were contaminated with heat-source

plutonium in the form of PuO2 particles averaging 20 microns in size (Lewis

1983) . Gas generation was measured from a soil sample that contained about 5

wt% water. The G(gas) value was 0.22, with G(H2)-0.15 and G(C02)»0.07.

Oxygen was consumed, with G(-02)-0.10.

5.5 Radiolvsis of Dry. Solid Inorganic Materials

Dry, solid inorganic materials do not generate hydrogen gas but may produce

other gases (frequently oxygen).

Some common inorganic chemicals used in processing aqueous wastes include

ferric sulfate, calcium chloride, and magnesium sulfate. One treatment

process produces a precipitate of the hydrated oxides of iron, magnesium,

aluminum, silicon, etc. (Kazanjian 1981). Various nitrates and carbonates can

also be present (Clements 1985).
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The yield of nitrite ions is more frequently measured in gamma radiolysis of

solid nitrates than is the oxygen yield. For stoichiometric decomposition, a

value of G(02) should be one-half of the G(N02~) value. A value of G(02)<1.3

has been determined (Johnson 1970). G values measured for gamma radiolysis of

barium, potassium, and sodium chlorates had G(C1~)<1.8 and G(02)<4.0.

For alkali and alkaline earth perchlorates, values of G(C1")<1.1 and G(02)<5.3

were measured. Careful tests were conducted to detect the presence of ozone

and free chlorine, but neither of those gases was observed (Johnson 1970).
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6.0 COMPARISON OF LABORATORY G VALUES WITH EFFECTIVE G VALUES
MEASURED FOR DRUMS OF CH-TRU WASTES

Actual CH-TRU wastes consist of general laboratory waste (glass, crucibles),

combustible materials (paper, plastic), organic shielding materials (Benelex,

Plexiglas), metals, sludges or concreted wastes, and various other materials.

The materials are contaminated with TRU radionuclides in solution (such as

dilute nitric acid) or in particle form (such as PuO2). Typically, several

different contaminated materials are present in a given waste container. The

G value calculated for actual CH-TRU wastes is an effective G value. All of

the radioactivity present in the waste container is assumed to be absorbed by

the waste materials, when actually some self-absorption of the alpha decay

energy occurs inside particulate contamination.

Effective G values have been measured for drums of actual CH-TRU wastes. On

the whole, the effective hydrogen G values are much lower than maximum

hydrogen G values for the waste forms based on the material in the waste form

with the highest G value. For drums of combustible wastes, the maximum G(H2)

value determined in controlled experiments was 2.1 versus a possible value of

4.0 based on laboratory experiments. For drums of sludge, the maximum G(H2)

value measured was 0.3 versus a possible value of 1.6 based on laboratory

experiments.

Sources of information for gas generated from actual CH-TRU wastes include

examinations of drums retrieved from storage at the Idaho National Engineering

Laboratory (INEL) (Clements 1985a) and at Los Alamos National Laboratory

(LANL) (Warren 1985, Clements 1985a), and experiments measuring gas

composition and pressure for newly generated drums of wastes at Rocky Flats

Plant (RFP) (Clements 1985b, Kazanjian 1985), at LANL (Clements 1985b, Zerwekh

1986) and at Savannah River Plant (SRP) (Ryan 1982) .

6.1 Retrieved Drums of CH-TRU Wastes

G values for radiolytic gas production from unvented retrieved drums can only

provide lower limits, because of uncertainties in the rates at which
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gases can permeate through the drum gaskets or diffuse through gaps between

the gaskets and sealing surfaces. [Tests conducted at INEL indicate that

drums will vent when pressurized above 20 psig (Clements 1985a). ] Only gas in

the'drum head space was sampled, and the concentrations of generated gases

could have been higher inside the waste bags.

A total of 209 waste containers (199 drums) of wastes that originated at RFP

were retrieved from storage at INEL (Clements 1985a). A sample of the head

space gas in each drum was taken and analyzed. Internal pressure and void

volume for gas accumulation were measured, and the containers were opened and

the wastes examined. All but seven of the waste drums had been sealed with

nonporous styrene-butadiene gaskets.

A lower limit for the hydrogen G value was calculated (by this author) for

each of the drums using reported alpha activity, void space, pressure-, time

since drum closure, and hydrogen concentration in the head space. Almost all

of the drums had calculated minimum G(H2) values less than 1.0. Those that

had minimum G(H2) values greater than 1.0 and activity greater than 0.1 Ci

(the specific activity of Pu-239 is 0.07 Ci/g) are listed in Table 6.1-1.

One possible source of a high apparent G value is that the time period for gas

generation may have been underestimated. The storage times are based on the

dates the drums were sealed, while wastes may have been placed into the drum

weeks or months prior to the closure date. Four of the drums have calculated

effective G values of 6.0 or higher. These include one drum of combustibles

and three drums of cemented sludges and solutions containing organic

complexing chemical wastes.

Solidified liquid organic wastes, including cemented sludges and solutions and

organic sludges, will not be transported until more information is available

on their potential for hydrogen (or other flammable) gas generation.

Combustible waste Drum No. 76-02898 had a calculated G(H2) value of 6.0, which

is above the bounding laboratory value of 4 (at room temperature). The
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Table 6.1-1. Data for RFP retrieved waste drums with G(H2)min > 1.0
a.b.

I
n

ID No. Waste Activity Time
Form (Ci) (days)

Gauge
Pressure
(mmHg)

Void
Volume

(1)

Gas Composition
H2 02 N2 Ar C02 HC

Minimum G Values
G(H2) G(C02) G(HC) G(gas)

22-01194
02-39371
02-39465
02-39195
744-3829
76-01642
76-02898
744-3841
744-3837
744-2389

combustibles
combustibles0

combustibles
combustibles
cmt s&s
spc slud
combustibles
cmt s&s
cmt s&s
cmt s&s

0.30
1.78
0.74
0.15
0.16
0.74
2.15
0.15
0.17
0.20

a* Notes: acmt s&s - cemented slud

276
245
227
307
263
880
326
256
256

4439

ees and

2.0
28.5
-19.0
-36.0
13.5
-43.0

" 87.5
5.4
5.5

154.0

solutions

181
182
179
168
77
151
171
76
38
162

consis

0.4
2.1
0.9
0.3
0.8
7.5
18.2
2.7
6.2

32.4

tine of

18.8
0.1
17.2
12.5
1.7
5.6
0.0
2.8
0.2
0.1

organ

79.2
96.5
79.4
83.3
95.0
85.2
64.6
91.8
90.7
64.2

ic com

0.9
1.1
0.9
0.9
1.1
1.0
0.8
1.1
1.1
0.8

plexi

0.2
0.0
1.1
2.1
0.8
0.0
15.2
0.0
0.0
0.0

0.3
0
0.3
0.3
0.1
0.6
0.8
0.3
0
2.3

ne chemical

1.0
1.1
1.1
1.4
1.7
1.9
6.0
6.3
6.4
8.6

wastes:

0.6
0
1.3
8.4
0.2
0
5.0
0
0
0

0.7
0
0.3
1.2
0.3
0.2
0.2
0.6
0
0.6

spc slud -

2.3
1.1
2.7
10.9
2.1
2.1
11.3
6.9
6.4
9.2

an
00

00

uncemented sludge packaged in polyethylene bottles inside a drum; HC - hydrocarbons.
bAmbient pressure at Rocky Flats Plant is about 613 mmHg; ambient pressure at INEL is about 640 ramHg.
°Contained Ful-Flo (polypropylene) filters coated with grease.

H
H
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most probable explanation for the high calculated G(H2) value is that the drum

contained a significant amount of Am-241. Drum No 76-02898 was lead-lined, a

procedure necessary when Am-241 is present in higher concentration than in

usual weapons-grade plutonium. This was the only one of the combustible waste

containers that was lead lined. The original assay listed 32 g Pu and no Am.

A "second assay, conducted on a Nal system using a 100-second count (not long

enough to measure americium) listed 29 g Pu and no Am. Reassay records showed

a measurement of 29 ± 16.3 g Pu.

Drums of CH-TRU wastes were also retrieved at LANL, but those drums had been

closed with a gas-permeable sponge-rubber gasket. All of the LANL drums were

at ambient pressure, demonstrating that flow or diffusion of gases through the

porous gasket had occurred.

6.2 Newly Generated Waste Experiments

Experiments on newly generated wastes have been conducted at RFP, LANL, and

SRP.

6.2.1 Rocky Flats Plant Experiments

The gas generated inside each of sixteen drums of newly generated wastes

contaminated with weapons - grade plutonium was measured over a thirteen-week

period as the second phase of a two-phase experiment (Clements 1985b,

Kazanjian 1985). Wastes were assayed as individual packages or by

radiochemical analysis to determine total alpha activity. In Phase I, the

drums were vented for three months using one of three potential venting

devices (a carbon-composite filter, a semi-permeable gasket, or a Hanford vent

clip) . Drum pressure and gas concentrations in the drum head spaces were

measured. At the conclusion of Phase I, the drums were purged with air, and a

gas sample was taken to obtain the initial gas composition for the second

phase of the study. In all cases the plug in the lid of the rigid liner was

left out, so that the rigid liner was not a primary barrier for gas escape.
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The drum lids were sealed to the drums using Permatex Form-a-Gasket. The

drums were pressure tested and considered to be sealed if they held a pressure

of 155 torr above atmospheric pressure for 3 hours with a pressure loss of no

more than 5 torr. Two of the drums developed leaks of 41 torr and 28 torr.

These values were not considered in determining the gas generation rates. The

drum pressure and gas composition of samples taken from the drum head space

were recorded weekly. Gas compositions were determined by mass speetrometry.

While no gas samples were taken from inside the waste bags, the gas generation

rates calculated from the drum head space samples should give the gas

generation rates inside the waste bags. In these experiments, hydrogen

generated inside the inner waste bags had permeated through the layers of

plastic in the drum into the drum head space, and the hydrogen concentration

increased linearly with time. When this occurs, the hydrogen concentrations

in the inner waste bags, drum liner bags, and drum head spaces are all

increasing at the same rate.

The G values for hydrogen, carbon dioxide, hydrocarbons, and total gas were

calculated for each of the drums in the cited reports. Plots of hydrogen gas

production versus time that are shown in the reports appear linear, indicating

that absorbed dose effects were minimal. The G values so obtained are listed

in Table 6.2-1. Figure 6.2-1 shows Ar, C02, H2, hydrocarbons, and isopropanol

partial pressures as functions of time for a drum containing leaded rubber

gloves (Fig. #16 in Table 6.2-1). (The isopropanol is attributed to the

Permatex Form-a-Gasket material.)

The high values of G(H2) for the organic setup waste form (solidified

organics) are much greater than the G(H2) values of less than 3 that have been

measured for oils. The radionuclide content of the drums was confirmed by

reassaying samples of the sludge. The authors suggested that corrosion of the

mild steel drum could be responsible for the high rate of hydrogen production.

Corrosion can produce hydrogen gas in an anaerobic, wet atmosphere, which were

the conditions inside each of the two drums after the first week of the

experiment.
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Table 6.2-1. Effective G values for RFP newly generated waste drums.

Fig

1
2
3
4

5
6

7
8
9
10

11
12

13
14
15
16

# Waste Form
Description

inorganic sludge
inorganic sludge
inorganic sludge
inorganic sludge

organic setup
organic setup

dry combustibles
dry combustibles
dry combustibles
dry combustibles

wet combustibles
wet combustibles

plastic & rubber
plastic & rubber
leaded rubber
leaded rubber -

Notes: (a) Includes G(02)-0

•Hz

0.30
0.28
0.19
0.16

15.1
22.5

2.1
1.4
0.79
0.39

0.74
0.52

1.1
0.65
0.32
0.95

.72. All

Effective G Values
C02

0.01
0.01
0.01
0.01

0
0

1.6
1.3
0.47
5.1

0.17
0.28

2.2
0.77
6.4
0.49

other

HC

0.02

--

0.9

0.25

0.07

Total

0.31
0.29
0.92 (a)
0.19

15.1
22.5

3.7
3.6
1.26
5.49

0.91
1.05

3.3
1.42
6.72
1.51

G(02)s were negative.
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The relatively large amounts of C02 generated in several of the drums could

have been caused by microbial action or chemical reactions. Measured G(H2)

values for combustibles (maximum of 2.1) are all well within the maximum G

value of 4 at room temperature established in Chapter 4. Measured G(H2)

values for inorganic sludges (maximum of 0.3) are much lower than the maximum

G(H2) value of 1.6 for water.

6.2.2 Los Alamos National Laboratory Experiments

In the LANL experiments, six high-activity newly generated Pu-238 waste drums

were examined to determine gas generation rates and the ability of carbon-?

composite filters to limit the hydrogen concentration in the drum. Two

additional drums of wastes provided information on the permeation of hydrogen

through the 90-mil high-density polyethylene rigid liner. The experiments

were separated into the same two phases as the RFP experiments.

All of the drums selected contained combustible materials. Each waste

package within the drum was individually assayed using segmented gamma scan

techniques, and the assay results for the individual packages were added to

obtain the total activity. The wastes had been generated from three to eight

months before the gas generation phase of the experiments began.

Gas generation data for five of the six drums of waste for which void volumes

could be measured are listed in Table 6.2-2. An ambient atmospheric pressure

at Los Alamos of 579 mm Hg was assumed for all cases. (Actual ambient

pressures were obtained for sampling dates, but using those pressures did not

reduce the scatter of the measurements.)

No observable decrease in G values appeared to occur in these experiments

until after about 100 days into the experiment (for wastes that had been

generated three to eight months before the experiments began). In another 200

days,.the G values had dropped to about one-half of their initial values. A

' plot of gas yields versus time for drum BFB-116 is shown in Fig. 6.2-2. The

composition of the generated gas was 46% C02, 41% H2, 12% CO, and 1% CH4,
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Table 6.2-2. Effective G values for LANL newly generated waste drums0.

Drum. No. Waste Form
Description

Dates
Pkg. Start End

Pu-238
g Ci

1.2 16.8
15.6 218.4
2.28 31.9

4.92 68.9
1.6 22.4

Void
Vol."
1

198.1
201.1
210.3

201.3
215.6

Effective
Initial

H2

0.3
0.4
0.2

0.4
0.2

Total

0.6b

0.7
0.5b

0.8b

0.4

G Values
Final

H2

0.1
0.1
0.1

0.2
0.1

Tota!

0.3
0.6
0.2

0.4
0.3

to
o

BFB-112 plastic, leaded gloves
BFB-114 plastics, rags
BFB-116 leaded gloves
BFB-118 rags, plastics, metals,

metal oxides
BFB-120 leaded gloves

7/28/83 4/10/84 2/22/85
9/23/83 12/29/83 3/30/84
10/27/83 4/10/84 2/22/85

10/27/83 4/10/84 1/29/85
1/03/84 8/10/84 3/06/85

H
M

Co

to
•p*

Notes: aCalculated using authors' data; Drum BFB-113 has been omitted because of the scarcity of data in the
sealed condition.

bInitial G values apply to the first 100 days of the 300-day experiment.
cVoid volume for drum BFB-114 is the volume inside the rigid liner; other void volumes include the void
between the rigid liner and the drum.
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Figure 6.2-2. Gas Yields vs. Time for LANL Drum BFB-116 (Leaded Rubber
Gloves)
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comparable to the gas composition measured in laboratory radiolysis

experiments on HypalonR or NeopreneR.

6.2.3 Savannah River Plant Experiments

SRP initiated a series of experiments in 1976 to acquire data on drum

pressures and gas compositions under actual storage conditions at SRP. Four

drums were filled with highly contaminated material consisting of typical SRP

waste. Data were collected on a monthly basis for over four years. The waste

materials were contained in plastic bags which were placed within a 90-mil-

thick high-density polyethylene liner. The liner was sealed with an adhesive.

The drum lids were locked on over a neoprene-butadiene 0-ring gasket

(specified to be nonporous), with a galvanized ring bolt. While sealing

compound was used to hold the gasket in place on the drum lid, no adhesive

was applied to the lower surface of the gasket. Valves and airtight bulkhead

fittings were connected to each drum wall before the drums were filled with

waste. A detailed inventory and radioactive material assay were conducted of

each bag of waste materials. The test drums were placed in concrete culverts.

The culverts, 7-ft high by 7-ft dia. cylindrical containers with 6-in. thick

walls, were designed to contain 14 drums of waste in two tiers of seven. The

culvert lids were grouted in place and sealed with epoxy.

About 100 days after the experimental drums had been filled with waste and

sealed, they were placed into the culvert. Two thermocouple wires were

included in the instrumentation, one attached to the drum that contained the

greatest amount of radioactivity (Drum No. 122), the other suspended in the

culvert to read the air temperature. Ryan reports most of the temperature

data only for outside air. Where data are available, the drum surface

temperature typically was no more than 5°C different from the outside air

temperature, although one measurement showed a difference of 12°C.

The first gas samples were drawn 101 days after the drums were sealed.

Subsequent samples were taken about every 30 days. The composition of ambient

air was determined as part of the standardization of each gas analysis and was
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on the average 79% N2, 21% 02, and 0.1% C02. [The 1% Ar that is present in

ambient air was not reported.]

Ryan plotted drum gas concentrations versus time, and drum gauge pressures

versus time. The gas composition of the culvert atmosphere was also measured.

The largest hydrogen concentration measured in a culvert air sample was about

0.7 mole %. No appreciable hydrogen concentration was measured inside the

culvert until day 993.

Ryan stated that a significant quantity of gas was escaping from the drums at

all times. This conclusion appears to be based on the maximum G values

calculated from the largest (or close to largest) increases in the amounts of

gas present, and then extrapolating the pressures from those G values. Ryan

concluded that G(gas) appeared to be at least equal to 1.0 and more likely

about 2.0.

Ryan's data (concentrations for each gas species, air temperature, gauge

pressure, drum void volume, activity, and sampling date) were entered onto a

LOTUS spreadsheet that calculates moles of gas and G values as functions of

time. Drums 119 and 121 appear to have leaked, while drums 120 and 122 could

have been well sealed, at least for most of the four-year period. Plots of

gauge pressure and total moles of gas present are shown in Figures 6.2-3 and

6.2-4 for drum 122. The cyclical behavior of the gauge pressure versus time

plot corresponds to annual temperature variations.

Figure 6.2-5 shows a plot of G(H2) versus time, with the points chosen by Ryan

checked. The plot illustrates the variability in the experimental data. The

greatest slope of the curve (ignoring wide swings in the data) occurs at the

beginning of the experiment, with G(H2)mai - 0.2. Similar evaluations

performed for the other three drums show that the G values appear to be much

less than 1, in agreement with laboratory data for the radiolysis of rubber.
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Figure 6.2-3. Gauge Pressure in Drum 122 vs. Time
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Figure 6.2-4. Moles of Gas Present in Drum 122 vs. Time
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Figure 6.2-5. G(H2) vs. Time for Drum 122
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Executive Summary

Almost all of the materials that are potential generators of gas from

radiolysis are organic materials (water and inorganic materials containing

water being the primary exceptions). These organic materials- are hydrocarbons

or their derivatives containing oxygen, nitrogen, halogens, or other atoms.

Naturally occurring organic materials that are present in the CH-TRU wastes,

such as cellulose, also may generate radiolytic gas.

Basic families of organic liquids are described in Al.l. Polymers and their

use in commercial materials are discussed in A1.2 and Al.3 illustrates

structural features of many commercial polymers.

Al.l Families of Organic Liquids

Common names for families of organic liquids are: the hydrocarbons [alkanes

(paraffins), alkenes (olefins), alkynes, cyclic hydrocarbons, and aromatic

hydrocarbons]; the oxygenated organic compounds [ethers, esters, alcohols,

aldehydes, ketones, and organic acids]; and the organic derivatives of ammonia

(called amines). Compounds having the same formula but different structures

and properties are called isomers (Pierce 1970). (Higher-molecular-weight

members of these families may be solids at room temperature rather than

.)

Hydrocarbons. as the .name implies, contain only hydrogen and carbon atoms.

Except for methane (CH4) , the carbon atoms form chains that consist of two or

more atoms. The main chain may also contain side branches of atoms.

The alkanes are saturated hydrocarbons in which only carbon-carbon single

bonds occur. All of the alkane names end in "-ane," such as methane, ethane,

propane, and butane. In the petroleum industry, a high-temperature process

called cracking of the saturated hydrocarbons causes the molecules to separate

into fragments that then recombine at random to form other hydrocarbons and

hydrogen gas. The alkanes are used as fuels to generate energy by oxidation

( c o m b u s t i o n ) . T h e a d d i t i o n o f h a l o g e n s f o r m s s u c h
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compounds as carbon tetrachloride, chloroform, trichloroethylene, hydrogen

chloride, and other halogenated compounds.

The alkenes (olefins) are unsaturated hydrocarbons that contain double carbon-

carbon bonds. All of the names of the alkenes end in "-ene," such as ethene,

propene, and butene. Many of the olefins polymerize, forming macromolecules

having gram molecular masses on the order of 10* to 106.

In the alkynes, the double bond of the alkenes is replaced by a triple carbon-

carbon bond. Acetylene is one of the common alkynes.

Cyclic hydrocarbons may be alkanes (such as cyclohexane) , alkenes, or alkynes.

All of the cyclic alkanes have saturated carbon-carbon bonds.

Aromatic hydrocarbons contain a benzene ring and include benzene, toluene,

naphthalene, and xylene. Aromatic compounds may be formed by joining benzene

rings together through the elimination of hydrogen, for example, biphenyl (two

benzene rings). Naphthalene is an example of a condensed-ring structure and

is used in the manufacture of alkyd resins. A hydrogen atom on a benzene ring

can be replaced by other chemical species through halogenation, sulfonation,

or nitration. Toluene is formed by replacing one of the hydrogen atoms in

benzene by a methyl (CH3) group. Xylene is formed by replacing two of the

hydrogens by methyl groups. The location of the substituted groups

determines the isomer (ortho, meta, para). Phenol is formed by adding a

hydroxyl group (OH) to the benzene molecule and is used in the formation of

Bakelite plastics and glues.

Organic compounds may also contain oxygen. The oxygen atoms may be bonded

between carbon atoms to form ethers or esters. Oxygen atoms may bond to

single carbon atoms to form alcohols (ROH), ketones (RCOR'), aldehydes (RCOH),

or carboxylic acids (RCOOH).

Individual alcohols are named by adding the suffix "-ol" to the name of the

corresponding alkane, such as "methanol". Several different isomers of

alcohols are possible as the number of carbons in the chain increases, such as
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in propanol and butanol. More than one hydroxyl (OH) group may be present in

the molecule, such as for ethylene glycol and glycerol.

Aldehydes are formed by oxidation of alcohols which have an hydroxyl group on

a terminal carbon atom. The simplest aldehyde is formaldehyde. It reacts

with phenol and urea to form phenol-formaldehyde and urea-formaldehyde resins.

•Ketones are- formed by oxidation of a secondary alcohol. The simplest ketone

is acetone.

The organic (carboxylic) acids contain the group "COOH attached to either an

alkyl or an aryl group. Examples of these acids are formic acid, acetic acid,

oleic acid, and oxalic acid. Long-chain organic acids are called fatty acids.

The reaction of a carboxylic acid with an alcohol produces an ester (RC00R')

plus water. Common names for esters end in "-ate." When there are no double

or triple bonds between the carbon atoms, the materials are solids; otherwise,

they are liquids at room temperature. Esters of low molecular mass are used

as solvents, artificial flavors, and components in perfumes. Waxes contain

esters formed by the reaction of long-chain acids and alcohols. Fatty-acid

esters of glycerol are found in vegetable oils and animal fats. The less

volatile esters (such as dioctyl phthalate) are commonly used as plasticizers.

The reaction of fats with boiling sodium hydroxide solution forms soaps.

Amines are organic derivatives of ammonia. Amines are used in the production

of polyamides, such as nylon. Proteins are also polyamides.

Al.2 Polymers

Polymers are natural or synthetic materials that are composed of very large

molecules containing repeating structural units called monomers. The

structural features of many commercial polymers are shown in Section Al.3.
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Knowledge of the repeating unit can aid in interpreting or predicting the

gases generated by radiolysis (or thermal degradation). Additives also can

affect the gas generation potential of commercial materials made from

polymers. Polymers composed of more than one kind of repeating unit are

termed copolymers.

Various additives are combined with the base polymer or polymers in

compounding to produce the final commercial composition and properties of a

plastic. Liquid plasticizers are added to polymers such as polyvinyl chloride

(PVC) or cellulose esters to increase their flexibility. These compounds are

chosen for their relatively low volatility but may be lost from a material if

it is heated or aged for long periods of time. Plasticizers in PVC commonly

compose about 30-40% of the total material. Most of the plasticizers are less

solvent- and chemical-resistant than the polymer to which they are added.

Many plasticizers may be extracted by oils or dry-cleaning solvents. Most of

the plasticizers are combustible, and lower the flame resistance and softening

points of the total composition (Deanin 1972).

Stabilizers are added to the polymer to increase resistance to heat,

ultraviolet light, or other forms of degradation. Most plastics contain

antioxidants, which may be consumed eventually by chemical reactions with

oxygen. Polymers that crosslink are often rendered quite sensitive to

oxidative degradation by radiation. The use of effective antioxidants can

significantly improve their radiation resistance. Materials added to obtain

other desirable properties could result in a final product which is less

radiation resistant than the base polymer. However, this does not appear to

happen often. Inorganic fillers are usually effective in increasing radiation

resistance by dilution of the base polymer (EPRI 1981).

Organic phosphates and halogenated compounds are frequently added to polymers

to increase their flame resistance. At the same time, these additives may

decrease thermal and other types of stability, particularly if they contain

organic halogen compounds (Deanin 1972).

The CH-TRU wastes consist of commercial materials, containing plasticizers and

stabilizers that can affect radiolytic gas production (both the composition
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and amount of gas). For this reason, maximum G values measured for commercial

materials provide more realistic upper bounds for radiolytic gas generation

than do' the G values measured for pure polymers. '

Chain lengths on the order of a hundred thousand monomer units are not

uncommon in polymers (Sisman 1963). Branched or network structures may be

present. Most linear commercial polymers have a small amount of branching

caused by impurities in the starting material or side reactions during the

polymerization process. Polymers may be amorphous, crystalline, or contain

regions of each. The linear polymers are used in a wide variety of molded and

extruded objects. The solubility of linear polymers in solvents permits their

use as paints, coatings, and films. Other applications include fibers,

fabrics, tires, hoses, and gaskets.

Polymers are useful as electrical and thermal insulators. The rigidity and

hardness of cross-linked polymers have been utilized in molded objects, which

can be produced economically by thermally initiating cross-linking reactions

within the mold. Polymers having network structures are generally insoluble.

They have a strong tendency to retain their shape through rubber-like

elasticity in materials with a low density of cross links or through high

rigidity and hardness in heavily cross-linked materials (Sisman 1963).

Table Al.2-1 lists the families of plastics (Dean 1987). Cross-references of

commercial names with the base polymers are available in Desk-Top Data Bank

(1977, 1979, 1980).
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Table Al.2-1. Families of plastics.

Acetals
Acrylics

Polymethyl methacrylate (PMMA)
Polyacrylonitrile (PAN)

Alkyds
Alloys

Acrylic-polyvinyl chloride alloy
Acrylonitrile-butadiene-styrene-polyvinyl chloride alloy

(ABS-PVC)
Acrylonitrile-butadiene-styrene-polycarbonate (ABS-PC)

Allyls
Allyl-diglycol-carbonate polymer
Diallyl phthalate (DAP) polymer

Cellulosics
Cellulose acetate resin
Cellulose-acetate-propionate resin
Cellulose-acetate-butyrate resin
Cellulose nitrate resin
Ethyl cellulose resin
Rayon

Chlorinated polyether
Epoxy
Fluorocarbons

Polytetrafluoroethylene (PTFE)
Polychlorotrifluoroethylene
Perfluoroalkoxy (PFA) resin
Fluorinated ethylene-propylene (FEP) resin
Polyvinylidene fluoride
Ethylene-chlorotrifluoroethylene copolymer
Ethylene-tetrafluoroethylene copolymer

Polyvinyl fluoride
Melamine-formaldehyde
Melamine phenolic
Nitrile resins
Phenolics
Polyamides

Nylons
Aromatic nylons

Polyamide-imide
Polyaryl ether
Polycarbonate
Polyesters

Polyethylene terephthalate (PET)
Unsa.turated polyesters

Polyimide
Polymethyl pentene
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Table Al.2-1. Families of plastics (cont'd)

Polyolefins
Low-density polyethylene (LDPE)
High-density polyethylene (HDPE)
Ultrahigh-molecular-weight polyethylene
Polypropylene
Polybutylene
Polyallomers

Polyphenylene oxide
Polyphenylene sulfide
Polyurethanes
Silicones
Styrenics

Polystyrene
Acrylonitrile-butadiene-styrene (ABS) copolymer
Styrene-acrylonitrile (SAN) copolymer
Styrene-butadiene copolymer

Sulfones
Polysulfone
Polyether sulfone
Polyphenyl sulfone

Thermoplastic elastomers
Urea-formaldehyde
Vinyls

Polyvinyl chloride (PVC)
Polyvinyl acetate (PVAC)
Polyvinylidene chloride
Polyvinyl butyrate
Polyvinyl formal
Polyvinyl alcohol

Ref: Dean 1987.
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Al.2.1 Acetals

Acetal homopolymers are prepared from formaldehyde and consist of high-

molecular-weight linear polymers of formaldehyde. They are among a group of

high-performance engineering thermoplastics that resemble nylon in appearance

(but not in properties). Trade names include Delrin? and CelconR. Prolonged

exposure to elevated temperatures results in the liberation of increasing

amounts of formaldehyde. Acetals have relatively low radiation stability

(Harper 1975). Major applications for pdlyoxymethylene (an acetal) are in

business machines, automotive gears and bearings, plumbing fittings, such as

tub assemblies, and in consumer articles, such as aerosol containers (Deanin

1972).

Al.2.2 Acrylics

Polyacrylates are derivatives of acrylic acid. They are frequently used as

coatings or paints. Polyethyl aerylate is used as a component of synthetic

rubbers in which resistance to oils and high temperatures is important (Bopp

1963). Polymethyl methacrylate (PMMA), a related compound, has common trade

names of PlexiglasR and LuciteR. Acrylics are also made into fibers and

fabrics, such as OrlonR, Acrilan*. and Creslan? (Rutherford 1963).

Polyacrylonitrile (PAN) is a member of the acrylic family that includes

nitrogen atoms in its structure. Its major use is in the production of wool-

like fibers used in sweaters, blankets, and carpeting (Deanin 1972).

Al.2.3 Alkvds

Alkyds are thermosetting plastics that are widely used for molded

electrical parts. They have high degrees of cross-linking (Deanin 1972) and

are chemically similar to polyester resins (Harper 1975).
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Al.2.4 Alloys

Polymer alloys are physical mixtures of structurally different homopolymers or

copolymers. The mixture is held together by secondary intermolecular forces

such as dipole interaction, hydrogen bonding, or van der Waals' forces. The

physical- properties of these alloys are averages based on composition (Dean

1987) . Polymer alloys include acrylic-polyvinyl chloride, acrylonitrile-

butadiene-styrene-polyvinyl chloride (ABS-PVC), and acrylonitrile-butadiene-

styrene-polycarbonate (ABS-PC). ABS alloyed or blended with polycarbonate

results in a thermoplastic that is easier to process, has high heat and impact

resistance, and is cheaper than polycarbonate alone.

Al.2.5 Allvls

Allyl polymers are linear thermoplastic structures. Molding compounds with

mineral, glass, or synthetic fiber filling are used for electrical components.

Allyl polymers include allyl-diglycol-carbonate and diallyl phthalate (DAP).

Their benzene rings, a high degree of cross-linking, and the usual glass fiber

reinforcement provide high rigidity and strength. Primary applications are in

molded structural electrical insulation. Diallyl phthalate resin is also used

for surfacing laminates in furniture and paneling (Deanin 1972).

Al.2.6 Cellulosics

Cellulosics are a class of polymers that are prepared by various treatments of

purified cotton or special grades of wood cellulose. Trade names include

TeniteR, EthocelR, and ForticelR. Cellulosics are among the toughest of

thermoplastics, are generally economical, and are good insulating materials

(Harper 1975) . The most prominent industrial cellulosics are cellulose

acetate, cellulose acetate butyrate, cellulose propionate, and ethyl

cellulose.
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Cellulose butyrate, propionate, and acetate are tough and rigid, and useful

for applications where clarity, outdoor weatherability, and aging

characteristics are needed. The materials are fast-molding plastics and can

be manufactured to have hard, glossy surfaces (Bopp 1963). Major applications

of these cellulose esters include blister packaging, pencils, lighting

fixtures, tool handles, and tubing (Deanin 1972). Ethyl cellulose is

compatible with many other resins and with most plasticizers. These

properties, along with its compatibility with cellulose nitrate, are

responsible for its use in paints and as a coating for fabrics (Bopp 1963).

Incompletely nitrated cellulose nitrate is used in molded objects, and as a

constituent of lacquers and photographic film. Because of its flammability

and tendency to decompose at high temperatures, cellulose nitrate is not used

as a compression or injection molding material (Bopp 1963). "The nitrogen

content for cellulose nitrate plastics is usually about 11%, for lacquers and

cement base it is 12%, and for explosives it is 13% (Dean 1987).

Cotton and cellulose acetate (Rayon11) are two cellulosics that are made into

fibers. Cellulosics (cotton and wood) are blended in making paper.

Cellophane is also based on cellulose (Deanin 1972). Cellulose triacetate is

used primarily in motion picture film and magnetic recording tape (Deanin

1972). Cellulose ethers have applications where low temperature impact

strength is needed, such as in instrument cases, electrical appliance parts,

and tool handles. Different processing produces a polymer that is completely

soluble in water and is used primarily as a thickening agent in foods,

shampoo, latex paints, paper, and adhesives (Deanin 1972).

Al.2.7 EPOXV

Epoxies and unsaturated polyesters are cross-linking resins that can be cured

by chemical agents with little or no application of heat or pressure. They

are frequently used in paints and finishes (Bopp 1963).
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Al.2.8 Fluorocarbons

Fluorocarbons include polytetrafluoroethylene (PTFE), polychloro-

trifluoroethylene, perfluoroalkoxy (PFA) resin, fluorinated ethylene-propylene

.(FEP) resin, polyvinylidene fluoride, ethylene- chlorotrifluoroethylene

copolymer, ethylene-tetrafluoroethylene copolymer, and polyvinyl fluoride.

These polymers have good abrasion and solvent resistance and electrical

properties. Polyvinyl fluoride is used only as a film (Dean 1987).

Polytetrafluoroethylene is the base polymer for Teflon*. Polychloro-

trifluoroethylene resins are melt-processable and can be molded as extruded.

Kel-FR is one of the trade names (Harper 1975). PFA resins are used as

electrical insulations in flat cables and circuitry and in laminates used in

electrical and mechanical applications. Fluorinated ethylene/propylene

copolymer has applications in capacitors, cables, flexible belting, textile

finishing, and printing (Deanin 1972).

Al.2.9 Nitrile resins

The principal monomer of nitrile resins is acrylonitrile (see Section A.2.2).

Al.2.10 Polyamides

Polyamides are called nylons, which include hard materials used in mechanical

parts as well as soft materials used for fibers and textiles. Aromatic nylons

(also called aramids) are high temperature nylons such as NomexR. NomexR is

used in sheet, fiber, and paper form for insulation (Harper 1975) and in

filters.

3.6.8.A1-11



NuPac TRUPACT-II SAR ' Rev. 0, February 1989

Al.2.11 Polvarvl ether

Polyaryl ether is one of the relatively new thermoplastics that can be used

for' engineering applications in the automotive, appliance, and electrical

industries. One trade name is Arylon11 (Harper 1975).

Al.2.12 Polycarbonate

Polycarbonates have high performance characteristics in engineering designs,

which require very high impact strength. As with most plastics containing

aromatic groups, polycarbonates have high radiation stability (Harper 1975).

Al.2.13 Polyesters

Polyesters are used in the production of film and fibers. Glass reinforced

polyesters are used in automotive, electrical/electronic, and other industrial

applications replacing other plastics or metals. The basic polymer is

polyethylene terephthlate (PET). Brand names include MylarR (sheet) and

DacronR (fiber). Unsaturated polyesters are discussed under "Epoxies".

Al.2.14 Polvimides

Polyimides can be used at the highest temperatures among the commercially

available plastics, and they are the strongest and most rigid (Harper 1975).

These materials can be used in various forms, including moldings, laminates,

films, coatings, and adhesives.

Al.2.15 Polvmethvl pentene

Polymethyl pentene is another thermoplastic based on the ethylene structure.

Applications for this material have been developed in the fields of lighting

and in the automotive, appliance, and electrical industries (Harper 1975).
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Al.2.16 Polvolefins

The family of polyolefins includes various polyethylenes (low-density

polyethylene, high-density polyethylene, ultrahigh-molecular-weight

polyethylene), polypropylenes, polyethylene oxide, polypropylene oxide, and

polybutylene.

Polypropylenes are chemically similar to polyethylenes (Harper 1975). The

material is termed isotactic if the methyl groups are on the same side of the

chain and atactic if the arrangement is random. The isotactic polymer is more

frequently used commercially (Sisman 1963). The polymer is used to make

molded items or fibers (Herculon is one example).

Commercial polyethylene oxide is waxy and fibrous. Because of its water

solubility, it is used as a plasticizer and as an additive in nonpolymeric

materials rather than as a base polymer (Bopp 1963).

Treatment of polyethylene with chlorine and sulfur dioxide decreases the

crystallinity of the polyethylene and results in a rubbery material.

Applications include wire and cable insulation, liquid roof coatings, gaskets,

floor tile, and shoe soles (Deanin 1972). One trade name is HypalonR, which

is used in fabricating glovebox gloves.

Polybutylene low-molecular-weight polymers are viscous liquids used in

compounding adhesives, caulks, and sealants. High-molecular weight polymers

are used in elastomers and sealants, such as butyl rubber (Deanin 1972).

Polyallomers are polyolefin-type thermoplastic polymers produced from two or

more different monomers, such as propylene and ethylene. In general, the

properties of polyallomers are similar to those of polyethylenes and

polypropylenes (Harper 1975).
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Al. 2.17 Polyphenvl -polymers

Polyphenylene oxide is formulated by the oxidative coupling of phenolic

monomers. This material is used for engineering applications. One trade name

is NorylR. Polyphenylene sulfide is a crystalline polymer, and is used for

coatings and molded materials. One trade name is RytonR.

Al.2.18 Polvurethanes

The most common usage of polyurethane is in foams, which may be flexible or

rigid (Deanin 1972). These foams have applications as insulation, structural

reinforcement, packaging, and gaskets (Harper 1975).

Al.2.19 Silicones

Silicones are also called polysiloxanes. They are characterized by their

three-dimensional branched-chain structure. Various organic groups (such as

methyl, phenyl, vinyl) introduced within the polysiloxane chain impart certain

characteristics and properties. Applications include waterproofing, paper

coatings, elastomers, sealants, medical equipment, and transformers (Deanin

1972).

Al.2.20 Stvrenics

Polystyrene can be regarded as a substituted polyethylene with phenyl groups

on alternate carbon atoms (Sisman 1963). Polystyrene is highly rigid at room

temperature, but the rigidity may be decreased and the impact strength

increased by the addition of plasticizers. It can be used in moldings or in

small electrical components, as well as in containers and other packaging

items (Sisman 1963). Common trade names are LustrexR and StyronR.

Styrene-acrylonitrile (SAN) copolymers are random, amorphous copolymers whose

properties vary with molecular weight and copolymer composition. SAN resins

are rigid, hard, transparent thermoplastics (Dean 1987). Acrylonitrile-

butadiene-styrene (ABS) copolymer is a thermoplastic resin.
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Trade names include Marbon CycolacR, Bason?, and Lustran11. ABS plastics have

hardness and rigidity without brittleness, at moderate costs (Harper 1975).

Styirene-butadiene copolymers are used in gaskets.

Al.2.21 Sulfones

Polysulfones are rigid, strong thermoplastics, and can be molded, extruded, or

thermoformed into a wide variety of shapes. The chemical structure is highly

resonating (contains benzene- rings), resulting in high stability (Harper

1975). Copolymers with olefins, however, have low radiation stability

(Jellinek 1978).

Al.2.22 Thermosetting plastics

Thermosetting plastics are insoluble and infusible because of their three-

dimensional structure. They are used chiefly as molding powders and as

binders for laminates. Examples are phenol-formaldehyde, urea-formaldehyde,

and melamine-formaldehyde. Common uses are in molded household items.

Laminated sheets and tubes are widely used in electrical components or molded

components of industrial equipment (Bopp 1963).

Al.2.23 • Vinyls

Vinyl polymers are structurally based on the ethylene chain (Harper 1975).

Polyvinyl chloride (PVC) is a material with a wide range of rigidity or

flexibility. PVC can be plasticized with a wide variety of materials to

produce soft, yielding plastics. Without plasticizers, PVC is a strong, rigid

material that can be machined, heat-formed, or welded by solvents or heat.

Typical uses include wire and cable insulation and foam applications. PVC can

also be made into film and sheet (Harper 1975). Other uses are as a fabric

coating, for upholstery and similar household articles, and for hoses and

' tubular items (Bopp 1963).
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Polyvinyl acetate (PVAC) is used in latex paints because of its quick- drying

and self-priming properties, and resistance to weathering. It is also used in

hot-melt and solution adhesives (Dean 1987). Copolymers of polyvinylidene

chloride and PVC are used to make Saran (Bopp 1963).

Polyvinyl alcohol is made by the hydrolysis of polyvinyl acetate. It is

soluble in water and resistant to most organic solvents. It is used in

solvent-resistant hoses, diaphragms, and gaskets, and in coatings, textile

sizing, and as an adhesive (Bopp 1963).

Polyvinyl acetals, consisting of polyvinyl butyral, polyvinyl formal, and

polyvinyl acetal, are the most abundantly used plastics related to polyvinyl

alcohol. Polyvinyl formal is used in coating electrical wire. Polyvinyl

acetal is tough and easy to mold, and is used for bottle caps, combs, and as a

binder in heavily filled molded items. Polyvinyl butyral is a very important

item of commerce as the interlayer in safety glass (Bopp 1963).

Al.3 Structural Features of Commercial Polymers

The structural features of many commercial polymers are shown in Table Al.3-1.
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Table Al.3-1. Structural features of commercial polymers.

Acrylonitrile/butadiene/styrene terpolymer (ABS) — (CH»CH=CHCH)—

(CHjCH)—(CHjCH)—
I I

Alkvd

O O

—(C C0CH,CHCH,0)—
I0C(CH,)7CH=CHCH,CH=CH(CH,)«CH,

J I

Butadiene/acrylonitrile robber (nitrile rubber or —(CHiCH=CHCHj)—(CHiCH)—

Butadiene/styrene rubber (SBR or GR-S) — (CH1CH=CHCHJ)—(CH,CH)—

Cellulose

CH,0H

CH—0

-(OCH CH)—

CH—CH

OH OH
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Table Al.3-1. Structural features of commercial polymers (continued).

Cellulose nitrate

CH,ONOt

CH—0

—(OCH CH)—

CH—CH

A, ONO,

Cellulose triacetate

CHtOCCH,

CH—0

-(OCH CH)—

CH—CH
O

CH,C—O O—CCH,

Chlorosulfonated polyethylene -(CHsCH,)—(CH,CH)—(CH,CH)-

Cl O=S=O

i.

Diallyl phthalate

O O

-(CHJCHCHJO—C COCHJCHCHJ)-

I LJ I

Epoxy resin
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Table Al.3-1. Structural features of connnercial polymers (continued).

Ethyl cellulose

CHjOC,Ht

CH—O

—(OCH CH)-

CH—CH

OH OC,H»

Ethylene/ethyl acrylate copolymer —(CH,CH,)—(CH,CH)—

O=C—OC,H»

Ethylene/propylene copolymer —(CH,CH,)—(CH,CH)—

CH,

Ethylene/vinyl acetate copolymer —(CH,CH,)—i

OCCH,
II
0

Fluorinated ethylene/propylene copolymer -(CFjCF,)—(CFSCF)—

CF,

Melamine-formaldehvde

N CH,)—

I S \ I
—(N—C C—N—CH,)-

N N

Y
—(CHj—K—CH,)—
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Table Al.3-1. Structural features of commercial polymers (continued).

Nylon 6

O H

-KCH0»C—N]-

Nvlon 11

O H

- K C H , ) 1 0 C - N ] -

Nvlon 12

Nylon 610

O H
I! I

- [ (CH, ) n C—N]-

H O OH

I I ! II I
- [ (CH 1 ) .N-C(CH l ) ,C-N] -

Is'vlon 66

HO OH

I II II I
-[(CHt),N—C(CH,)4C—N]

Phenol-formaldehyde

OH
I

CHS

Phenoxy resin —(CH,CHCH

H
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Table Al.3-1. Structural features of commercial polymers (continued).

, Polyacrylonitrile —(CH,CH)—

C

Polvbenzimidazole

Poly-3,3-bis(chloromethyl) oxetane (Penton)

CH8C1

—(OCHjCCH,)—

CH,C1

Polybutadiene —(CHlCH=CHCH0—

Polv-1-butene —(CH,CH)—

C H

Polycarbonate

CH, 0

CH,

Polychloroprene (neoprene) —(CHtC=CHCH0—

Cl
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Table Al.3-1. Structural features of commercial polymers (continued).

Polychlorotrifluoroethylene —(CF,CF)-

Cl

Poly(2,6-dimethylphenylene oxide) (PPO)

CH,

Polyepichlorohydrin -(CH,CHO)—

CH,C1

Polyester polyurethane

0 0 O H CH,

CHlCH,0C(CH,)4C0]CHlCH,0C—N "

N_C0)-
I P

H 0

Unsaturated polyester (cured)

W 0 0
—(CHCH,0C C0CHCH,0CCHCHC0)—

CH, 0 0 CH, ( C H , C H / " " \

Polyetber polyurethane

CH, O H CH,

—(CH,CH0)CH,CH,0C—N|

H 6
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Table Al.3-1. Structural features of conmercial polymers (continued)

Polyethyl acrylate —(CH,CH)—

O=COC,Hj

Hiph-density polyethylene

Low-density polyethylene (CH1CH,)-(CHICH)-(CHICH)-(CH»CH;

C,H* C4Ho G.H

Polyethylene oxide

Polyethylene terephthalate)

— ( C H J C H I O ) —

O 0
I!/=\H

C ^ >C

Polyimide

Polyisobutylene

O
I!c

\

\
V

h
CH,

—(CH,C)—

CH,

\•N
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Table Al.3-1. Structural features of commercial polymers (continued)

Polyisoprene (natural rubber)

Polymethyl methacryiate

-(CHjC=CHCHi)—

CH,

CH,

KCH.C)—

O=COCH,

Poly(4-methylpentene-l)

Polyoxymethylene (acetal)

-(CH,CH)—

CH8

CH,CHCH,

-(CH,O)-

Polypropylene -(CHjCH)—

CH,

Polypropylene oxide -(CHjCHO)—

CH,

Poly-p-xylylene —(CH
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Table Al-3-1. Structural features of commercial polymers (continued)

Polysulfide elastomer —(CHICHJOCHJOCHJCHJSSCH^HJSS)—

PolyBuIfone

Polystyrene —(CH,CH)—

Polytetrafluoroethylene

Polyvinyl acetate

Polyvinyl alcohol

—(CFtCFt)—

—(CH,CH)—

OCCH,
II
O

—(CH,CH)—

OH

Polyvinyl butyral -(CHJCHCHJCH)-

0

y
4
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Table Al.3-1. Structural features of commercial polymers (continued)

Polyvinyl chloride —(CH,CH)—

Cl

Polyvinyl ethyl ether
—(CH,CH)—

0—C,HS

Polyvinyl fluoride
—(CHjCH)—

F

Polyvinyl formal
—(CHtCHCH,CH)-

i i\ /
CH,

Polyvinylidene chloride

Cl

~(CH,C)—

Cl

Polyvinylidene fluoride
—(CHiCF*)—

Polyvinyl pyrrolidone
_ ( C H , C H ) -

N

CHS

CH,j CHj
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Table Al.3-1. Structural features of commercial polymers (concluded).

Silicone

CH,

-(Si—O)—

H,

Sodium carboxymethyl cellulose (CMC)

CHjOCH,CO- N

CH—0

-(OCH CH)—

CH—CH

AH A:•H

Styrene/acrylonitiile copolymer —(CH,CH)—(CH,CH)—

Impact styrene —(CH,CH==CHCH)—

(CHjCH)—
I

Urea-formaldehyde (N-C—N—CH,)—

CH,)—

Vinyl chloride/vinyl acetate copolymer —(CHtCH)—(CH,CH)—

Cl OCCH,
I!
o

Vinylidene fluoride/hexafluoropropylene
copoljTner

—(CH,CF,)—(CFiCF)—

CF,

3.6.8.A1-27



NuPac TRUPACT-II SAR Rev. 0, February 1989

3.6.9.A1 References

Bopp 1963. C. D. Bopp, et al., "Plastics," in Radiation Effects on Organic
Materials (Academic Press, New York, 1963, eds. R. 0. Bolt and J. G. Carroll).

Dean 1987. J. A. Dean, Handbook of Organic Chemistry (McGraw-Hill Book
Company, New York, 1987).

Deanin 1972. R. D. Deanin, Polymer Structure. Properties and Applications
(Chaners Books, Boston, 1972).

Desk-Top Data Bank 1977. Desk-Top Data Bank, Elastomeric Materials (The
International Plastics Selector, Inc., San Diego, 1977).

Desk-Top Data Bank 1979. Desk-Top Data Bank, Films. Sheets, and Laminates
(The International Plastics Selector, Inc., San Diego, 1979).

Desk-Top Data Bank 1980. Desk-Top Data Bank, Commercial Names and Sources for
Plastics and Additives (The International Plastics Selector, Inc.-, San Diego,
1980).

EPRI 1981. Georgia Institute of Technology, "Radiation Effects on Organic
Materials in Nuclear Plants," Electric Power Research Institute, EPRI NP-2129,
November 1981.

Harper 1975. C. A. Harper, Handbook of Plastics and Elastomers (McGraw-Hill
Book Company, New York, 1975).

Jellinek 1978. H. H. G. Jellinek, Aspects of Degradation and Stabilization of
Polymers (Elsevier Scientific Publishing Company, New York, 1978).

Pierce 1970. J. B. Pierce, The Chemistry of Matter (Houghton Mifflin Company,
Boston, 1970).

Rutherford 1963. H. A. Rutherford, "Textiles," in Radiation Effects on
Organic Materials (Academic Press, New York, 1963, eds. R. 0. Bolt and J. G.
Carroll).

Sisman 1963. O.'Sisman, et al., "Polymers," in Radiation Effects on Organic
Materials (Academic Press,.New York, 1963, eds. R. 0. Bolt and J. G. Carroll).

3.6.8.A1-28



NuPac TRUPACT-II SAR Rev. 1, May 1989

ATTACHMENT 2.0

ABSORPTION OF ALPHA DECAY ENERGY INSIDE PARTICLES OF PU02
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Executive Summary

This attachment derives the fraction of alpha decay energy escaping from a

spherical particle of PuO2 of radius r. The rate of energy deposition is

calculated from an estimated Bragg curve for PuO2.

Al.l Introduction

Let

s - stopping distance of alpha particles in PuO2,

a - radius of spherical particles of PuO2,

Eo - energy generated per unit volume.

The solution is separated into three cases: for Case I, the diameter of the

particle is less than the stopping distance (2a < s), for Case II, the

stopping distance is between the radius and the diameter of the particle (a <

s < 2a), and for Case III, the radius of the particle is greater than the

stopping distance (s < a).

The rate of alpha particle energy desposition inside the PuO2 particle is

calculated based on the estimated Bragg curve shown in Fig. Al-1. This curve

was generated by the program TRIM-88 "The Transport of Ions in Matter,"

copyrighted by J. P. Biersack and J. F. Ziegler (discussed in Ziegler 1985).

The highest atomic number nucleus included in the program is U(92), so U02

with the density of PuO2 (11.4 g/cm
3) was used to simulate PuO2. Figure Al-2

shows the alpha particle energy in MeV versus distance travelled from its

origin for alpha particles having initial energies of 5.15 MeV (Pu-239) and

5.49 MeV (Pu-238). [The total distance along the particle's path is somewhat

greater, due to straggling that occurs at low energies when collisions of the

alpha particle with nuclei become more important than interactions of the

alpha particle with electrons.]

' A2.2 Case I. 2a < s

The geometry of Case I is shown in Fig. A2-1. The fraction of energy reaching

point Q from point P along r' is

3.6.8.A2-1
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EF - f(Eo,r')

where

r12 - a2 + r2 • 2 ar cos u (A2-2)

since r' < s for this case, and f(E0,r') is shown graphically in Fig. Al-2 for

two values of Eo.

The fraction of the area of a sphere centered at P, subtended by d^

and revolved about the x axis is

A - r d* ™ r S ^ * . (A2-3)
4H r'

The total energy reaching the boundary, a, from point P is

p(r) - 1/2 r f(Eo,r') sin <f> d^ . (A2-4)
J0

The total energy from all points, P, in the sphere is

E - J 411 r2p(r) dr - 211 J r 2 J f(Eo ,r ') sin <f> d* dr . (A2-5)

The fraction of energy generated in the sphere and escaping from

the surface is

ET " 4/3 H a3Eo

J r2 J f (E 0 , r ' ) sin $ d<j> dr (A2-6)
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where r' is defined in Eq. (A2-2).

The law of signs allows cos u to be expressed in terms of $ where

sin « sin (H-^) sin <f> '
(A2-7)

' a sin u
r •« — : T~

s i n <j>
2 2 -
a + r • 2 ra cos u ,

(A2-8)

2 2
a sin M 2 2 „- a + r - 2 ra cos u ,
sin 4>

(A2-9)

a" 2 2 2
(1-cos w) - a + r - 2 ra cos

sin
(A2-10)

a2 2 2 2 a2

— ~ — cos w - 2 ra cos w + a + r -
sin sin <f>

- 0 , (A2-11)

9

s i n <f>

2 2
2 o ^ 2 a cos (̂  .

cos (i> - 2 ra cos u + r - r — 0 ,
s i n <f>

(A2-12)

2 ra ±

cos w -

. 2 2
4r a

4a 2

s i n 4>

2 2
- a

2 .
cos 4>

- 2 .sin ^

2a

.Tsin

(A2-13)

r ±
2 2 , 2 2

r cos <j> a cos

sin sin

sin (A2-14)
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r . 2 , , I cos
— sin m ± '

Isin2"

2 ,

- E sin2 * +
a

a 2 - r 2 sin 2 <f> .

The positive solution is chosen since when <f> — 0, o> - 0 and

when <f> — H, «J - II, and when r - 0, o> - ̂ .

Therefore,

(A2-15)

(A2-16)

cos w — ~ sin 9 + cos 9 Jl - sin2 (A2-17)

A2.3 Case II. a < s < 2a

Case II is divided into two subcases. Fig. A2.2 shows the geometry

for Case Ila where r < s-a. The geometry for Case lib is shown in

Fig. A2.3 where r > s-a.

For Case Ila tangency occurs when r - s-a. The total energy

reaching the boundary, a, is

f(E.,r-)- ) r '
4H r'

(A2-18)

'since r' < s.
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For Case lib intersection occurs for r1 - s. From Fig. A2.3,

a2 _ r2 + S2 . 2 rs cos (H - ^(r ,s ) ) , (A2-19)

- r2 + s2 + 2 rs cos (A2-20)

— COS

, 2 2 2-1 a - r - s
2 rs (A2-21)

The total energy reaching the boundary, a, is

^ ( r , s )
/>(r) - • f(Eo,r') sin <f> d* dr

Jn
(A2-22)

where r' is given in Eq. (A2-2) and cos u is defined in Eq. (A2-17) .

The fraction of energy generated in the sphere and escaping from the

surface is

E 1.5

ET a En

fs-a

J n
f(Eo ,r ') sin <f>

r
-*s-a

f(E 0 - r ' ) s in <f> d<f> dr (A2-23)
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or

where •

ET 2a"

(r,s)
f(E0,r') sin <t> 64 dr (A2-24)

s) -

cos
-1

2 2 . 2a - r - s

2 rs

if r < s - a

if r > s - a .

(A2-25)

(A2-26)

A2.4 Case III, s < a

In this case, the energy reaching the boundary a from point P

is confined to a shell of thickness s as shown in Fig. A2-4. The

total' energy is given by

4E r

where Eq. (A2-26) defines <f>(r, s ) .

The fraction of energy generated in the sphere and escaping

from the surface is

(A2-27)

2H E

T 4 /3 n aT EQ .
a - s

, s)

f ( E o , r ' ) s in <j> d<f> dr (A2-28)
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A2.5 Numerical Solution

The fractional energy equations, E/E , were evaluated for

particles with radii, a, between 0 and 100 microns and initial energies

of 5.15 and 5.49 MeV. Adaptive 8-point Legendre-Gauss integration

was performed with GAUS8 (see VanDevender 1984 and Cowell 1984). An

integration error tolerance of 10"* was used. Figures A2-5 and A2-6

display fractional energy for 0 > a > 100 and 0 < a < 20, respectively,

for Eo - 5.15 MeV. Table A2.1 lists the fraction of energy escaping from

particles of various radii.

3.6.8.A2-9
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Fig. A2-1. Case I 2a < s Fig. A2-2. Case Ila r £ s-a

Fig. A2-3. Case lib r > s-a Fig. A2-4. Case III s < a
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1.20 -I

o"°°o.o6 5 I 6 6 ' " " ' Vd.bo 15.00 20.00 25.00

(microns)

Fig. A2-5. PuO2 Fractional Energy vs. Radius for Eo - 5.15 HeV
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Fig. A2-6. PuO2 Fractional Energy vs . Radius for Eo - 5.15 MeV
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Table A2-1. Fraction of alpha particle energy escaping from PuO2 particles
as a function of particle radius and initial energy

Particle
Radius Fraction of Energy Escaping

Eo - 5.15 MeV

0.476
0.607
0.766
0.823
0.877
0.927
0.964
0.987

Eo.- 5.49 Me

0.515
0.647
0.790
0.840
0.888
0.934
0.967
0.988

7.0
4.5
3.5
2.5
1.5
0.75
0.28
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APPENDIX 3.6 .9

GAS RELEASE ASSESSMENT

1.0 SUMMARY

The hydrogen concentra t ion w i l l be maintained below 5% in a l l void volumes

within the TRUPACT-II payload and ICV during t r anspor t of CH-TRU m a t e r i a l s .

This document describes the logic and methodology used in evaluat ing payload

c h a r a c t e r i s t i c s which meet t h i s requirement . Appendix 3.6.10 descr ibes the

experiments r e l a t i n g to the q u a n t i f i c a t i o n of hydrogen re l ease r a t e s from the

payload con ta ine r s .

Parameters t h a t govern the maximum decay h e a t l i m i t s per shipping category are

l i s t e d in Section 3 .4 .4 .4 .2 of the SAR. These a re reproduced below:

Waste c o n f i g u r a t i o n ( i . e . , t h e number and type of confinement

l a y e r s ) .

Release r a t e s of hydrogen from each of these confinement l a y e r s .

Hydrogen generat ion r a t e s quan t i f i ed by the e f fec t ive 6 value of a

waste mater ia l ( the number of molecules of hydrogen produced per 100

eV of energy absorbed).

Operating temperature for the payload in the TRUPACT-II ICV during a

s ixty-day shipping per iod.

Void volume in the ICV outside the payload containers avai lable for

gas accumulation.

* Duration of the shipping per iod .

A computational spreadsheet was used to perform the ca lcu la t ions required to

determine the maximum decay heat values based on a pseudo s t eady- s t a t e model

of gas r e l e a s e . The computed maximum decay hea t s are based on an approach

which w i l l ensure tha t hydrogen concentra t ions are safely maintained below the

3.6.9-2
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5% limit during normal and accident conditions of t ransport . Among the fac-

tors which include a margin of safety to ensure an acceptably low hydrogen

concentration are:

Effective G values used in analytical calculations are higher than

values reported for actual waste containers as part of sampling

programs (see Appendix 1.3.9).

* .Minimum measured hydrogen diffusion coefficients through the drum

and SffB f i l t e r s ra ther than the average values.

* Minimum drum l ine r release r a t e .

' Only the leakage ra te from the small bag closure used as the release

ra te from small bags ( i . e . . no credit taken for permeation through

the p las t ic bag mater ia l ) .

* Lowest measured to ta l release ra te for a large bag was used.

* Void volumes inside each inner confinement layer and in the payload

containers assumed to be zero.

* A sixty-day shipping period compared to typical shipping periods of

five days or l e s s .

2.0 INTRODUCTION

In order to ensure safe transport of the payload in a TRUPACT-II package, the

concentration of .hydrogen within any void volume in a layer of confinement of

the payload or in the Inner Containment Vessel (ICV) shall be less than or

equal to 5% during an assumed sixty-day shipping period (Reference 7 .1) . The

predominant mechanism by which hydrogen i s generated within the payload i s by

radiolysis of the hydrogen-containing waste materials and plast ic bags or

sheets present in the payload (Section 1.2.3.3) . This document describes the

logic and methodology used to quantify the maximum decay heats which will

ensure acceptably low hydrogen concentrations.

3.6.9-3
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A description of the payload configuration in the TRUPACT-II package comprises

the next section. The factors affecting and controlling the maximum permissible

release rate of hydrogen are discussed in Section 4.0. The margins of safety for

the parameters which are used to quantify the decay heat limits are discussed in

Section 5.0. The computational method which was developed to perform the

mathematical analysis is described in Section 3.4.4.4 of the SAR. The computed

decay heat limit for each payload shipping category is summarized in

•Table 3.4.4.4-1 of the SAR.

3.0 THE PAYLOAD AND THE TRUPACT-II PACKAGE

The term payload refers to the waste contents which will be transported in the

TRUPACT-II package. The ICV of TRUPACT-II is designed to hold either fourteen

55-gallon drums, or two Standard Waste Boxes (SWB), or one Ten Drum Overpack |

(TDOP). The classification of shipping categories is described in Section |

1.2.3.2 of the SAR. The content codes in the different shipping categories are

described in the TRUPACT-II Content Codes (TRUCON) document (Reference 7.2). All

the waste in one payload will be of the same shipping category. Appendix 3.6.13 |

demonstrates that allowable decay heat limits of payload containers are not |

decreased. This is because the TDOP is vented with a minimum of nine filters and |

there are less payload containers. Thus, new shipping categories are not |

required for payload containers overpacked in a TDOP. j

3.1 Pavload Configuration

Typically, for purposes of radiological safety, the CH-TRU waste is packaged in

one or more layers of confinement (plastic bags). Each bag is closed either by

a twist and tape or fold and tape method (Appendix 1.3.6). The layers of bags

are then placed inside a payload container which is either a 55-gallon drum or

an SWB. In some cases the drums may be overpacked in SWBs or the TDOP, or SWBs j

may be overpacked in TDOPs. The fold and tape closure is usually the method of j

closure for bags lining the SWB. When a drum is the payload container, a

punctured or filtered drum liner may separate the waste bags and the steel drum

shell (Appendix 1.3.3). The lid of the drum is fitted with at least one carbon

composite filter (Appendix 1.3.5). The filter releases generated gases, while

acting as a barrier for particulates. If the payload containers are drums,

fourteen drums are placed into two seven-pack assemblies which are then placed

directly inside the ICV of the TRUPACT-II. If the drums are overpacked, up to

four drums per SWB will be placed into each of two SWBs. Each Standard Waste Box
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will be fitted with at least two carbon composite filters which meet the

| specification outlined in Appendix 1.3.5 for the SWB. Up to ten drums can be

! overpacked in a TDOP, one of which is transported in a TRUPACT-II package,

j Alternately, one SWB can be overpacked in a TDOP. Each TDOP is fitted with ten

| .carbon composite filters.

4.0 PARAMETERS AFFECTING RELEASE RATES AND DECAY HEAT LIMITS

The release of gas from payload materials is discussed in Section 3.4.4.4.2 of

the SAR. Specific parameters that affect these release rates are described

below.

4.1 Permeability of Baas

The permeability coefficient or simply the permeability is a measure of the rate

at which a gas passes- through a material. Permeability may be defined as the

number of moles of gas passing per unit time through a material of unit area

which is of unit thickness under a unit partial pressure gradient at a specified

temperature. Typical units for permeability are: (mole*cm)/(sec*sq. cm*mmHg).

Therefore, the mass flow rate of a gas (e.g., hydrogen) through a material will

increase with an increase in the available surface area, an increase in the

partial pressure gradient of the gas across the membrane and with a decrease in

the thickness of the material, and an increase in temperature.

4.2 Leakage Through Bag Closures

In addition to permeation through the plastic bags, hydrogen is also released

through the closure at the end of the bags. Each bag is closed by a twist and

tape or fold and tape method (Appendix 1.3.6). The twisted portion of the bag

that is taped generally has a length of six inches. Hydrogen is then released

by diffusion through the twisted closure. Bags which are folded and taped would

be expected to offer very little resistance to the passage of hydrogen. The

closure .methods described here are mandatory for all payload containers to be

transported in TRUPACT-II (Appendix 1.3.6), and hence these release mechanisms

for hydrogen will be in operation. Heat sealing of bags is not allowed for

confinement of CH-TRU waste in payload containers.
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4.3 Bag Materials .

Two kinds of bag materials are typically used by the waste generator sites*

polyvinyl chloride (PVC) and polyethylene (PE). The permeability depends on

the type of material, and any additives which are added to the polymer during

manufacturing. For example, the permeability of a PVC bag generally increases

with the amount of plasticizer used in making the film (Reference 7.3).

4.4 Radiation Effects on Bags

The radiation from the decay of radionuclides within a bag may affect the

properties of the bag including the permeability to hydrogen and other gases.

Gamma radiation doses up to 800 Krad seem to have no significant effect on the

permeability of PE or PVC to nitrogen, oxygen, carbon dioxide and water vapor

(Reference 7.4). The permeability of these materials to hydrogen can also be

expected to yield similar results. Polymers like PE and PVC preferentially

crosslink as a result of radiolysis, yet data from Reference 7.4 seem to in-

dicate that significant permeability changes do not result from this effect.

Preliminary permeability data from an actual waste drum, that has been stored

for a period of fifteen years, indicate that the hydrogen permeability rates

through both PE and PVC are higher when compared with new plastic samples

(Reference 7.5).

4.5 Temperature

Permeabilities are highly dependent on temperature. For this reason, values

of permeability are and should be quoted at a specific temperature. The tem-

perature dependence of the permeability may be represented by an Arrhenius

type equation" (Reference 7.6):

P 'is proportional to the' exp(-E/RT) (Eq. 1)

where,
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P - permeability

E - activation energy for permeation

R - gas constant

T - absolute temperature.

Typically, for polymeric membranes the activation energies for hydrogen per-

meation are between 1 and 10 Kcal/gmole. The estimated activation energies

for hydrogen permeating through PE and PVC membranes are 8.2 Kcal/gmole and

1.9 Kcal/gmole respectively (Reference 7.6). Therefore, the permeability of

hydrogen through PE is much more sensitive to changes in temperature than

through PVC.

4.6 Diffusion Coefficients Through Filters

The lid of a waste drum is fitted with a least one carbon composite filter

(Appendix 1.3.5). Each SWB will be fitted with a minimum of two filters.

Each bin overpacked in, a SWB will be fitted with two Kevlar filters, with

release rates at least as high as the carbon composite filters. These filters

prevent a potential pressure buildup due to generation of gases by allowing

the venting of gaseous products while retaining particulates. Hydrogen

molecules diffuse through a filter at a rate which follows Fick's first law

of diffusion, which states that the diffusion rate is equal to the product of:

Effective diffusion coefficient

Cross•sectional area of the filter, and

Concentration gradient across the filter.

The temperature dependence of hydrogen release through bag closures is a func-

tion of the diffusion process, as well as the "twist and tape" configuration.

While pure diffusion shows a slight decrease with decreasing temperature,

actual tests (described in Appendix 3.6.10) show that the total release of
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hydrogen from bags can increase with decreasing temperature. This aspect is

discussed further in Section 5.2 of this appendix.

The effective diffusion coefficient of hydrogen through the filter is a frac-

tion of that in air due to the presence of the solid filter medium.

4.7 Diffusion Through Drum Liner

If a rigid plastic drum liner is placed inside a drum to be transported, the

liner must be punctured with a hole that has a minimal diameter of 0.3 inches

or have a carbon composite filter installed. The release of hydrogen from

this liner will therefore be comprised of two components: permeation of the

gas through the material and diffusion of hydrogen through the punctured hole.

The diffusion rate through the hole will be equal to the product of: '

Cross-sectional area of the hole

Diffusion coefficient of hydrogen in air

Concentration gradient of hydrogen
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5.0 QUANTIFICATION OF DECAY HEAT PARAMETERS

5.1 Margins of Safety in Calculations

The purpose of th is section is to identify, the margins of safety associated

with the parameters which determine the maximum permissible decay heat for

each payload shipping category. The watts of decay heat have been derived

incorporating several margins of safety as explained in the following sub-

sect ions . The maximum decay heat values wi l l ensure that the concentrations

of hydrogen w i l l be below the 5% l imi t during normal and accident conditions

of t ranspor t .

5.2 Temperature and Pressure

The temperature dependence of hydrogen release ra tes i s discussed in Appendix

3.6.12.

The pressure being used in the hydrogen re lease ca lcula t ions i s assumed to be

constant a t 1 atm. Since production of any gases would tend to increase the

pressure (and reduce mole f ract ions of hydrogen), neglecting gas generation

and any decrease in ambient pressure should not a l t e r the margins of safety

being used in the release ca lcu la t ions . Any increase in pressure in the inner

confinement layers due to gas production would r e su l t in flow of the gases and

higher release r a t e s .
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5.3 High G Values

The effective G values provided in Appendix 3.6.7 of the SAR bound the

worst-case hydrogen producing material while allowing credit for weight

percent water in the waste and self-absorption of alpha decay energy by

radioactive particulates. For Waste Types II and III, the assumption is made

that all of the decay heat is absorbed by the material with the highest G

value for hydrogen.

5.4 Minimum Hydrogen Diffusion Coefficients

Each payload container to be shipped will be fitted with one or more carbon

| composite filters. Bins overpacked in SWBs will be fitted with two or more

| Kevlar filters. The filters provide for venting of gaseous products while

| retaining particulates. A total of eighteen filters of the carbon composite

filter design (twelve drum and six SWB) have been tested for hydrogen dif-

fusivity (Reference 7.7) to calculate the hydrogen diffusion coefficient for

| each. Four of the Kevlar filters to be used in the bins have also been tested

| for their hydrogen diffusivity characteristics. As a margin of safety, the

hydrogen diffusion coefficient assumed for the carbon composite filter in the

decay heat limit calculations is the lowest diffusion coefficient which has

been measured. The value of this parameter is 1.90E-6 mole/sec/mole fraction

(Reference 7.7) as opposed to the average value of 3.10E-6 .mole/sec/mole

fraction (Table 1). Each SWB will be fitted with at least two carbon

composite filters meeting specifications listed in Appendix 1.3.5. The value

of the lowest measured diffusion coefficient is 3.70E-6 mole/sec/mole fraction

| whereas the average was 4.87E-6 mole/sec/mole fraction (Table 2). This

| minimum hydrogen diffusivity value for the SWB filter is also used for the

| Kevlar filters, even though the hydrogen diffusivities of the Kevlar filters

| are about four times higher than this value (Table 3).
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TABLE 1

HYDROGEN DIFFUSION COEFFICIENTS THROUGH DRUM FILTERS

Filter Diffusion Coefficient

ID # (mole/sec/mole fraction)

NFT-D1 3.60E-6

NFT-D2 3.30E-6

NFT-D3 5.70E-6

NFT-D4 4.23E-6

NFT-D5 3.22E-6

NFT-E5 3.38E-6

NFT-16 2.46E-6

NFT-17 2.43E-6

NFT-18 1.90E-6

NFT-21 2.10E-6

NFT-22 2.37E-6

NFT-23 2.50E-6

Reference (Ref. 7.7)

TABLE 2

HYDROGEN DIFFUSION COEFFICIENTS THROUGH SWB FILTERS

Filter Diffusion Coefficient

ID # • (mole/sec/mole fraction)

NFT-9026 5.43E-6

NFT-9027 3.70E-6

NFT-9032 5.19E-6

NFT-9033 4.80E-6

NFT-9034 5.19E-6

NFT-9035 4.90E-6

Reference (Ref. 7.7)
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TABLE 3

HYDROGEN DIFFUSION COEFFICIENTS THROUGH KEVLAR BIN FILTERS

Filter . Diffusion Coefficient

IDtf (mole/sec/mole fraction)

K-23 . 7.7E-6

K-25 7.2E-6

K-27 7.4E-6

K-28 7.3E-6

K-25 (repeat) . 7.7E-6

Reference (Ref. 7.8)
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5.5 Minimum Dnm Line^ Release Rate

If a rigid plastic liner is used in a drum, the liner must have a hole with

a minimum diameter of 0.3 inches, or a filter vent before the drum can be

transported in TRUPACT-II. Release of hydrogen through the liner will occur

by two mechanisms:

Diffusion through the punctured hole or carbon composite filter and

Permeation through the material.
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As a margin of safety, no credit will be taken for the release of hydrogen by

permeation through the l iner material. The release rate through the punctured

hole is equal to the product of:

Minimum cross sectional area of the hole (0.456 sq. cm)

* Diffusion coefficient of hydrogen in a i r , and

Concentration gradient of hydrogen across the hole.

Another margin of safety which has been incorporated is that the diffusion

coefficient of hydrogen in a i r at -29 °C wil l be used in calculations of decay

heat l imits . With this value of the diffusion coefficient (0.511 sq. cm/sec)

the re lease r a t e through the drum l i n e r has been computed as 5.09E-5

inole/sec/mole fraction. Since the diffusion coefficient varies with tempera-

ture to the 1.75 power (Reference 7.5), the release rate would be higher by a

factor of 1.22 at 25 °C but is not considered in the calculations for the

decay heat l imi ts . The sites which use a carbon composite f i l t e r to vent the

liner will ensure that the release rate is equal to or higher than this value.

5.6 Release Rates From Bags

Several margins of safety have been incorporated in deriving the release rates

from bags. These may be summarized as follows:

For small bags (not large drum l iner bags), such as those used to

bag-out solid inorganics and organics, only the leakage through the

worst-case bag material closure has been used as the release r a t e .

All decay heat is assumed to be in the innermost layer of confine-

ment. These bags do have a f in i te surface area which is typically

around 0.6 sq. meters which would correspond to an additional r e -

lease rate of around 2E-6 mole/sec/mole fraction at 25 °C.

Credit has been taken for only one closure, although the majority of

the small bags have two c losu res . The re lease r a t e by th i s

mechanism has been quantified as 5.58E-7" mole/sec/mole fraction

based on experimental measurements (Appendix 3.6.10).
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For large bags the to ta l re lease (c losure leakage and bag per-

meation) was measured at three different temperatures (Appendix

3.6.10) . For purposes of calculating the decay heat l imits, the

lowest measured total release rate of 4.67E-6 mole/sec/mole fraction

was used.

For the SWB liners the total release rate i s the sum of the release

ra tes by permeation through the SWB l i n e r and the re lease rate

through the small bag closure. The acutal release rates through the

SWB liners are expected to be much higher due to the fold and tape

closures which offer minimal resistance.

5.7 Void Volumes

A pseudo-steady-state analysis was used to compute the decay heat limit for

each shipping category and wi l l be described in detail in the following sec-

tion. For the purpose of these calculations, an assumption of zero void volume

inside each of the layers of confinement in a payload containers has been

made. This results in higher calculated concentrations of hydrogen in the

different confinement layers and the TRUPACT-II ICV cavity. (The smaller the

available volume for a given amount of hydrogen, the higher i ts concentra-

tion.) For fixed release rates of hydrogen through the various layers of

confinement, this approach gives the lowest decay heat l imits .

5.8 Shipping Period Duration

A shipping period of sixty days has been assumed in the calculations of decay

heat limits compared to typical shipping periods of f ive days or l e s s .
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APPENDIX 3.6.10

GAS RELEASE TESTING

1.0 SUMMARY

This appendix provides a summary of a testing program designed to obtain data

on hydrogen release rates from confinement layer configurations which mimic real

waste drums of contact handled transuranic (CH-TRU) waste. Several different

confinement layer configurations have been tested.

A test consists of simulating hydrogen gas generation in the innermost bag by

a controlled release of hydrogen and monitoring the resulting hydrogen

concentration within each of the void volumes between layers of confinement.

All layers of confinement are initially purged with nitrogen. The tests are

terminated when steady state conditions are achieved, (i.e., when the hydrogen

volume percentage remains constant in all void volumes for twelve consecutive

hours with a concentration of around 4.0 percent in the inner bag.) A mass

balance for hydrogen at steady state permits the computation of effective release

rates from each of the confinement layers since the flowrates across each layer

are equal to each other and to the hydrogen gas injection rate.

The release of hydrogen from a waste confinement layer consists of two

components:

" Permeation through .the bag material

• Release through the bag closure ("twist and tape", or "fold and tape")

Only the release rate through the bag closure (5.6E-7 mole/sec/mole fraction)

, was used-as the total release rate from small inner bags (Appendix 3.6.9). This

value was computed as the difference in values obtained from Tests 9A and 9C."

The contribution of bag permeation was not considered in the calculations in

order to provide a margin of safety. Results of test 9B demonstrate that the bag

permeability for small bags is nearly 80% of the value being used for the bag

closure of the small bag.
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The lowest measured total release rate (4.67E-6 mole/sec/mole fraction), based

on Test IOC, was used as the total release rate from large drum liner bags in

the computations of decay heat limits. These release rates serve as inputs to

the hydrogen release estimates described in Appendix 3.6.9.

The accumulation of data from this testing program is in progress. The results

will be made available to the Nuclear Regulatory Commission (NRC) upon completion

of tests.

2.0 INTRODUCTION

The purpose of this appendix is to provide a summary of whole-bag hydrogen

release tests which have been conducted at Pacific Nuclear Systems, Inc.,

Richland, Washington. The objective of this test program was to obtain data on

the release rates of hydrogen from each of several layers of confinement in

drums which simulate the typical packaging configuration of CH-TRU waste.

The scope of the testing program is presented in the next section (3.0). A

description of the experimental equipment can be found in Section 4.0. The

details of the experimental procedure which was used are contained within Section

5.0. The quality assurance and quality control measures pertinent to the testing

program are discussed in Section 6.0. The final section contains an analysis

and summary of the experimental results.

3.0 TEST PROGRAM

3.1 Task

The scope of the testing program is to obtain hydrogen release rate data for

different* configurations which mimic typically packaged CH-TRU waste drums

(payload container). For purposes of radiological safety, the CH-TRU waste is

packaged in multiple layers of plastic bags which are closed by a twist and tape

or fold and tape method (Appendix 1.3.6) and subsequently placed in a payload

container which is either a 55-gallon drum (Appendix 1.3.3) or a Standard Waste
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Box (Appendix 1.3.4). The payload containers are fitted with one or more carbon

composite filters as described in Appendix 1.3.5.

3.2 Configuration of Test Df^s

The drums used to measure hydrogen release rates were generally configured as

follows (from the drum to the innermost layer of confinement):

55-gallon drum (with gasket) and with a carbon composite filter

installed in drum lid.

90-mil rigid high density polyethylene (HDPE) liner, punctured with

0.75"-diameter hole (bung removed).

One or more layers of plastic bagging.

A detailed description of the test apparatus is presented in the following

section. •

4.0 EQUIPMENT DESCRIPTION

The purpose of this section is to describe the equipment which was used in

conducting the hydrogen release tests. A schematic diagram of the external test

equipment assembly is presented in Figure 1.

4.1 Plastic Bags

The four different types of bags used in the experiments were:

9 - 1 4 mil, 55-gallon PVC 0-ring drum liner bag manufactured by

Vinyl Tech Inc, currently used by Rocky Flats Plant and typical of

bags "used at all sites.
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55 GAL DRUM

FIGURE 1

External Test Equipment Assembly
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. • 10 - 12 mil, 55-gallon PE round-bottom drum liner bag manufactured

by the Hedwin Corp, currently used by Rocky Flats and typical of

' large, drum liner bags used at all sites.

9-14 mil, PVC bag-out (small inner bag) manufactured by Vinyl Tech

Inc. , currently used by Rock Flats and typical of bags used at all

sites to bag-out waste from gloveboxes.

5-mil PE (small inner bag) manufactured by Parade Packaging

Materials, used at Rocky Flats Plant and typical of bags used at

all sites.

4.2 Drum Liner

This is a rigid, 90-mil, high density polyethylene (HDPE) liner for a 55-gallon

drum, which is black opaque with a removable lid and seal. The lid has a

0.75-inch diameter hole near the center of the lid (after removal of the bung.)

4.3 55-Gallon Drum

A drum made of carbon steel and painted white. The drum has a white neoprene

rubber gasket between the body and lid. A carbon composite filter is installed

in the drum lid.

4.4 Carbon Composite Filters

All the filters used are high-efficiency particulate air (HEPA) filters made

from a carbon composite material and manufactured by Nuclear Filter Technology

Inc., Golden, CO. The specifications for the drum and SWB filters are provided

in Appendix 1.3.5. The filters are installed in the lids of a drum. The filters

release any gases that might be generated in the payload containers, while acting

as a barrier for particulates (efficiency in excess of 99.97%). Model numbers

and characteristics of the filters used in the hydrogen release tests are:
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Model 012, which is in service at Rocky Flats Plant. Two filters

of this model, lot numbers NFT-17 and NFT-21, were used in the tests.

The 3/4-inch threaded bung plug is made of mild steel.

Model 013, which is in service at Savannah River Plant (drums) will

be used in Standard Waste Boxes (SWBs) . Two filters of this model,

lot numbers NFT-9034 and NFT-9035, were used in the tests. Rocky

Flats Plant is in the process of adopting this model. The lid to

this filter is distinct in that it is suspended 1/16-inch in the air

by dimples stamped onto the lid. The 3/4-inch threaded bung plug

is made of 304 stainless steel.

Model 020, Lot number NFT-E filter, is used at Idaho National

Engineering Laboratory (INEL) and Nevada Test Site (NTS) . The 7/16-

inch self tapping threaded plug is made of 303 stainless steel.

4.5 Whole Drum Configuration

The experiments were set up with either one, two, three or four bags. Examples

of the test configurations are shown in Figures 2 to 5 for tests 4 to 7. The

shaded areas in the figures represent a three-dimensional cage that was used

inside the test apparatus to prevent the bags from collapsing and to sustain

their shape. The experimental procedures for the tests are summarized in Table

1. Table 1 lists the exact configuration of each test set-up. The parameters

which are listed in the table are defined below, in the order in which they

appear.

PARAMETER DEFINITION

Test Number Uniquely identifies each test. For tests 4 - 7 the B

test was a repeat of the A test.

Temperature The temperature of the room measured at steady state.

At Steady

State (°F)
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Nat To Scale
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tlaa off with taoe (Not heat-sealed )
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ROUNO BOTTOM BAG

9 TO 14-MIL PVC. 55-GAL
O-RING INNER BAG

17" DIAMETER X 26* LONG
WIRE CAGE

Figure 2

Test 4, Confinement Layer Configuration
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Figure 3

Test 5. Confinement Layer Configuration
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tied off with taoe (Not haat-sealed )

55 GAL 17-C DRUM

90-MIL HOPE DRUM
UNER

10-MIL PE. 55-GAL
ROUND BOTTOM BAG

9 TO 14--MIL PVC, 55-GAL
O-R1NG BAG

17" DIAMETER X 26" LONG
WIRE CAGE

5 MIL PE INNER BAG

9 1/2* DIAMETER
X U* LONG
WIRE CAGE

9 TO 14- MIL PVC, 55-GAL
INNER BAG

Figure 4

Test 6, Confinement Layer Configuration
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Not To Scale

I
LEGEND

CARBON COMPOSITE FILTER

• BULKHEAD FITTING

SAMPLING TUBING

HORSETAIL-Last 6* of plastic bag
tied off with taoe (Not heat-sealed )

55 GAL17-C DRUM

90-MIL HOPE DRUM
UNER

10-MIL PE. S5-GAL
ROUND BOTTOM BAG

9 TO 14-MIL PVC, 55-GAL
O-RING BAG

17' DIAMETER X 26* LONG
WIRE CAGE

5 MIL PE INNER BAG

10 1/4* DIAMETER
X U* LONG
WIRE CAGE

Figure 5

Test 7, Confinement Layer Configuration
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Test Tenperature
Number at Steady

State (deg F)

4A 74.0

Dimensions
(in.)

36.875 x 86.5
37.625 x 58

Total Surface
Area

(sq. ft.)

36.6
29.4

Table 1

Test Descriptions

Confinement
Layers

14 mil PVC liner bag
10 mil PE liner bag

Filter
Type and
Number

NFT-E
INEL Design

Bulk Head
Duct Seal

Used

No

Type of
Bag Seal

twist and tape
closure

Notes

Figure 2.

I
oTRUPACT-II

 
SAR

4B

5A

76.0

78.0
O
I

5B 82.0

68.0

36.875 x 86.5 36.6 14 mil PVC liner bag
37.625 x 58 29.4 10 mil PE liner bag

90 mil HDPE drum liner

14 mil PVC inner bag-out
5 mil PE inner bag
10 mil PE liner bag
10 mil PE liner bag
90 mil HDPE drum liner

10 x 72 6.3 14 mil PVC inner bag-out
24.625 x 30.5 8.4 5 mil PE inner bag
37.625 x 58 29.4 10 mil PE liner bag
37.625 x 58 29.4 10 mil PE liner bag

90 mil HDPE drum liner

10
24
37
37

x 72
.625 x
.625 x
.625 X

30.5
58
58

6.3
8.4
29.4
29.4

10 x 72
24.625
36.875
37.625

X
X
X

30
86
58

.5

.5

6.3
8.4
36.6
29.4

14 mil
5 mil
14 mil
10 mil
90 mil

PVC inner bag-out
PE inner bag
PVC liner bag
PE liner bag
HDPE drum liner

NFT-21
RFP Design

NFT-21
RFP Design

NFT-21
RFP Design

NFT-17
RFP Design

No

No

No

No

twist and tape
closure

twist and tape
closure

Figure 2.

Figure 3.

twist and tape
closure

Figure 3.

twist and tape
closure

Figure 4.

I

VO

oo



* Table 1

Test Descriptions

Test Temperature Dimensions Total Surface Confinement

Nunber at Stead/ (in.) Area Layers

State (deg F) (sq. ft.)

Filter

Type and

Number

Bulk Head

Duct Seal

Used

Type of

Bag Seal

Notes

1

1
•

C/J

%
6B 66.0 10 x 72 6.3 14 mil PVC inner bag-out

24.625 x 30.5 8.4 5 mil PE inner bag

36.875 x 86.5 36.6 14 mil PVC liner bag

37.625 x 58 29.4 10 mil PE liner bag •

90 mil HDPE drum liner

NFT-21

RFP Design
No twist and tape

closure

Figure 4.

7A 77.0

CO

o
I

M
to 7B

9A

9B

9C

71.0

70.0

50.0

59.0

24.
36.
37.

625
875
625

X

X

X

30
66
58

.5

.5
8.4
36.
29.

6
4

5 mil

14 mil

10 mil

90 mil

PE inner bag

PVC liner bag

PE liner bag
HDPE drum liner

NFT-17

RFP Design
No twist and tape

closure

Figure 5.

24.

36.

37.

10

10

10

625 x

875 x

625 x

x 72

x 72

x 72

30.5

86.5

58

6.4

36.6

29.4

6.3

6.3

6.3

5 mil

14 mil

10 mil

90 mil

14 mil

14 mil

14 mil

PE inner bag

PVC liner bag

PE liner bag

HDPE drum liner

PVC inner bag-out

PVC inner bag-out

PVC inner bag-out

NFT-17

RFP Design

NFT-17

RFP Design

NFT-9035
SRP Design

NFT-9035

SRP Design

No

No

Yes

Ho

twist and tape

closure

twist and tape

closure

heat sealed

heat sealed

Figure 5.
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0
-

Test
Number

10A

108

IOC

11A

Temperature
at Steady

State (deg F)

10.0

-18.0

57.0

63.0

Dimensions
(in.)

37.625 x 58

37.625 x 58

37.625 x 58

36.875 x 86.5

Total Surface
Area

(sq. ft.)

29.4

29.4

29.4

36.6

Table 1

Test Descriptions

Confinement
Layers

10 mil PE liner bag

10 mil PE liner bag

10 mil PE liner bag

14 mil PVC liner bag

Filter
Type and
Number

NFT-17
RFP Design

NFT-17
RFP Design

NFT-9034
SRP Design

NFT-21
RFP Design

Bulk Head
Duct Seal
Used

Yes

Yes

Yes

Yes

Type of
Bag Seal

twist and tape
closure

twist and tape
closure

twist and tape
closure

twist and tape
closure

•

Notes
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Dimensions

(in)

The dimensions of the bag as specified by the

manufacturer.

Total Surface

Area (sq. ft.)

Effective surface area of bag in test. (Does not

include the closure area).

Confinement

Layers

The confinement layer configuration for each test.

(See next section for a complete description of each

layer.)

Filter Type and

Number

The filter (identified by model lot, and serial

numbers) which is installed in the lid of the drum.

Bulkhead -

Duct Seal

Used/Unused

A yes or no denotes whether duct seal was used to

seal the bulkhead connections.

Type of

Bag Seal

Denotes whether the method of sealing the bag was

twist and tape or heat sealing (for experimental purposes

only).

Notes Refers to the figure number in this appendix which

depicts the confinement layer configuration.

Most of the experiments were set up to simulate typical waste configurations at

the sites, except for tests 9B and 9C that were specifically designed to measure

individual components of the release rates (i.e., bag plus bulkhead plus closure,

bag plus closure and bag only). The bag used in these tests was heat sealed for

the purpose of the experiments. It should be noted that heat sealing is not

allowed in any of the payload containers in TRUPACT-II. The following

descriptions of the components of the test assembly refer to the experimental

set up shown in Figure 1.
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4.6 Sampling Tubing

Small diameter (0.125-inch O.D., 0.08-inch I.D.) Nylaflow tubing is used to

penetrate the confinement layers to allow recycling of gas to measure H2

concentration in confinement layers and to input Hj into the innermost

confinement layer. .

4.7 Manometer

A water-filled manometer measures the pressure inside each confinement layer or

void volume to a sensitivity of 0.1 inch of water. These measurements were

discontinued once it was established that there is no pressure differential

across any of the layers of confinement.

4.8 Hydrogen Cylinder and Two-Stage Regulator

A hydrogen cylinder (high purity), fitted with a two-stage regulator model #TSA-

15-350, provides a steady flow of H2 irrespective of changes in pressure inside

the cylinder. Both of these items are manufactured by Oxarc Inc, Pasco, WA.

4.9 Hydrogen Rotameter Assembly

A precision flowmeter, model FL-310, manufactured by Omega Engineering, Stanford,

CT provides a flow rate of 0.03 to 30 ml/minute of H2 at ambient temperature and

pressure to the innermost bag confinement layer.

4.10 Bulkhead Fittings

All plastic (Nylaflow) tubing used to sample head spaces in layers of confinement

were guided through bulkhead fittings to provide leak-tight seals. A combination

of plastic, threaded bulkhead fittings with neoprene seal rings and multi-tube

compression fittings (i.e., conax type) are used to prevent leakage of gases

between confinement barriers around tubing penetrations. These fittings were

supplied by Harrington Plastics, Seattle, WA.
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For the initial tests (Tests 4, 5, 6 and 7), a bubble test was used to detect

any leaks that may occur around the bulkhead fittings. For the quantification

of minimum release rates, the bubble test proved to be inadequate, and a special

duct seal was used around the bulkheads to completely seal all possible areas

of gas leakage. An independent study, utilizing Freon gas and commercial leak

detection equipment, confirmed that with the duct seal, the system did not have

any detectable gas leaks. The details for each individual test are summarized

in section 7.0.

4.11 Hydrogen Analyzer

A Beckman Model No. '6139-1-1-0-0-1-000 thermal conductivity analyzer is used

for detecting hydrogen in nitrogen mixtures in the range of 0-5 percent by

volume. The sensitivity of these detectors is ±0.05 percent Hg by volume.

4.12 Gas Manifolds

Two valve manifolds are used for directing the flow from each of the different

sample lines through the hydrogen analyzer (Figure 1).

4.13 Pump

A rotary, peristaltic, tygon tubing pump shown in Figure 1, is used for

recirculating the atmosphere of each void volume between confinement layers.

After aligning the appropriate inlet and return valves, the pump draws the gas

out of a selected void volume and discharges it through the hydrogen analyzer

(to measure H2 concentration). The exhaust from the analyzer is returned

(recycled) back to the same void volume through a gas diffuser.

4.14 Gas Diffuser

A porous plastic gas diffuser is used on each sample return line to reduce the

gas velocity at the tubing exit.
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4.15 Nitrogen Supply

Nitrogen gas is used for purging the atmosphere within the test drum and within

each bag at the initiation of the experiment.

4.16 Nitrogen Purged Filter Vent Assembly

The open end of an inverted plastic beaker is sealed to the surface of the drum

lid, covering the drum carbon composite filter. A stream of nitrogen gas will

continually purge the beaker to prevent the diffusion of air into the drum during

testing. A small hole in the closed end of the beaker will allow introduction

of a nitrogen purge tube and escape path for nitrogen purge.

4.17 Timer Solenoid Ik-Flow Control

A programmable timer, electric solenoid, and air-operated bellows valve system

automatically control the R^ flow rate. The timer can be programmed to supply

H2 for a desired amount of time per time period. This allows very low flow

rates of H2 to be supplied to the innermost bag. If the hydrogen flow is below

the rotameter range or if the rotameter accuracy/repeatability is in question

over a given hydrogen flow range, the hydrogen metering valve and regulator

pressure can be set at a fixed setting and the timer on/off cycle can be varied

to provide the desired hydrogen injection rate. These are all manufactured by

Seattle Valve and Fitting, Bellevue, WA.

5.0 EXPERIMENTAL PROCEDURE

5.1 General Requirements

The general requirements for all of the hydrogen release tests can be summarized

as follows:

All fittings for tubing penetrations into confinement layers are ensured

to be gas tight in order to prevent leakage of hydrogen. For initial

experiments, a soap bubble test was used for all fittings. Additional
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testing demonstrated that the seal in the bulkheads was not adequate.

Starting with test 9B, duct seal is used in all experiments to prevent

any gas leakage around fittings.

The atmosphere within the test drum and within each void volume is purged

and replaced by inert nitrogen prior to the introduction of hydrogen for

safety purposes.

Hydrogen is injected into the inner bag until a concentration of five

volume percent is attained. The hydrogen supply is turned off and the

inner bag void volume is allowed to decay to four percent. The purpose

of this is to obtain an approximate estimate of the hydrogen-release rate

from each layer.

Hydrogen gas concentration is analyzed at regular time intervals from each

void volume and recorded. Utilizing the timer and the hydrogen solenoid

valve, the flow rate of hydrogen is adjusted to achieve steady state at

four percent in the inner bag.

The test is terminated when steady state is achieved in all void volumes

between confinement layers with a concentration of approximately four

percent in the innermost bag. The test is continued for approximately

twelve hours after steady state conditions are achieved.

For each test, the pertinent information is recorded on a "Datasheet". A copy

of a sample Datasheet is included as Table 2. In addition to the parameters

listed on the Datasheet, the confinement layer configuration (i.e., type and

number of bags), vendor, sizes are also included to completely define each test.

The following sections describe the detailed experimental procedure which was

followed for each test.
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TABLE 2

Example Datasheet for Hydrogen Release.Experiments

Pressure

Time

2/1/89

0000

Sample

Drum

Inner Bag

Hg Cone.

(X Vol")

1.14

3.99

•Static

fin of

Baro.

H2O)

Temp.

Observations /Initials

70

0800 Drum 1.15

Inner Bag 3.99

1000

2330

Drum 1.15

Inner Bag 3.99

Drum

Inner Bag

1.15

3.99

69

72

71

Date HYDROGEN RELEASE TEST FOR TYPICAL

ROCKY FLATS CH-TRU DRUM
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5.2 Installation of the Gas Flow Tubing

Make the penetrations through confinement layers and install the bulkhead

fittings and sample tubes through the drum lid, drum liner lid (if used)

and each bag.

Install a gas diffuser on the end of each sample return line in the

bags.

Label the outside ends of the tubing.

Assemble the appropriate bag configuration system for each test per

instructions (list of tests is in Table 1).

Place the appropriate bag system adjacent to the drum liner lid and

place the drum liner lid adjacent to the 55-gallon drum.

Adjust the tubing lengths so that they are placed in the desired area

of the appropriate bag or container lid. Tighten the compression fitting

nut on the tubing seals approximately 1/3 turn from hand tight. Then

apply duct seal putty to all bulkhead fittings if applicable to the

particular test.

Verify that the outside end of each tube is attached to the appropriate

connection on the gas manifolds. Cycle the gas flow pump to ascertain

that unrestricted flow can occur through each tube.

5.3 Closure of the 55-gallon Drum

Cut the small 14-mil PVC bag-out bag in concurrence with dimensions of

the bag listed in Table 1 and insert a rigid frame (wire cage) inside

the bag to maintain the size of the bag for Tests 5,6,9 and 11. For

Tests 4 and 7 cut the 14-mil PVC 55 gallon 0-ring drum liner bag as

identified in Table 1 and insert rigid frame inside the bag to maintain

the size of the bag (Figures 2 to 5 show typical configurations of these
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bags). Utilize maximum size frame in all cases. For test 7 place maximum

size frame inside the 5 mil PE bag. Record dimensions and details of

frame construction on Datasheet.

Place wire frame inside third bag to support bag volume around inner

and second bag for tests 5 and 6. For Test 7 place the second wire frame

inside second bag to support bag volume around the inner bag. Record

dimensions and details of frame construction on Datasheet.

Insert nitrogen purge tube into bottom of each bag. Purge for five to

ten minutes. Remove purge tube and then, if not a heat sealed bag (only

experiments 9B and 9C) make a twist and tape closure as follows:

Twist top 6 inches of bag into 'horsetail' closure. Twist the 55-

gallon PVC 0-ring bag and the 55-gallon PE Round-bottom bag each

four turns at 180 degrees each. Twist both the small PVC bag-out

bag and the small PE bag six turns at 180 degrees each.

Hold the twisted end, tape around the horsetail, starting at

the bag end of. the twist and wrapping in upward spirals until

the end of the horsetail is reached. Continue wrapping up and

down horsetail until three or four layers of tape have been

reached.

Repeat nitrogen purge and seal open end of each bag used as

per Table 1.

Insert carefully, the bags with internal frames inside the 90 mil rigid

liner if used (refer to Table 1). Install the lid of the 90-mil liner

on top of the liner and snap it into place. Adjust tubing lengths through

bulkhead fittings and tighten the compression fitting nut on the tubing

seals approximately 1/3 turn from hand tight. Then apply duct seal to

bulkhead fittings as per the individual test procedure.

Guide all the sampling lines through the holes in the lid for the 55-

gallon drum as the lid is placed and secured to the top of the 55-gallon
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drum. After placement of the 55-gallon drum lid, adjust tubing lengths

through the bulkhead fittings and tighten the compression fitting nut

on the tubing seals approximately 1/3 turn from hand tight. Do not kink

or crimp the nylon tubing.

Test the manifolds for any leaks.

5.4 Purging of Drum

Start nitrogen purge of drum and 90 mil rigid drum liner by removing

drum bung and connecting nitrogen supply to drum return tubing and 90

mil drum liner inlet tubing. Establish flow of nitrogen into drum cavity

while performing the next step. Adjust the nitrogen flow to produce

noticeable flow of nitrogen out of the open bung hole.

Place inverted plastic beaker on top center of drum lid and seal with

RTV or duct seal. Insert N2 purge tube through small hole in top of

beaker.

Isolate nitrogen purge on drum and 90 mil drum liner and reinstall bung

in drum lid.

Test static pressure inside each bag void volume with water manometer.

Record on Datasheet. Open return valves as required to vent all bags to

atmosphere until pressure inside each bag is less than 1/8-inch water

prior to starting test. Following commencement of test no static pressure

readings are required.

5.5 Testing of Drum

Record actual flowrate of hydrogen or timer interval on Datasheet. The

source of .hydrogen for the experiment will be a cylinder with a two-

stage regulator which will provide a large decrease in pressure to the

rotameter and help stabilize the flowrate as the pressure in the cylinder

decreases with usage. The two-stage regulator will be connected to the

hydrogen rotameter.
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Verify zero and span calibration of hydrogen monitor as described in

Section 5:7 by connecting calibration gas to the nitrogen inlet of the

hydrogen monitor. Record data on Datasheet.

Sample for gas analysis from each void volume at periodic intervals as

follows. Three samples per day at approximately 8-hour intervals until

steady state is reached. Record data on Datasheet.

Turn off or reduce the hydrogen supply after the inner bag attains 4.5

to 5% hydrogen and allow the system to decay to approximately 4X.

Initiate hydrogen gas input into the inner bag to sustain a 4X hydrogen

level. Utilizing the timer and hydrogen solenoid valve, adjust flowrate

to achieve steady state at 4% in inner bag. Terminate test when steady

state is achieved in all void volumes with a concentration of around 4X

in the innermost bag for twelve consecutive hours.

5.6 Sampling of Gases

.The sampling procedure is based upon the following operational parameters

of the Beckman Thermal Conductivity Analyzer. Important operating

parameters are:

A sample of nitrogen gas should always be flowing through the

hydrogen monitor, except during valve manipulations.

A flow of 100 to 200 cc/min of sample gas is required during

recirculation of gas within a layer of confinement void volume.

If sample gas flow must be interrupted for more than 1 hour, it will

be necessary to turn off the hydrogen monitor. Operations should be

planned to avoid deenergizing the hydrogen monitor to prevent delays

caused by heatup stabilization and recalibration.

The sampling order is:

1) Drum
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2) Drum Liner

3) Large Bag

4) Second Large Bag (If used)

5) Inner Bag

6) Bag-out Bag

Sample all void volumes as follows:

Verify hydrogen meter reads zero percent. If meter is more than 0.05

percent off zero, recalibrate as described in next section.

Isolate nitrogen purge gas to monitor by closing upper nitrogen

valve and then close gas out valve on return manifold.

Record temperature at each recording on Datasheet.

Turn on sample pump to 35Z to 45Z speed to provide 100 to 200 cc/min

sample gas flow through monitor. Open and then close appropriate

inlet and return valves for desired void volume to allow sample gas

to flow through manifold. Continue sample gas flow for 1 to 5 minutes

until hydrogen monitor stabilizes. Record hydrogen concentration on

Datasheet.

After all void volumes are sampled, verify that all sample valves

are closed and the pump is on.

Open gas-out and manometer valves and throttle open lower nitrogen

valve to provide nitrogen purge flow (10-50 cc/min) to pump and

monitor through the inlet manifold.

Close lower nitrogen valve (inlet manifold) and then stop sample

pump.

Throttle open upper nitrogen valve to provide a continuous nitrogen

purge (10-50 cc/min) to monitor. Verify purge flow is directed to

inverted beaker on top of drum.
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Repeat the sampling of gases per schedule.

Repeat calibration check on hydrogen monitor as described in the next

section.

5.7 Calibration Check

Check calibration of hydrogen monitor with known calibration gas (5

percent hydrogen by volume in nitrogen) as follows:

Verify hydrogen monitor reads zero percent with nitrogen purge gas

at 50-200 cc/min to monitor. Rezero by changing zero dial as

required.

Disconnect nitrogen inlet to monitor and connect calibration gas.

Meter in calibration gas carefully and stabilize flow at 50-200

cc/min. Allow monitor to stabilize, one to five minutes. Recalibrate

monitor to full scale (five percent) by changing span dial, as

required. Record hydrogen concentration on Datasheet.

Isolate calibration gas and disconnect.

Reinstall nitrogen purge tubing and valve in nitrogen purge flow

(10-50 cc/min) to monitor.
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6.0 QUALITY ASSURANCE AND QUALITY CONTROL

6.1 Documentation

The following information is recorded throughout the test program for each test

on the Datasheet:

. " Chronological log with time at each sampling

Hydrogen concentrations within each containment layer void volume at

each sampling

Temperature in the testing room at each sampling

Any visual observations

6.2 Verification of Rotameter Calibration

The hydrogen rotameter factory calibration is verified by flowing hydrogen

through the rotameter into a waterfilled, inverted graduated cylinder provided

with a water seal.

6.3 Verification of Hydrogen Monitor Calibration

The hydrogen monitor (i.e., Beckman thermal conductivity analyzer) calibration

should be verified as described in Section 5.7 at the beginning and end of the

test, or more frequently if sufficient drift in the calibration is observed.

Record the hydrogen calibration check on the Datasheet.

7.0 ANALYSIS OF EXPERIMENTAL DATA

7.1 Testing Program Versus Waste Generation Procedures at Sites

The testing program described here has been formulated to obtaining release

rates of hydrogen through systems that were representative of real waste, but

with a margin of safety. The bag closure methods used in these tests (described
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in section 5.3), for example, are more stringent (tighter wrapping and more

layers of plastic tape) than what is usually practiced at the sites. The tie

off procedure in the tests is usually carried out by two individuals in order

to obtain as tight a closure as possible. Independent (and qualitative) tests

were also performed using easily detectable gases (i.e., Freon) to verify that

variations in closure methods including double bent tie offs are not less

restrictive than the procedure used" for closure during the testing. Soap bubble

tests were also performed to determine the relative amount of release through

the closure. All of these tests showed that in most cases, the leakage of

hydrogen through the closure was the dominant release mechanism. At some of the

US DOE sites, two or more of the bags are sometimes tied off in single tieoffs

which should further increase the release of hydrogen (compared to two layers

with independent closures). Results from these tests are therefore expected to

provide a reasonable margin of safety in estimating release rates of hydrogen.

7.2 Determination of Release Rates

7.2.1 Introduction

The tests were terminated when steady state conditions were achieved, i.e., when

the hydrogen volume percentages remained constant in all void volumes. Figures

6 through 20 are plots of the hydrogen concentration in each of the bag layers

in a given test versus time. The test numbers can be correlated with the test

configuration through Table 1. When steady state conditions are achieved, the

hydrogen concentrations in the different layers do not change with time. The

figures also serve to highlight the relative resistances of the different layers

to the release of hydrogen. Higher the gradient of hydrogen across-a barrier,

higher is its resistance. For example, from Figure 8, it can be seen that the

concentration gradient of hydrogen across the liner is very small. This is

because the punctured liner offers very little resistance to the release of

hydrogen compared to the other bag layers.

Once steady state is achieved, the molar flowrates of hydrogen across each of

the confinement layers are equal to each other and to the hydrogen generation

rate (simulated in the tests by injection of a controlled stream of hydrogen).

The flowrate across a layer is equal to the product of the hydrogen release
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Hydrogen Concentration Profiles in Confinement Layers

Test Number 4A
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Figure 15

Hydrogen Concentration Profiles in Confinement Layers

Test Number 9B
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. Figure 20

Hydrogen Concencracion Profiles i n Confinemenc Layers

TesC Number 11A
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rate and the mole fraction difference across a layer of confinement. The gas

injection rate was converted from a volumetric flowrate in (ml/hr) to a molar

flowrate in (mole/sec) via the ideal gas law equation. The pressure was assumed

to be atmospheric (i.e., 1 atm.) The temperature at steady state for each test

• was used in the ideal gas law equation.

The release rate for a confinement layer was therefore computed using the

following relation:

CG x P/(RT) x hr/3600 sec

Rr
Delta x

where,

Rr - Release rate from a confinement layer (mole/sec)

CG - Hydrogen gas injection rate (ml/hr)

P - Atmospheric pressure (1 atm)

R - Gas law constant (82.054 atm*ml/mole* K)

T - Absolute temperature at steady state ( K)

Delta x — volume (mole) fraction hydrogen gradient across the confinement

layer

For each test, the number of the test, hydrogen injection rate, temperature at

steady state, bag type, the mole percent hydrogen in the void volume of each

confinement layer at steady state, and the computed release rates for each of

the plastic bag confinement layers are summarized in Table 3. Similar information

for the filters is provided in Table 4.

The contribution to the total release rate by any leakage of hydrogen around

the bulkhead fittings was eliminated in experiments 9B, 10A, 10B, IOC and 11A

with the use of the duct seal. The release rate data of Tests 4,5,6 and 7 have

not been -used in quantifying the total release rates from bags since only the

lowest measured release rates were being used as inputs into the calculations

(Appendix 3.6.9 of SAR).
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Table 3

Summary of Total Release Rates from Plastic Confinement Layers

Test
Number

" 4A

4B

- 5A

5B

6A

6B

7A '

H2 Flow
Rate

(ml/hr)

15.6

13.6

3.1

3.5

2.8

2.2

17

Temperature
At Steady
State (deg F)

74.0

76.0

78.0

82.0

68.0

66.0

77.0

Confinement
Layer

14 mil PVC liner bag
10 mil PE liner bag
90 mil HDPE drum liner

14 mil PVC liner bag
10 mil PE liner bag
90 mil HDPE drum liner

14 mil PVC inner bag-out
5 mil PE inner bag
10 mil PE liner bag
10 mil PE liner bag
90 mil HDPE drum liner

14 mil PVC inner bag-out
5 mil PE inner bag
10 mil PE liner bag
10 mil PE liner bag
90 mil HDPE drum liner

14 mil PVC inner bag-out
5 mil PE inner bag
14 mil PVC liner bag
10 mil PE liner bag
90 mil HDPE drum liner

14 mil PVC inner bag-out
5 mil PE inner bag
14 mil PVC liner bag
10 mil PE liner bag
90 mil HDPE drum liner

5 mil PE inner bag
14 mil PVC liner bag
10 mil PE liner bag
90 mil HDPE drum liner

Steady state
Hydrogen molX

4.02
2.39
1.59

4.01
2.58
1.81

4.00
1.93
0.90
0.50
0.29

4.05
1.91
0.72
0.49
0.31

4.06
1.99
0.83
0.56
0.40

4.09
2.02
0.96
0.62
0.50

4.09
3.75
2.70
1.98

Total Release
(mol/sec/mol fraction)

1.09E-05
2.23E-05
5.94E-05

1.08E-05
2.00E-05
4.99E-05

1.35E-06
4.45E-06
1.21E-05
3.19E-05
7.03E-05

1.84E-06
3.31E-06
1.71E-05
2.19E-05
9.84E-05

1.56E-06
2.79E-06
1.20E-05
2.02E-05
4.62E-05

1.23E-06
2.40E-06
7.47E-06
2.12E-05
3.18E-05

5.68E-05
1.84E-05
2.68E-05
5.22E-05
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Table 3

Summary of Total Release Rates from Plastic Confinement Layers

Test
Number

7B

9A

H2 Flow
Rate

(ml/hr)

2.8

3.7

Temperature
At Steady
State <deg F)

71.0

70.0

5 mil
14 mil
10 roil
90 mil

14 mil

Confinement
Layer

PE inner bag
PVC liner bag
PE liner bag
HDPE drua liner

PVC inner bag-out

Steady State
Hydrogen molX

4.02
3.98
3.18
2.53

4.12

Total Release
(mol/sec/mol fraction)

8.07E-05
4.04E-06
4.97E-06
1.01E-05

1.35E-06
bulkhead; not sealed

9B 1.5 50.0 14 mil PVC inner bag-out
less horsetail;
bulkhead; end sealed

4.00 4.94E-07

9C 2.5 59.0 14 mil PVC inner bag-out
less horsetail;
no duct seal used
on bulkhead fittings

3.98 7.90E-07

10A

10B

25

20.9

10.0 10 mil PE liner bag

-18.0 10 mil PE liner bag

4.11

4.02

1.55E-05

1.52E-05

10C 5.9 57.0 10 mil PE liner bag 3.98 4.67E-06

11A 12.5 63.0 14 mil PVC liner bag 4.01 5.97E-06
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Table 4

Summary of Total Release Rates from F i l t e r s

Test H2 Flow Temperature F i l t e r Type Steady State Total Release Rate
Number Rate at Steady And Number Hydrogen molX (mol/sec/mol f ract ion)

(ml/hr) State (deg F)

4A • 15.6 74.0 NFT-E 1.29 1.38E-05
INEL Design

4B 13.6 76.0 HFT-21 1.50 1.03E-05
RFP Design

5A 3.1 78.0 NFT-21 0.22 2.51E-05
RFP Design

5B 3.5 82.0 NFT-21 0.27 1.46E-05
RFP Design

6A 2.8 68.0 NFT-17 0.33 9.80E-06
RFP Design

6B 2.2 66.0 NFT-21 ' 0.42 6.05E-06
RFP Design

7A 17 77.0 NFT-17 1.61 1.20E-05
RFP Design

7B 2.8 71.0 NFT-17 2.21 1.46E-06
RFP Design

9A 3.7 70.0 NFT-17 0.96 4.44E-06
RFP Design

9B 1.5 50.0 NFT-9035 SRP 0.37 4.85E-06
SRP Design

9C 2.5 59.0 NFT-9035 SRP 0.26 1.13E-05
SRP Design

10A 25 10.0 NFT-17 2.02 1.60E-05
RFP Design '

10B 20.9 -18.0 NFT-17 2.12 1.36E-05
> RFP Design

10C 5.9 . 57.0 NFT-9034 2.49 2.80E-06
SRP Design

11A 12.5 63.0 NFT-21 1.57 9.28E-06
RFP Design
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Permeation
Through
Small PVC

9B

4.94E-7

Bag Closure
Leakage

9A-9C

5.6E-7

Bulkhead
Fittings
Leakage

9C-9B

2.96E-7

7.2.2 Release Rates from Small Inner Bags

Tests" 9A through 9C were conducted specifically in order to quantify the various

contributions to the total release rate in the case of the small inner bags. The

various contributions are summarized in Table 5.

Table 5

Summaries of Release Rates for Small Bag Confinement Layers

Contributor
to Total
Release
Rate

Relation
to Tests

Value *

* Values reported in mole/sec/mole fraction

The release rate by permeation through the small inner bag is equal to the total

release rate from Test 9B, since there was no leakage around the bulkhead fitting

nor through the twisted closure because this test had the twist and tape closure

cut-off and the end heat sealed. The leakage through the closure is equal to the

difference of the values measured in Test 9A and 9C, that is, 5.6E-7

mole/sec/mole fraction. The leakage rate around the bulkhead fitting is the

difference between Tests 9B and 9C or 2.96E-7 mole/sec/mole fraction.

7.2.3 Temperature Dependence of Gas Release

Tests 10A through IOC were conducted in order to quantify the temperature

dependence of the total release rate at the low end of the operating

temperatures. The results show that the total release rate at the low

temperatures (Tests 10A and 10B at 10°F and -18°F respectively) do not decrease

as would be predicted by considerations of pure permeation and diffusion. The
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total release-rate at 10°F was approximately 702 higher than the release rate

at 57°F. The release rates at 10°F and at -18°F appear to be the same. The

increased release races at the low temperatures probably result from a stiffening

of the plastic material and changes in the closure configuration. The similar

release rates at 10°F and -18°F suggest that the dependence of release rates on

these low temperatures is not functional. That is, there would not be a

continuous decrease in the release rate with increasing temperatures. At higher

than room temperature, the normal dependence of diffusion on temperature

(increasing as the 1.75 power of temperature) would be valid.

7.2.4 Bounding Release Rate for Decay Heat Calculations

The release rate from the small PVC bag closure leakage (5.6E-7 mole/sec/mole

fraction) was used as the total release rate from small bags in computations of

decay heat limits (Appendix 3.6.9). As mentioned earlier, the bag permeability

was not considered in this case even though its contribution to the release of

hydrogen is approximately equal to the closure release rate (Table 5). This

should provide a margin of safety in keeping concentrations of hydrogen at lower

concentration than what is predicted by analytical calculations. The lowest

measured total release rate (4.67E-6 mole/sec/mole fraction) based on Test IOC

results (Table 3) was used as the total release rate from large bags (Appendix

3.6.9).

The filter diffusivities presented in Table 4 are not actual measurements on

the filters but are effective diffusivities in the configuration of the waste.

For the purposes of specifying a minimum diffusivity for the filters, actual

diffusivity measurements on the filters have been used since these are

representative of what would be measured by the manufacturer (Appendix 1.3.5).

In a drum (or SWB) configuration, release of hydrogen can depend on the way the

filter is installed, hydrogen leakage through the- gasket material and any other

available paths for the hydrogen.

In summary, this test program determined the release rates through different

bagging configurations which serve as conservative inputs into the decay heat

calculations outlined in Appendix 3.6.9. Release rates in actual waste drums
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are expected to be much higher than what is predicted by this experimental data.

This, coupled with the lower hydrogen production- rates- (as opposed to the

effective values being used in the calculations) should provide a high margin

of safety for safe transport of the CH-TRU waste. Sampling programs at the sites

prove this to be true, and are discussed in Appendix 1.3.9.
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Appendix 3.6.11

ASPIRATION OF UNVESTED

PAYLOAD CONTAINERS OF CH-TRU WASTE

1.0 INTRODUCTION

Payload containers of CH-TRU waste at DOE sites that have been stored in an

unvented condition (without a carbon composite filter and without a punctured

liner) have the-potential to accumulate hydrogen gas during storage. Prior to

transport in a TRUPACT-II package, each container shall be vented for a

sufficient period of time to aspirate. This is required to reduce the

concentration of hydrogen present at the time of venting to steady state

concentrations (generation rate equals release rate) within each of the layers

of confinement in a payload container. Once steady state concentrations are

achieved, there will be no change in the concentration of hydrogen--in each of

the volumes of confinement. "Venting" refers to the puncturing of the drum lid

and rigid liner lid (if present) and the installation of one or more carbon

composite filter(s) in the drum lid of a payload container. The period of time

for which a payload container needs to be vented before qualifying for transport

in TRUPACT-II is defined as the "aspiration time". This Appendix derives the

aspiration times needed for unvented payload containers of waste for each payload

shipping category.

Section 2.0 presents three options available to the sites to meet the aspiration

requirements. Section 3.0 describes the methods used to derive the -aspiration

times including the computational procedure. Tables to determine the aspiration

times for each payload shipping category are presented in section 4.0. Specific

procedures to be followed by the sites to implement any of the three options are

presented in section 5.0. All sites with unvented payload containers of waste

shall follow one or more of these procedures as part'of the waste qualification

process.
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2.0 OPTIONS TO DETERMINE ASPIRATION TIMES

Sites with unvented pay load containers of waste have the following options to

determine the aspiration time for a payload container. All of the options use

bounding values for the hydrogen generation rates. It is assumed that during

the storage period and subsequent aspiration, hydrogen is being generated in the

payload container at this bounding rate. These generation rates are the maximum

allowable for each of the shipping categories. These rates are not a function

of the G values, but depend on the bagging configurations within the drums.

Since all the parameters used in the calculations are the same for containers

with the same bagging configuration within a waste type (e.g., I.1A3, I.2A3,

I.3A3), the aspiration times for these waste material types are the same. In

the aspiration tables presented in Section 4.0, no distinction has therefore been

made (or is necessary) between waste material types.

2.1 Option 1 - Aspiration Time Based on Date of Drum Closure

The aspiration time using Option 1 is calculated based on the amount of time

that a payload container has been closed without venting. This option uses the

bounding hydrogen generation rate for the payload shipping category (Section

3.4.4.4 and Appendix 3.6.9 of the SAR), and assumes that all of the hydrogen

generated within the storage period will accumulate in the layers of confinement

of the payload container. This approach will give a conservative estimate of

the aspiration time, since the actual hydrogen generation rate will be less than

the bounding value, and may decrease during storage due to matrix depletion.

In addition, some of the hydrogen generated during storage may not be retained

in the payload container. Many payload containers have gaskets which are

manufactured to allow selected diffusion of hydrogen.

This analysis has been extended up to a possible accumulation of 40Z hydrogen

in the headspace of the payload container. As will be discussed in subsequent

sections, this concentration is about an order of magnitude higher than the

average concentration of hydrogen measured in sampling programs of CH-TRU waste

drums at the DOE sites. If the DOE sites choose to implement this option, the

age (period of time that the container has been closed) of the payload container

will determine the aspiration time as shown in Tables 4-1, 4-2 and 4-3.
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2.2 Option 2 - Headspace Gas Sampling At The Time Of Venting

The second option requires the sampling of payload containers for the headspace

concentration of hydrogen prior to puncturing the drum liner. (Headspace is the

region between, the payload container and the outermost layer of confinement,

usually the rigid liner). This option allows credit for actual hydrogen

generation rates inside the payload container during storage. In addition, this

option allows credit for any diffusion of hydrogen through the drum gasket that

can occur during storage. The aspiration time is determined based on the

concentration of hydrogen in the container headspace. Bounding values for

hydrogen generation are used to simulate the aspiration after venting. The

required aspiration time for each shipping category as a function of the

headspace hydrogen concentration is presented in Tables 4-4, 4-5 and 4-6. If

the sites decide to implement this option, the payload container has to be

sampled for the headspace concentration of hydrogen at the time of venting.

2.3 Option 3 - Headspace Gas Sampling During Aspiration

The third option involves the sampling of payload containers for the headspace

concentration of hydrogen at least two weeks after venting. This accounts for

actual hydrogen generation and release rates inside the container up to the time

of sampling. Bounding values for hydrogen generation and release are then used

to simulate the aspiration from the time of sampling. The required aspiration

time as a function of the headspace hydrogen concentration is presented in Tables

4-7, 4-8, and 4-9. This option is similar to Option 2 except for the time of

sampling the payload container. If the sites decide to implement this option,

the payload container has to be sampled for the headspace concentration of

hydrogen at least two weeks after venting.
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3.0 DERIVATION OF ASPIRATION TIMES

3.1 Quantification of Aspiration Time Parameters

The purpose of this sub-section is to quantify the parameters which determine

the aspiration times for each of the payload shipping categories. For common

parameters, the values used are identical to those used in the calculation of

decay heat limits (Section 3.4.4.4 and Appendix 3.6.9 of the SAR). These

parameters include pressure, temperature, allowed hydrogen generation rates, and

hydrogen release rates. The values of the release rates for the various

confinement layers are summarized in Table 3.1-1. The release rates in the

second column, expressed in units of liters/day/mole fraction, were computed

using the ideal gas law.
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TABLE 3.1-1

HYDROGEN RELEASE RATES FOR CONFINEMENT LAYERS USED IN CALCULATIONS

Confinemenc Layer Release Rate -
(moles/sec
/mole fraction)

Release Rate
(liters/day

/mole fraction)

Small Inner Bag *

Large Drum Liner Bag

Rigid Drum Liner
(intact without
a puncture;
this value was used
in the accumulation
step of the computa-
tional procedure)

Rigid Drum Liner
(punctured) ;. used
in the aspiration
step of the computa-
tional procedure)

Carbon Composite
Filter *

5.58E-7 (Waste Type II, III)
4.17E-7 (Waste Type I)

4.67E-6

1.83E-8

5.09E-5

1.90E-6 (Waste Type II, III)
1.37E-6 (Waste Type I)

1.163
0.869

9.734

0.038**

106.097

3.960
2.856

* See Appendix 3.6.12 for explanations of minimum release rates. The
difference in release rates is due to the temperature at which the decay
heat limit is calculated.

** All values in the Table except for the release rates of an intact rigid |
liner without a puncture are from Section 5.0 of Appendix 3.6.9 of the
SAR. The release rates for an intact rigid liner without a puncture are
calculated from Reference 6.1.
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Void Volumes' for Waste Types: The total void volume for each waste type was

determined by averaging the void volumes which were measured as part of the TRU

Waste Sampling Program (Ref. 6.2). Containers that met the WAC restrictions

and had a measured void volume were included in the calculations of average void

volume. The aspiration model developed in this appendix is directly applicable

to these waste containers.

A portion of the total void volume (28 liters) was assigned to the annular space

(volume between drum and rigid liner) void volume (Ref. 6.1). This is based on

actual measurement of the drum and liner dimensions. The remaining void volume

was distributed proportionately to other layers of confinement based on the input

values supplied to the PERM model, also developed as part of a study to determine

aspiration rates at INEL (Ref. 6.1) . The total void volume and the distribution

of this volume among the different layers of confinement are summarized below.

Waste Type I. Solidified aqueous or homogeneous inorganic solids

Annular void - 28.0 liters

Rigid liner void - 26.7 liters

Multiple Bag void - 34.0 liters

Total void volume - 88.7 liters

Waste Type II. Solid inorganic materials

Annular void - 28.0 liters

Rigid liner void - 13.9 liters

Multiple Bag void - 125.1 liters

Total void volume - 167.0 liters
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Waste Type III. Solid organic materials (including some absorbed liquids and

cemented solid organics)

Annular void - 28.0 liters

Rigid liner void - 20.4 liters

Multiple Bag void - 107.0 liters

Total void volume - 155.4 liters

In order to provide a conservative estimate for allocating the available void

volume between the individual layers of confinement for multiple "layers of bags,

an effective release rate through all of the layers of bags in a drum was

computed by summing the individual bag release rates in parallel, i.e.,

where

Qeff- effective release rate through all layers of bags, (moles/sec/mole

fraction)

q, - release rate through layer (bag) "i", (moles/sec/mole fraction)

A sensitivity study was made to assess the change in aspiration time due to

changes in the effective release rate from layers of bags. This assessment

varied the distribution of the available void among the number of assumed bag

confinement layers. The results indicate that the conservative approach is to

assume- the available void is in the innermost bag layer of confinement with

outer layers (bags) having minimal void volumes. By adding all available void

•volume to the innermost layer, the summed release rate provides the longest

aspiration time. A numerical example of this sensitivity study is provided in

Table 3.1-2. Therefore, only the following three void volumes are used in the
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TABLE 3.1-2

ASPIRATION TIMES WITH DIFFERENT•BAG VOID VOLUME DISTRIBUTIONS

ASSUMPTIONS

1. All parameters except for the void volume distribution are the same

in all cases. These were picked only for the purpose of a numerical

example.

2. The total void volume for the bags is the same in all cases, and

equal to 104.2 liters.

CASE 1: Summing of bag void volumes (Approach used in model).

Bag Void Volume - 104.2 liters

Aspiration Time - 435 days

CASE 2: Two bags with void volumes

Bag 1 Void Volume - 100 liters

Bag 2 Void Volume - 4.2 liters

Aspiration Time - 429 days

CASE 3: Two bags with void voV^B?? (Equal distribution between bags)

Bag 1 Void Volume - 52.1 liters

Bag 2 Void Volume - 52.1 liters

Aspiration Time - 370 days

CASE 4; Three bags with void volumes

Bag 1 Void Volume - 34.73 liters

Bag 2 Void Volume - 34.73 liters

Bag 3 Void Volume - 34.73 liters

Aspiration Time - 351 days
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computations:

- * a summed void volume inside the bags

* the void volume between the outermost bag and the- rigid drum

liner, and

* the annular void volume between the rigid drum liner and the

drum.

Hydrogen Gas Generation Rates: The hydrogen gas generation rates used in

estimating the aspiration times were the maximum values for each payload

shipping category (Section 3.4.4.4 of the SAR). The use of the maximum

allowable decay heat and corresponding hydrogen gas generation rate for any

payload container in a particular payload shipping category provides a single

conservative estimate of the aspiration time for all payload containers in a

given category.

3.2 Mathematical Framework

The aspiration times for each option were calculated using the analytical

solutions of the differential equations which describe the unsteady-state mass

balances on hydrogen within each confinement volume of a payload container. As

discussed in subsection 3.1, a maximum of three void volumes are used in the

computations.

Four systems of differential equations have been solved for the following cases:

a sealed payload container with two void volumes and no bags

(shipping categories without any plastic bags of confinement,

e.g., I.2A0.)

a sealed payload container with three void volumes (shipping

categories with plastic bags of confinement, e.g., II.1A4.)
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• • an aspirating payload container with two void volumes and no

bags

• an aspirating payload container with three void volumes

The assumptions that have been made in deriving the governing equations are:

Hydrogen is an ideal gas and the ideal gas law applies

The pressure and temperature are assumed to be one atmosphere

and 21°C respectively. The assumption of isobaric conditions

provides the -longest aspiration times, since, with

pressurization, the partial pressure of hydrogen would be

greater implying faster aspiration than under isobaric

conditions.

Hydrogen is assumed to be nonreactive with any materials in-the

payload container.

Hydrogen gas generation rates are not reduced by depletion of

the waste matrix and thus remain constant.

During aspiration simulations, the concentration of hydrogen

outside the payload container is assumed to be zero.
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The following list defines the variables which are used in equations for a

payload container with two void volumes and no bags.

Nomenclature List: Pavload Container With Two Voids and No Bags

Symbol • Definition

^ mole fraction hydrogen within the drum liner void at time, t.

Xj(t) mole fraction hydrogen within the headspace at time, t.

X10 mole fraction hydrogen within the drum liner void at the time of

venting.

XJQ mole fraction hydrogen within headspace of a drum at the time of

venting.

EL, ' The effective release rate of hydrogen from the rigid liner divided

by the innermost void volume.

Rj The effective release rate of hydrogen from the rigid liner, divided

by the headspace void volume. One value based on the release from

an intact liner is used in the equations for the concentration

profiles in a sealed drum. A different value is used with the

aspiration equations based on the release of hydrogen from the'

punctured rigid liner hole.

Rj The effective release rate of hydrogen from the carbon composite

filter divided by the headspace void volume.

t Time.

CG The hydrogen gas generation rate per innermost confinement layer .

R The gas law constant.
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T Absolute temperature.

F Absolute pressure.

V1 ' Void volume within innermost confinement layer.

For brevity in the equations a parameter G will be defined as:

G - CG x R x T/(P x V,)

Differential Equations for a Sealed Pavload Container With Two Void Volumes

d^/dt - G - R^JL, - Xg) (3.6.11-1A)

dXj/dt - R^JL, - Xg) (3.6.11-1B)

Differential Equations for an Aspirating Pavload Container With Two Void Volumes

and No Bass

dJL,/dt - G - R ^ - Xg) (3.6.11-2A)

dXj/dt - R^X, - Xg) - RjXg (3.6.11-2B)

Solutions to Equations 3.6.11-1A. and -IB

For a Sealed Pavload Container With Two Void Volumes and No Bags;

X1(t) - {G/(R1+R2)}{l-R2/(R1+R2)}[1.EXP(-(R1+R2)t)]

(3.6.11-3A)
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- 1]

+ GR2t/(R1+R2) (3.6.11-3B)

Solutions to Equations 3.6.11-2A. and -2B

For an Aspirating Pavload Container With Two Void Volumes and No Bags:

X,(t) - (Rj + R3)G/(P1P2)

- [ (R2+R3)X10-ril1X20+G]P2+(R2+R3)G}/{P2(P1.P2) }exp(-P2t)

(3.6.11-4A)

- {X20P1
2-[R2X10+R1X20]P1+R2G}/{P1(P2-P1)}exp(.P1t)

- {X20P2
2-[R2X10+R1X20]P2+R2G}/{P2(PrP2)}exp(-P2t)

(3.6.11-4B)

where,

A, - R, + R2 + R3 (3 .6 .U-4C)

Pt - (A, -i- SQRTCA,2 - 4R1R3))/2 (3 .6 .U-4D)

P2 - R!R3/P1 (3.6.X1-4E)
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Nomenclature List: Pavload Container With Three Voids

Symbol Definition

mole fraction hydrogen within innermost void at time, t.

mole fraction hydrogen within the rigid liner void at time, t.

Xj(t) mole fraction hydrogen within the headspace at time, t.

X,o mole fraction hydrogen within innermost void at the time of venting.

mole fraction hydrogen within the rigid liner void at the time of

venting.

mole fraction hydrogen within the headspace at the time of venting.

R1 The effective release rate of hydrogen from all bags divided by the

innermost void volume.

Rj The effective release rate of hydrogen from all bags divided by the

rigid liner void volume.

Rj The effective release rate of hydrogen from the rigid liner divided

by the liner void volume. One value based on the release from an

intact liner is used in the equations for the concentration profiles

in a sealed drum. A different value is used with the aspiration

equation based on the release of hydrogen from the punctured drum

liner.

R4 The effective release rate of hydrogen from the rigid liner divided

' by the headspace void volume. One value based on the release from

an intact liner is used in the equations for the concentration

profiles in a sealed drum. A different value is used with the

aspiration equation based, on the release of hydrogen from the

punctured drum liner.
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Rj The effective release rate of hydrogen from the carbon composite

filter divided by the headspace void volume.

The other variables have been defined previously in the list for two void

volumes.

Differential Equations for a Sealed Pavload Container With Three Void Volumes

- G - R1(X1 - Xj) (3.6.U-5A)

dXj/dt - R2(X1 - Xj) - RJCXJ - Xj) (3.6.11-5B)

dXj/dt - R4(X2 - Xj) (3.6.11-5C)

Differential Equations for an Aspirating Pavload Container With Three Void

Volumes

- G - R1(X1 - Xj) (3.6.11-6A)

dXj/dt - RjCX, - Xj) - RJCXJ - Xj) (3.6.U-6B)

dX3/dt - R4(X2 - Xj) - R5X3 (3.6.11-6C)

Solutions to Equations 3.6.11-5A.-5B. and -5C

For a Sealed Pavload Container With Three Void Volumes:

X1(t) - Z1-2t/(P1P2) + {GP,2 - Z^P, + Z12}/{P1
2(P2-P1)}exp(-P1t)

2
 2 + Z12}/{P2

2(P1-P2)}exp(-P2t)

- R2R4(P1+P2)/(P1P2)]/(P1P2) (3.6.11-7A)
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)' - R2G[1-R4(P1+P2)/(P1P2)]/(P1P2)

[<R4 - P1)R2G/{P1
2(P2-P1)}]exp(-P1t)

[(R4 - P2)R2G/{P22(PrP2)}]exp(-P2t). (3.6.11-7B)

- R2R4Gt/(P1P2) + R2R4G(P1+P2)/(P1
2P2

2)

+ R2R4G/{P1
2(P2-P1)}exp(-P1t)

2 p 2 t ) (3.6.U-7C)

where,

Z,, - (Rj + Rj + R4)G . (3.6.11-7D)

Z12 - R2R4G . • (3.6.11-7E)

A 1 - R 1 + R 2 + R3 + R4 (3.6.U-7F)

A2 - R,R3 + R1R4 + R2R4 (3.6.U-7G)

P, - (^ + SQRKA,2 - 4A2)}/2 . (3.6.U-7H)

P2 - V ^ (3.6.11-71)
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Solutions to Equation 3.6.11-6A. -6B. and -6C

for an Aspirating Drum With Three Void Volumes

- {X10P1
3-Z11P1

2+Z12PrZ13}/{P1(P2-P1)(P3.P1)}exp(-P1t)

{X10P3
3-Z11P3

2+Z12P3-Z13}/[P3(P1-P3) (P2-P3) }exp(-P3t)

Vz) (3.6.11-8A)

- {X20P1
3-Z21P1

2+Z22P1-Z23}/{P1(P2-P1)(P3-P1)}exp(-P1t)

{X20P2
3-Z21P2

2+Z22P2-Z23}/{P2(PrP2) (P3-P2) }exp(-P2t)

{X20P3
3.Z2lP3

2+Z22P3-Z23}/{P3(P1-P3)(P2.P3)}exp(-P3t)

ZB/(P1P2P3) (3 .6 .U-8B)

{X30P3
3-Z31P3

2+Z32P3-Z33}/{P3(P1.P3)(P2-P3)}exp(.P3t)

(3.6.11-8C)
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where,

R3 + RA + R g ) ^ + Kfeo + G (3.6.11-8D)

Z12 " (R2+R3+RA+R5)G + (R2
R4+R2RS+R3R5)X10 + R1<R4+Rs)X20 + ^ ^ ^ O (3.6.11-8E)

Z13 - (R^l4 + RgRg + R3R5)G (3.6.11-8F)

Zj,, - R^,, + (R, + R4 + Rj)^,, + R^,, (3.6.11-8G)

R1(R4+Rs)X20 + R1R3X30 + R^ (3.6.11-8H)

(3.6.11-81)

+ (R, + Rg + Rj)X30 (3.6.11-8J)

(3.6.11-8K)

Z33 - R^G . (3.6.11-8L)

A 1 - R 1 + R 2 + R3 + R4 + R5 (3.6.11-8M)

+ R4 + Rs) + R2<R4 + Rj) + R3RJ (3.6.11-8N)

(3.6.11-80)

j/C) + SQRT{(A1-A3/C)2-4C}]/2 (3.6.11-9P)

P2 - C/P, (3.6.11-9Q)

P3 - V<P1P2> (3.6.11-9R)

1

and C i s a posi t ive root of the cubic equation

C3 - AjC2 + A1A3C - A32 - 0 (3.6.11-9S)
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3.3 Computational Procedure

A consistent set of steps were followed in computing the aspiration time for

each of the payload shipping categories for each of the three options. The steps

for each option will be detailed in this subsection. An example of how

aspiration times are specified for each of'the three options is included in

Attachment 1 for shipping category I.3A2.

Potion 1 - Aspiration Time Based On Date of Drum Closure

1. Assuming a payload container has been closed for a time period (ts) compute

the concentration of hydrogen within each of the voids via equations

3.6.11-3A, and -3B for a container with two void volumes and using equations

3.6.11-7A, -7B, and -7C for a container with three void volumes.

2. The concentrations Xj(t8), XgCtj)
 an<^ ̂ 3^cs^ a r e t^ien assigned as the initial

conditions X^, X^ and X^ respectively in the aspiration equations 3.6.11-

4A and -4B and 3.6.11-8A, -8B, and -8C.

3. Recalculate Rj's to account for the puncturing of the rigid liner at the time

of venting.

4. Calculate the concentration, X3> which is 1.05 times the steady-state value

in the headspace. The steady state head space concentration is obtained from

equations 3.6.11-4B and 3.6.11-8C by letting time approach infinity. Hence,

from equation 3.6.11-4B for the case of a container with two voids the

concentration (Xs) in the headspace is:

Xs - l.05GR2/(P1P2).
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From equation 3.6.11-8C for a container with three voids the concentration |

(Xs) in. the headspace i s : • j

X, - 1.

5. Calculate the maximum concentration in the* headspace (X_) after venting. This

is done by taking the derivative of equations 3.6.11-4B and 3.6.11-8C with

respect to time, setting the derivative equal to zero and solving for time.

At this time, (t ) the concentration is thus a maximum.

6. Calculate the maximum headspace concentration X_ corresponding to the time t

using equations 3.6.11-4B and 3.6.11-8C

7. If the maximum concentration X_ is less than X$ then there is no need to

aspirate and thus the aspiration time (ta) is zero. Otherwise, the aspiration

time (ta) is calculated using equations 3.6.11-4B and 3.6.11-8C. The bisection

method (Ref. 6.3) is used to numerically solve for ta in the nonlinear

equations 3.6.11-4B and 3.6.11-8C.

Option 2 - Hea'dsoace Gas Satr̂ pling At The Time Of Venting

1. Assuming that the concentration of hydrogen in the headspace at the time of

venting is XgCtj) for a container with two void volumes or XjCtg) for a

container with three void volumes, solve equations 3.6.11-3B or 3.6.11-7C

respectively for the storage time, t-ts,which corresponds to these headspace

concentrations.

2. Compute the concentrations in the other void volumes, X1(tJ), XgCt,) and

XjC^), using equations 3.6.11-3A or 3.6.11-7A and -7B at this storage time

ts. The concentrations X1(ts), XjCtg) and Xj(ts) are then assigned as the

initial conditions X10, Xgg and X^ respectively in the aspiration equations

3.6.11-4A and -4B and 3.6.11-8A, -8B and -8C.
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3. Recalculate the R{'s to account for the puncturing of the rigid liner at the

time of venting.

4. .Calculate the concentration, (Xs), which is 1.05 times the steady-state value

in the headspace. The steady state head space concentration is obtained from

equations 3.6.11-4B and 3.6.11-8C by letting time approach infinity. Hence,

from equation 3.6.11-4B, for the case of a container with two voids the

.concentration (Xs) in the headspace is :

Xs - l.OSGRj/CP^j).

From equation 3.6.11-8C for a container with three voids the concentration

(Xs) in the headspace is:

Xs -

5. Calculate the maximum concentration in the headspace (X_) after venting. This

is done by taking the derivative of equations 3.6.11-4B and 3.6.11-8C with

respect to time, setting the derivative equal to zero and solving for time.

At this time, (t ) the concentration is thus a maximum.

6. Calculate the maximum headspace concentration X_ corresponding to the time t

using equations 3.6.11-4B and 3.6.11-8C.

7. If the maximum concentration X_ is less than Xs then there is no need to

aspirate arid thus the aspiration time (taj is zero. Otherwise, the aspiration

time (ta) is calculated using equations 3.6.11-4B and 3.6.11-8C. The bisection

method (Ref. 6.3) is used to numerically solve for ta in the nonlinear

equations 3.6.11-4B and 3.6.11-8C.
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Option 3 - Headspace Gas Sampling During Aspiration

1. Assume that the concentration of hydrogen in the headspace during aspiration

is Xg(t ) for a container with two void volumes or Xj(t ) for a container with

three void volumes. In order to determine the longest aspiration time, this

concentration will be equivalent to the maximum concentration in the

headspace after venting.

2. The concentrations X^.XJJQ, and X^ at the time of venting are not known and

must be evaluated in order to calculate the aspiration time. The steps

involved in this evaluation are:

2A. For an assumed storage time ts prior to venting compute • the

concentrations in all void volumes, X,(ts), XgCtj) and Xj(ts), using

equations 3.6.11-3A, and -3B or 3.6.11-7A, -7B, and -7C.

2B. Assign concentrations Xj(ts), XgCt,) and Xj(ts) as the initial conditions

and XJQ respectively, in the container, at the time of venting.

2C. Recalculate the Rj's to account for the puncturing of the drum liner at

the time of venting.

2D. Calculate the maximum concentration in the headspace (X^ after venting.

This is done by taking the derivative of equation 3.6.11-4B or 3.6.11-

8C with respect to time, setting the derivative equal to zero and

solving for this time, (tffl) and evaluating X,,, using equation -3.6.11-4B

or 3.6.11-8C. At this time (tffl) the concentration is thus a maximum.

2E. Compare the concentration X,,, with XjCO or with XjCtp) and modify the

storage time tg accordingly using the bisection method (Ref. 6.3).

2F. Repeat steps 2A through 2E until the storage time, ts is evaluated to an

accuracy of at least 1/100 of a day.
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3. Calculate the concentration (Xs) which is 1.05 times the steady-state value

in the headspace. The steady state headspace concentration is obtained from

•equations 3.6.11-4B and 3.6.11-8C by letting time approach infinity. Hence,

from equation 3.6.11-4B, for the case of a container with two voids the

concentration (Xs) in the headspace is :

Xs - l.OSGRjj/CP^).

From equation 3.6.11-8C for a container with three voids the concentration

(Xs) in the headspace is:

Xs - l.05Z33/(P1P2P3)

4. The aspiration time, (tfl) is calculated using equations 3.6.11-4B and 3.6.11-

8C. The bisection method (Ref. 6.3) is used to numerically solve for ta in the

nonlinear equations 3.6.11-4B and 3.6.11-8C.

The aspiration times for Options 1 and 2 have been calculated up to a maximum

concentration of 40 mole percent hydrogen in the headspace, even though a

maj ority of the stored waste containers are expected to have concentrations well

below this value. The highest observed hydrogen concentration in a waste drum

that could qualify for transport in TRUPACT-II is 32.4 mole percent (Ref. 6.2).

Data collected as part of the TKU Waste Sampling Program (Ref. 6.2) shows that

the average hydrogen concentration in the headspace of the containers was 1.5

mole percent, with a standard deviation of 2.8 mole percent. These numbers

include pay load containers in Waste Types I, II, and III that met the Waste

Acceptance Criteria (WAC) restrictions. Hence a 40 mole percent hydrogen

concentration in the headspace should provide a bounding case for all of the

stored waste, even if the waste had been stored for lengthy periods of time.
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4.0 ASPIRATION TIMES FOR SHIPPING CATEGORIES

The aspiration times under each, of the options for each shipping category are

presented in Tables 4-1 to 4-9. The tables are categorized as per the waste

type (I, II and III). The aspiration times, using Option 1, are presented in

Tables 4-1, 4-2 and 4-3 for the shipping categories in Waste Types I, II and III

respectively. Aspiration time in these tables is a function of the storage time

for the payload containers. The aspiration times, using Option 2, are presented

in Tables 4-4, 4-5 and 4-6 for the shipping categories in Waste Types I, II and

III respectively. Aspiration time in these tables is a function of the

headspace hydrogen concentration at the time of venting. The aspiration times,

using Option 3, are presented in Tables 4-7, 4-8 and 4-9 for the shipping

categories in Waste Types I, II and III respectively. Aspiration time in these

tables is a function of the headspace hydrogen concentration, taken at least two

weeks after the payload container had been vented.
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TABLE 4-1

ASPIRATION TIMES BASED ON DATE OF DRUM CLOSURE

BY SHIPPING CATEGORY (DAYS) * |

(MONTHS)

114
120
132
144
156
168
180
192
204
216
228
240

AGE
OF

(YEARS)

9.500
10.000
11.000

" 12.000
13.000
14.000
15.000
16.000
17.000
18.000
19.000
20.000

I.AO'

201
201
201
201
201
201
201
201
201
201
201
201

I.Al

211
211
211
211
211
211
211
211
211
211
211
211

I.A2

222
222
222
222
222
222
222
222
222
222
222
222

I.A3

568
568
568
568
568
568
568
568
568
568
568
568

I.A4

753 1
760 |
760 1
760 |
760 |
760 |
760 1
760 |
760 |
760 |
760 |
760

a Aspiration times for Waste Material Types I.I, 1.2 and 1.3 are identical.
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• • TABLE 4-2

ASPIRATION TIME BASED ON DATE OF DRUM CLOSURE

BY SHIPPING CATEGORY (DAYS)

(MONTHS)

168
180
192
204
216
228
240

AGE OF
WASTE
(YEARS)

14.000
15.000
16.000
17.000
18.000
19.000
20.000

II. UO

279 •
279
279
279
279
279
279

II. Ul

340
340
340
340
340
340
340

II.1A2

892
892
892
892
892
892
892

II.1A3

1430
1430
1430
1430
1430
1430
1430

II. 1A4

1963
1963
1963
1963
1963
1963
1963

II.1A5

2397
2433
2467
2499
2528
2528
2528

II.1A6

2795
2842
2885
2924
2960
2995
3028
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TABLE 4-3

ASPIRATION TIME BASED ON DATE OF DRUM CLOSURE

BY SHIPPING CATEGORY (DAYS)
AGE OF

(MONTHS)

2
3
4
5
6
7

1 8
9
10
11
12
14
16
18
20
22
24
26
28
30
32
34
36
38
40
42
44
46
48
50
52
54
56
58
60
66
72
78
84
90 '
96
102
108
114
120
132

. 144
156

WASTE
(YEARS) III

0.083
0.167
0.250 •
0.333
0.417
0.500
0.583
0.667
0.750
0.833
0.917
1.000
1.167
1.333
1.500
1.667
1.833
2.000
2.167
2.333
2.500
2.667
2.833
3.000
3.167
3.333
3.500
3.667
3.833
4.000
4.167
4.333 •
4.500
4.667
4.833
5.000
5.500
6.000
6.500
7.000
7.500
8.000
8.500
9.000
9.500
10.000
11.000
12.000
13.000

.1A0 III.

0
94
130
149
162
172
179
186
191
196
201
205
212
218
223
227
231
235
238
242
244
247
250
252
254
256
258 '
258
258
258
258
258
258
258
258
258
258
258
258
258
258
258 •
258
258
258
258
258
258
258

1A1

0
73
138
165
182
195
205
213
220
226
232
237
245
252
259
264
269
274
278
281
285
288
291
294
297
299
302
304
306
309
309
309
309
309
309
309
309
309
309
309
309
309
309
309
309
309
309
309
309

III.1A2 III

0
0
0
9
28
193
285
338
376

- 406
430
450
483
509
531
550
566
581
594
605
616
626
635
644
652
660
667
673
680
686
692
698
703
708
713
718
731
743
755
765
765
765
765
765
765
765
765
765
765

3.6.11-28

.1A3 III

0
0
0
3
9
16
23
32
60
274
392
468
570
639
691
733
769
799
825
849
870
890
907
924
939
953
966
979
991
1002
1013
1023
1033
1042
1051
1060
1083
1105
1125
1143
1159
1175
1189
1203
1216
1228
1228
1228
1228

.1A4 III

0
0 •
0
0
6
11
15
20
24
30
36
46
338
571
703
795
865
923
971
1013
1049
1082
1111
1138
1163
1186
1207
1227
1245
1263
1279
1295
1310
1324
1338
1351
1387
1419
1449
1475
1500
1523
1544
1564
1583
1600
1633
1662
1689

.1A5 III

0
0
0
0
4
8
12
16
19
23
26
30
39
56
382
653
813
927
1016
1088
1149
1202
1249
1290
1328
1362
1394
1423
1450
1476
1499
1522
1543
1563
1583
1601
1651
1696
1736
1773
1806
1837
1866
1893
1918
1942
1985
2024
2060

.1A6

0
0
0
0
2
6
10
13
17
20
23
25
31
38
46
63
419
721
907
1042
1147
1234
1307
1371
1427
1477
1523
1565
1603
1638
1672
1702

. 1732
1759
1785
1810
1877
1936
1989
2036
2079
2119
2156
2190
2222
2253
2308
2358
2403



NuPac TRUPACT-II SAR Rev. 3, July 1989

TABLE 4-3

ASPIRATION TIME BASED ON DATE OF DRUM CLOSURE

BY SHIPPING CATEGORY (DAYS)

(MONTHS)

168
180

. 192
204
216
228
240

AGE QF
WASTE
(YEARS) III

14.000
15.000
16.000
17.000
18.000
19.000
20.000

.1A0

258
258
258
258
258
258
258

III.1A1

309
309
309
309
309
309
309

III.1A2

. 765
765
765
765
765
765
765

III.1A3

1228
1228
1228
1228
1228
1228
1228

III.1A4

1689
1689
1689
1689
1689
1689
1689

III.1A5

2093
2124
2152
2152
2152
2152
2152

III-.1A6-

2444
2483
2518
2552
2583
2612
2612

3.6.11-29



NuPac TRUPACT-II SAR Rev. 2. July 19S9

TABLE 4-4

. ASPIRATION TIMES BASED ON HEADSPACE GAS SAMPLING AT TIME OF VENTING

Mol % H2
in head
space

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9

2
2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9

3
3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8

• 3.9

4
4.1

I.AO

33
79
94
103
109
114
117
121
123
126
128
130
131
133
134
136
137
138
139
140
141
142
143
144
145
146
146
147
148
149
149
150
150
151
152
152
153
153
154
154
155

I.A1

SHIPPING

I.A2

ASPIRATION TIME

40
86
101
109
116
121
124
128
131
133
135
137
139
141
142
144
145
146
147
148
149
150
151
152
153
154
155
155
156
157

, 158
158
159
159
160
161
161
162
162
163
163

45
91
107
116
123
128
132
135
138
141
143
145
147
149
150
152'
153
154
155
157
158
159
160
161
162
162
163
164
165
166
166
167
168
168
169
169
170
171
171
172
172

CATEGORY a

I. A3

(days) .

22
65

156
207
236
257
273
285
296
305
313
320
326
332
337
342
347
351
355
358
362
365
368
371
374
377
379
382
384
386
389
391
393
395
397
399
400
402
404
405
407

I.A4

23
49
90
192
254
292
320
342
359
374
387
398
408
417
425
432
439
445
451
457
462
467
472
476
480
484
488
492
495
499
502
505
508
511
514
517
519
522
524
527
529

Aspiracion times for Waste Material Types I.I, 1.2 and 1.3 are identical.

3.6.11-30



NuPac TRUPACT-II SAR Rev. 2 . J u l y L989

TABLE 4 - 4

ASPIRATION TIMES BASED ON HEADSPACE GAS SAMPLING AT TIME OF VENTING

MoL % H2
in head
space

4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

' 27
28
29
30
35
40

I.AO

155
156
156
156
157
157
158
158
158
162
165
168
170
172
174
175
177
178
180
181
182
183
184
185
186
187
188
189
190
191
191
192
193
193
197
199

I.Al

SHIPPING

I.A2-

ASPIRATION TIME

164
164
165
165
166
166
166
167
167
171
174
177
179
181
183
185
187
188
189
191
192
193
194
195
196
197
198
199
200
201

' 202
203
203
204
207
210

173
173
174
174
175
175
176
176
176
180
184
186
189
191
193
195
197
198
200
201
203
204
205
206
207
208
209
210
211
212
213
214
214
215
219
222

CATEGORY a

I. A3

(days)

409
410
412
413
415
416
417
419
420
432
442
450
458
465
471
477
482
487
491
496
500
504
507
511
514
518
521
524
527
530
532
535
538
540
552
562

• A4

532
534
536
538
540
542
544
546
548
565
580
593
604
614
623
631
639
646
653
660
666
671
677
682
687
692
697
701
706
710
714
718
722
725
742
758

a Aspiration times for Waste Material Types I.I, 1.2 and 1.3 are identical.

3.6.11-31



N'uPac TRUPACT-II SAR Rev. 3, Julv 1989

TABLE 4-5

ASPIRATION TIMES BASED ON HEADSPACE GAS SAMPLING AT TIME OF VENTING

SHIPPING CATEGORY

Mol X H2
in head
space

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1

1.1 '
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
2

2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9
3

3.1
3.2
3.3
3.4
3.5
3.6

• 3.7

3.8
3.9
4

4.1
4.2
4.3
4.4
4.5

II. U0

52
112
132
143
152
158
164
168
171
174
177
179
182
184
186
187
189
191
192
194
195
196
198
199
200
201
202
203
204
205
206
207
208
209
209
210
'211
212
212
213
214
214
215
216
216

II. U I

0
119
149
165
177
185
192
199
203
207
210
214
216
219
223
224
226
228
230
232
235
237
237
240
240
243
244
244
245
248
249
249
250
251
252
253
254
255
256
258
258
258
259
260
261

II.1A2 II.1A3

ASPIRATION TIME

1
4
14
57
215
287
333
366
392
413
431
446
460
471
483
493
502
509
516
525
532
538
544
550
555
560
565
570
574
579
583
587
590
594
598
601
604
608
611
614
617
620
622
625
628

1
7
13
18
24
34
106
287
389
459
511
554
589
619
646
668
688
707
725
742
756
769
782
794
806
816
826
835
844
853
861
869
877
885
892
899
905
911
917
923
929
934
940
945
950

II. U 4

(days)

2
9
14
19
22
26
31
38
51
221
393
506
590
657
711
758
798
834
865
894
918
942
964
985
1006
1023
1040
1056
1071
1086
1099
1112
1125
1137
1148
1159
1170
1180
1190
1199
1208
1217
1226
1234
1242

II.1A5

4
10
16
19
22
25
29
32
36
42
51
140
384
541
655
745
820
882
937
985
1027
1066
1101
1131
1163
1189
1215
1239
1262
1285
1305
1324
1342
1360
1377
1393
1407
1423
1437
1451
1464
1477
1489
1501
1513

II.1A6

5
12
17
20
22
26
28
31
35
37
41
47
55
126
410
596
734
844
934
1011
1078
1137
1189
1237
1281
1321
1358
1392
1422

' 1454
1481
1508
1533
1558
1582
1603
1624
1644
1663
1682
1700
1717
1733
1750
1766

1.6.11-32



SuPac TRUPACT-II SAR Rev. 3, July L989

TABLE 4-5

• ASPIRATION TIMES BASED ON HEADSPACE GAS SAMPLING AT TIME OF VENTING

SHIPPING CATEGORY

Mol 1 H2
in head
space

4.6
4.7
4.8
4.9
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
35

• 4 0

II.1A0

217
218
218
219
219
224
229
233
236
239
241
244
246
248
250
252
254
255
257
258
260
261
262
263
264
266
267
268
269
270
274
278

II. Ul

261
262
263
264
264
271
276
281
285
289
293
296
298
301
302
306
308
310
312
312
314
317
317
320
320
323
323
324
327
328
334
339

II.1A2 II.1A3

ASPIRATION TIME

630
633
635
638
640
661
679
694
705
718
729
740
750
756
764
772
779
785 .
791
797
803
808
813
818
823
828
832
837
841
845
864
881

955
960
965
969 •
974
1013
1046
1075
1100
1123
1143
1161
1178
1194
1208
1222
1235
1247
1258
1269
1280
1290
1300
1309
1318
1327
1335
1343
1351
1358
1393
1423

II.1A4

(days)

1250
1258
1265
1273
1280
1340
1394
1436
1475
1509
1540
1568
1594
1617
1639
1660
1680
1698
1715
1732
1748
1763
1778
1792
1805
1818
1830
1842
1854
1865
1917
1962

II.1A5

1524
1535
1546
1556
1566
1655
1727
1788
1838
1887
1929
1967
2002
2035
2065
2094
2120
2145
2169
2192
2214
2234
2254
2273
2291
2309
2326
2342
2358
2373
2443
2503

II.1A6

1780
1795
1809
1823
1837
1953
2047
2127
2195
2256
2310
2359
2404
2446
2484
2521
2555
2587
2618
2647
2674
2701
2726
2750
2773
2795
2816
2837
2857
2876
2964
3040

3.6.11-33
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NuPac TRUPACT-II SAR Rev. 3, July 1989

. . • TABLE 4-6

ASPIRATION TIMES BASED ON HEAD SPACE GAS SAMPLING AT TIME OF VENTING

SHIPPING CATEGORY

Hoi % H2
in head
space

4.8
4.9
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
35
40

III. 1A0 III

204
205
205
210

' 214
217
220
223
'225
227
229
231
233
235
236
238
239
240
241
243
244
245
246
247
248
249
250
251
255
259

.Ul

241
242
243
248
253
257
260
264
266
269
272
274
276
278
280
282
283
285
286
288
289
291
292
293
294
296
297
298
303
307

III.1A2 III.1A3 III.1A4

ASPIRATION TIME

560
562
564
581
• 596
608
619
629
638
647
654
661
668
674
680
685
690
695
700
705
709
713
717
721
725
729
732
736
752
766

849
853
857
889
917
940
961
979
995
1010
1024
1037
1049
1061
1071
1082
1091
1100
1109
1118
1126
1133
1141
1148
1155
1162
1168
1175
1204
1230

(days)

1115
1121
1127
1178
1219
1255
1286
1314
1339
1362
1383
1403
1421
1438
1454
1470
1484
1498
1511
1524
1536
1548
1559
1570
1580
1591
1600
1610
1653
1692

III.1A5

1366
1374
1382
1453
1511
1561
1604
1642
1677
1708
1737
1764
1789
1812
1834
1855
1875
1894
1912
1929
1945
1961
1977
1991
2005
2019
2032
2045
2104
2155

III.1A6

1603
1614
1624
1717
1793
1857
1913
1962
2006
2047
2084
2119
2151
2181
2209
2236
2261
2285
2308
2330
2351
2371
2390
2409
2427
2444
2460
2477
2550
2615

3.6.11-35



NuPac TRUPACT-II SAR Rev. Julv 1939

TABLE 4-7

ASPIRATION TIMES BASED ON HEADSPACE GAS SAMPLING DURING ASPIRATION

mol %

0.100
0.200
0.300
0.400
0.500
0.600
0.700
0.800
0.900
1.000
1.100
1.200
1.300
1.400
1.500
1.600
1.700
1.800
1.900
2.000
2.100
2.200
2.300
2.400
2.500
2.616
2.700
2.800
2.900
3.000
3.100
3.200
3.300
3.400
3.500
3.600
3.700
3.800
3.900
4.000
4.100
4.200
4.300
4.400
4.,500
4.600
4.700

I.AO

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
17
30
39
46
51
56
60
64
67
70
73
75
78
80
82
84
85
87
89 -
90
92

mol %

0.100
0.200
0.300
0.400
0.500
0.600
0.700
0.800
0.900
1.000
1.100
1.200
1.300
1.400
1.500
1.600
1.700
1.800
1.900
2.000
2.100
2.282
2.300
2.400
2.500
2.600
2.700
2.800
2.900
3.000
3.100
3.200
3.300
3.400
3.500
3.600
3.700
3.800
3.900
4.000
4.100
4.200
4.300
4.400
4.500
4.600
4.700

I.Al

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
o •
16
34
45
54
60
66
71
75
78
81
84
87
90
92
94
96
98
100
101
103
105
106
107
109
110

mol %

0.
0.
0.
0.
0.
0.
0.
0-.
0.
1.
1.
1.
1.
1.
1.
1.
1.
1.

100
200
300
400
500
600
700
800
900
000
100
200
300
400
500
600
700
800

1.900
2.
2.
2.
2
2
2
2
2
2
2
3
3
3
3
3
3
3

• 3

3
3
4
4
4
4
4
4
4
4

024
100
200
300
400
.500
.600
.700
.800
.900
.000
.100
.200
.300
.400
.500
.600
.700
.800
.900
.000
.100
.200
.300
.400
.500
.600
.700

I.A2

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
36
50
60
68
74
79
83
87
91
94
97
100
102
104
106
108
110
112
114
115
117
118
120
121
122
124
125

mol %

0.100
0.200
0.300
0.400
0.591 •

0.600
0.700
0.800
0.900
1.000
1.100
1.200
1.300
1.400
1.500
1.600
1.700
1.800
1.900
2.000
2.100
2.200
2.300
2.400
2.500
2.600
2.700
2.800
2.900
3.000
3.100
3.200
3.300
3.400
3.500
3.600
3.700
3.800
3.900
4.000
4.100
4.200
4.300
4.400
4.500
4.600
4.700

I. A3

0
0
0
0
0
1
8
15
21
28
36
45
56
74
100
130
155
175
191
205
218
228
238
246
254
261
268
274
280
286
291
296
300
305
309
313
316
320
323
327
330
333
336
339
342

• 344

347

mol %

0.
0.
0.
0.
0.
0.
0.
0.
0.
1.
1.
1.
1.
1.
1.
1.
1.
1.
1.
2.
2.
2.
2.
2.
2.
2
2
2
2
3
3
3
3
3
3
3
3
3
3
4
4

. 4
4
4
4
4
4

100
200
300
432
500
600
700
800
900
000
100
200
300
400
500
600
700
800
900
000
100
200
300
400
500
600
700
800
900
000
100
.200
.300
.400
.500
.600
.700
.800
.900
.000
.100
.200
.300
.400
.500
.600
.700

I.A4 i

0 I
0 1

• o I
0 I
6 I
13 |
19 |
26 |
32 |
38 |
45 |
53 |
64 i
78

104 i
146 !
185
215 |
240
261 |
278 |
294 |
308 |
320 |
331 |
342 |
351 |
360 |
368 |
376 |
383 |
390 |
396 |
402 |
408 |
414 |
419 |

• 424 |

429 |
434 |
438 |
442 |
446
450
454
458
462

Aspiration times for Waste Material Types I.I, 1.2 and 1.3 are identical.
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i.'uPac TRUPACT-II SAR Rev. 3. Juiv 1989

TABLE 4-7

ASPIRATION TIMES BASED ON HEADSPACE GAS SAMPLING DURING ASPIRATION

a a a a - a
mol % I.AO . mol % I . A l mol % I .A2 mol % I.A3 mol % I .A4

• 4 .

4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
35
40
45
50
55
60
65
70

800
900
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

93
94
96
106
114
120
126
130
134
137
141
143
146
148
151
153
155
157
158
160
162
163
164
166
167
168
170
171
176
181
184
188
191
194
197
199

4.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20
21
22
23
24
25
26
27
28
29
30
35
40
45
50
55
60
65
70

800
900
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

111
112
114
123
131
137
142
146
150
154
157
160
162
165
167
169
171
173
174
176
178
179
181
182
183
185
186
187
192
197
200
204
207
210
212
215

4.800
4.-900
5.000
6.000
7.000
8.000
9.000
10.000
11.000
12.000
13.000
14.000
15.000
16.000
17.000
18.000
19.000
20.000
21.000
22.000
23.000
24.000
25.000
26.000
27.000
28.000
29.000
30.000
35.000
40.000
45.000
50.000
55.000
60.000
65.000
70.000

126
127
128
137
145
151
156
160
164
167
170
173
176
178
180
182
184
186
188
189
191
192
194
195
197
198
199
200
205
210
213
217
220
223
225
228

4.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17
18
19
20
21
22
23
24
.25
26
27
28
29
30
35
40
45
50
55
60
65
70

800
900
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

350
352
354
375
392
405
417
427
436
444
452
458
465
470
476
481
486
490
495
499
503
506
510
513
517
520
523
526
540
551
562
571
580
588
595
602

4.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.

800
900
000
000
000
000
000
000
000
000
000
000
000

16.000
17.
18.

000
000

19.000
20
21
22
23
24
25
26
27
28
29
30
35
40
45
50
55
60
65
70

000
000
000
000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

465 1
469 1
472 |
500 |
523 |
542 |
558 |
572 |
585 |
596 |

. 606 |
616 |
624 |
632 !
640 |
647 |
654 |
660 |
666 |
672 |
678 |
683 |
688 |
693 |
698 |
702 |
707 |
711 |
730 |
747 |
762 !
776 |
788 |
799 |
809
819

Aspiration times for Waste Material Types I.I, 1.2 and 1.3 are identical.

3 . 6 . 1 1 - 3 7



MuPac TRUPACT-II SAR Rtv. 3, July 1989

TABLE 4-8

ASPIRATION TIMES BASED ON HEADSPACE GAS SAMPLING OURING ASPIRATION

mol X II.1A0 mol X II.1A1 mol X II.1A2 mo I X II.1A3 mo I X II.1A4 mo I X 11.1 AS mo I X II.1A6 |

6.100
0.200
0.300
0.40O
0.500
0.600
0.700
O.SOO
0.900
1.000
1.100
1.200
1.300
1.400
1.500
1.600
1.700
1.800
1.900
2.000
2.192
2.200
2.300
2.400
2.500
2.600
2.700
2.800
2.900
3.000
3.100
3.200
3.300
3.400
3.500
3.600
3.700
3.800
3.900
4.000
4.100
4.200
4.300
4.400
4.500
4.600
4.700
4.800
4.900
5.000
6.000
7.000

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
4
33
49
61
71
78
85
90
95
100
104
108
111
114-
117
120
123
125
127
130
132
'134
136
137
139
141
142
144
145
158
168

0.100
0.200
0.300
0.400
0.500
0.600
0.700
0.800
0.900
1.000
1.100
1.200
1.300
1.400
1.500
1.600
1.700
1.874
1.900
2.000
2.100
2.200
2.300
2.400
2.500
2.600
2.700
2.800
2.900
3.000
3.100
3.200
3.300
3.400
3.500
3.600
3.700
3.800
3.900
4.000
4.100
4.200
4.300
4.400
4.500
4.600
4.700
4.800
4.900
5.000
6.000
7.000

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
30
62
82
96
107
116
124
131
137
142
147
151
155
159
163
166
169
172
175
178
180
183
185
187
189
191
193
195
197
199
200
202
216
226

0.100
0.200
0.300
0.400
0.500
0.600
0.700
0.846
0.900
1.000
1.100
1.200
1.300
1.400
1.500
1.600
1.700
1.800
1.900
2.000
2.100
2.200
2.300
2.400
2.500
2.600
2.700
2.800
2.900
3.000
3.100
3.200
3.300
3.400
3.500
3.600
3.700
3.800
3.900
4.000
4.100
4.200
4.300
4.400
4.500
4.600
4.700
4.800
4.900
5.000
6.000
7.000

0
0
0
0

'o
0
0
0
2
5
9
13
19
31
109
183
232
269
299
323
344
362
378
393
406
417
430
439
448
457
465
473
480
487
494
501
506
511
516
523
528
532
537
542
546
550
554
558
562
566
598
623

0.100
0.200
0.300
0.400
0.546
0.600
0.700
0.800
0.900
1.000
1.100
1.200
1.300
1.400
1.500
1.600
1.700
1.800
1.900
2.000
2.100
2.200
2.300
2.400
2.500
2.600
2.700
2.800
2.900
3.000
3.100
3.200
3.300
3.400
3.500
3.600
3.700
3.800
3.900
4.000
4.100
4.200
4.300
4.400
4.500
4.600
4.700
4.800
4.900
5.000
6.000
7.000

3.

0
0
0
0
0

2
5
7
10
13
15
18
22
25
30
38
71
212
304
371
424
467
503
535
563
588
611
631
648
667
684
700
715
726
739
751
762
773
783
793
802
811
822
830
838
845
852
859
865
872
930
975

0.100
0.200
0.300
0.403
0.500
0.600
0.700
0.800
0.900
1.000
1.100
1.200
1.300
1.400
1.500
1.600
1.700
1.800
1.900
2.000
2.100
2.200
2.300
2.400
2.500
2.600
2.700
2.800
2.900
3.000
3.100
3.200
3.300
3.400
3.500
3.600
3.700
3.800
3.900
4.000
4.100
4.200
4.300
4.400
4.500
4.600
4.700
4.800
4.900
5.000
6.000
7.000

6.11-38

- -V—.7 ;> '

0
0
0
0
4
8
9
13
14
16
20
21
24
26
30
33
39
47
97
275
395
483
554
612
662
706
744
778
810
838
864
890
910
930
950
968
986
1003
1019
1035
1049
1063
1077
1090
1102
1114
1125
1136
1147
1157
1242
1307

0.100
0.200
0.320
0.400
O.SOO
0.600
0.700
0.800
0.900
1.000
1.100
1.200
1.300
1.400
1.500
1.600
1.700
1.800
1.900
2.000
2.100
2.200
2.300
2.400
2.500
2.600
2.700
2.800
2.900
3.000
3.100
3.200
3.300
3.400
3.500
3.600
3.700
3.800
3.900
4.000
4.100
4.200
4.300
4.400
4.500
4.600
4.700
4.800
4.900
5.000
6.000
7.000

0
0
0
4

.8
11
12
16
18
20
22
23
26
28
31
33
37
42
47
59
200
385
517
619
701
771
831
884
931
971
1010
1047
1080
1110
1139
1163
1188
1213
1236
1257
1278
1298
1316
1334
1351
1367
1380
1395
1412
1426
1540
1633

0.100
0.265
0.300
0.400
0.500
0.600
0.700
0.800
0.900
1.000
1.100
1.200
1.300
1.400
1.500
1.600
1.700
1.800
1.900
2.000
2.100
2.200
2.300
2.400
2.500
2.600
2.700
2.800
2.900
3.000
3.100
3.200
3.300
3.400
3.500
3.600
3.700
3.800
3.900
4.000
4.100
4.200
4.300
4.400
4.500
4.600
4.700
4.800
4.900
5.000
6.000
7.000

0
0
2
6
10
13
16
18
20
21
24
26
27
31
33
35
37
40
44
49
57
122
374
547
680
786
875
952
1019
1078
1132
1180
1225
1267
1303
1340
1373
1404
1431
1459
1486
1512
1536
1559
1582
1603
1624
1643
1662
1680
1830
1947
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TABLE 4-8

ASPIRATION TIMES BASED ON HEADSPACE GAS SAMPLING DURING ASPIRATION

m l X II .UO m l X II.1A1 m l X II.1A2 m l X II.1A3 m l X II.1A4 m l X II.1A5 m l X II.1A6 I

8.000
9.000
10.000
11.000
12.000
13.000
14.000
15.000
16.000
17.000
18.000
19.000
20.000
21.000
22.000
23.000.
24.000
25.000
26.000
27.000
28.000
29.000
30.000
35.000
40.000
45.000
50.000
55.000
60.000
65.000
70.000

176
182
188
193
197
202
205
209
212
215
218
221
224
226
229
231
233
235
237
239
241
242
244
250
256
263
266
271
275
278
281

8.000
9.000
10.000 '
11.000
12.000
13.000
14.000
15.000
16.000
17.000
18.000
19.000
20.000
21.000
22.000
23.000
24.000
25.000
26.000
27.000
28.000
29.000
30.000
35.000
40.000
45.000
50.000
55.000
60.000
65.000
70.000

237
243
250
256
261
267
271
276
280
284
287
290
293
296
299
300
302
306
308
309
312
312
314
324
330
335
339
343
346
351
354

8.0OO
9.00O
10.000
11.000
12.000
13.000
14.000
15.000
16.000
17.000
18.000
19.000
20.000
21.000
22.000
23.000
24.000
25.000
26.000
27.000
28.000
29.000
30.000
35.000
40.000
45.000
50.000
55.000
60.000
65.000
70.000

644
662 .
678
692
706
716
726
736
745
753
761
768
775
782
788
794
800
806
811
816
821
826
831
852
870
886
901
914
927
938
948

8.000
9.000
10.000
11.000
12.000
13.000
14.000
15.000
16.000
17.000
18.000
19.000
20.000
21.000
22.000
23.000
24.000
25.000
26.000
27.000
28.000
29.000
30.000
35.000
40.000
45.000
50.000
55.000
60.000
65.000
70.000

1010
1043
1073
1096
1119
1139
1157
1174
1190
1205
1219
1232
1244
1256
1267
1278
1288
1298
1308
1317
1325
1334
1342
1380
1412
1441
1467
1491
1513
1533
1551

8.000
9.000
10.000
11.000
12.000
13.000
14.000
15.000
16.000
17.000
18.000
19.000
20.000
21.000
22.000
23.000
24.000
25.000
26.000
27.000
28.000
29.000
30.000
35.000
40.000
45.000
50.000
55.000
60.000
65.000
70.000

1365
1411
1452
1488
1521
1549
1577
1604
1626
1648
1668
1687
1706
1723
1740
1756
1771
1785
1799
1813
1825
1838
1850
1904
1953
1995
2033
2067
2098
2127
2154

8.000
9.000
10.000
11.000
12.000
13.000
14.000
15.000
16.000
17.000
18.000
19.000
20.000
21.000
22.000
23.000
24.000
25.000
26.000
27.000
28.000
29.000
30.000
35.000
40.000
45.000
50.000
55.000
60.000
65.000
70.000

1708
1771
1826
1875
1918
1956
199S
2028
2059
2088
2116
2142
2166
2189
2211
2233
2253
2272
2291
2309
2326
2342
2359
2431
2495
2550
2600
2645
2686
2724
2759

8.000
9.000
10.000
11.000
12.000
13.000
14.000
15.000
16.000
17.000
18.000
19.000
20.000
21.000
22.000
23.000
24.000
25.000
26.000
27.000
28.000
29.000
30.000
35.000
40.000
45.000
50.000
55.000
60.000
65.000
70.000

2042
2122
2192
2254
2309
2359
2404
2448
2487
2524
2558
2591

. 2622
2651
2679
2705
2731
2755
2778
2801
2822
2843
2863
2953
3033
3102
3164
3219
3270
3317
3360

3.6.11-39



HuPac TRUPACT-II SAR Rev. 3 , J u l y 1989

TABU 4 - 9

ASPIRATIOH TIKES BASES ON HEAOSPACE GAS SAMPLING OUKIHG ASPIRATIOH

mol.% I I I

0.100
0.200
0.300
0.400
0.500
0.600
0.700
0.800
0.900

1
1
1
1

.000

.100

.200

.300

.400

.500
1.600
1.700
1.800
1.900
2.000
2.192
2.200
2.300
2.400
2.500
2.600 '
2.700
2.800
2.900
3.000
3.100
3.200
3.300
3.400
3.500
3.600
3.700
3.800
3.900
4.000
4.100
4.200

'4.300
4.400
4.500
4.600
4.700
4.800
4.900
5.000
6.000
7.000

,1A0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
5'

30
46
57
66
73
79
84
89
93
97

100
103
106
109
112
114
116
118
121
122.
124
126
128
129
131
132
134
135
147
156

ml X I I I .

0.100
0.200
0.300
0.400
0.500
0.600
0.700
0.800
0.900
1.000
1.100
1.200
1.300
1.400
1.500
1.600
1.700
1.874
1.900
2.000
2.100
2.200
2.300
2.400
2.500
2.600
2.700
2.800
2.900
3.000
3.100
3.200
3.300
3.400
3.500

. 3.600
3.700
3.800
3.900
4.000
4.100
4.200
4.300
4.400
4.500
4.600
4.700
4.800
4.900
5.000
6.000
7.000

1A1

0
0
0
0
0
0
0
0
0
0
0
0 .
0
0
0
0
0
0

29
57
75
88
98

106
113
119
124
129
133
137
141
145
148
151
154
156
159
161
163
166
168
170
172
173
175
177
179
180
182
183
196
206

ml X III

0.100
0.200
0.300
0.400
0.500
0.600
0.700
0.846
0.900
1.000
1.100
1.200
1.300
1.400
1.500
1.600
1.700
1.800
1.900
2.000
2.100
2.200
2.300
2.400
2.500
2.600
2.700
2.800
2.900
3.000
3.100
3.200
3.300
3.400 .
3.500
3.600
3.700
3.800
3.900
4.000
4.100
4.200
4.300
4.400
4.500
4.600
4.700
4.800
4.900
5.000
6.000
7.000

.1A2

0
0
0
0
0
0
0
0
2
5
8

12
16
21
29
53

124
174
210
238
261
280
297
312
325
337
348
358
367
376
384
391
398
405
411
417
423
428
434
439
443
448
452
456
461
464
468
472
476
479
509
532

ml X III

0.100
0.200
0.300
0.400
0.546
0.600
0.700
0.800
0.900
1.000
1.100
1.200
1.300
1.400
1.500
1.600
1.700
1.800
1.900
2.000
2.100
2.200
2.200
2.400
2.500
2.600
2.700
2.800
2.900
3.000
3.100
3.200
3.300
3.400
3.500
3.600
3.700
3.800
3.900
4.000
4.100
4.200
4.300
4.400
4.500
4.600
4.700
4.800
4.900
5.000
6.000
7.000

3

.1A3

0
0.
0
0
0
2
5
8

11
14
17
20
23
26
30
36
44
65

166
248
307
353
391
423
451
475
497
517
535
552
567
581
594
607
618
629
640
650
659
668
677
685
693
701
708
715
722
728
734
741
793
833

ml X I I I

0.100
0.200
0.300
0.403
0.500
0.600
0.700
0.800
0.900
1.000
1.100
1.200
1.300
1.400
1.500
1.600
1.700
1.800
1.900
2.000
2.100
2.200
2.300
2.400
2.500
2.600
2.700
2.800
2.900
3.000
3.100
3.200
3.300
3.400
3.500
3.600
3.700

. 3.800
3.900
4.000
4.100
4.200
4.300
4.400
4.500
4.600
4.700
4.800
4.900
5.000
6.000
7.000

.6.11-40

.1A4

0
0
0
0
4
8

11
13
16
19
21
24
27
30
33
37
41
48
59

132
266
359
430
487
535
577
613
645
674
700
724
746
767
786
804
820
836
851
865
879
892
904
916
927
938
948
958
968
977
986

1063
1122

ml X III

0.100
0.200
0.320
0.400
0.500
0.600
0.700
0.800
0.900
1.000
1.100
1.200
1.300
1.400
1.500
1.600 .
1.700
1.800
1.900
2.000
2.100
2.200
2.300
2.400
2.500
2.600
2.700
2.800
2.900
3.000
3.100
3.200
3.300
3.400
3.500
3.600
3.700
3.800
3.900
4.000
4.100
4.200
4.300
4.400
4.500
4.600
4.700
4.800
4.900
5.000
6.000
7.000

.1A5

0
0
0
4
8

11
14
17
20
22
25
27
30
32
35
38
42
46
52
61

103
282
408
503
579
643
697
745
787
825
859
890
919
946
971
995

1017
1037
1057
1075
1093
1110
1126
1141
1156
1170
1183
1197
1209
1221
1324
1404

ml X I I I

0.100
0.265
0.300
0.400
0.500
0.600
0.700
0.800
0.900
1.000
1.100
1.200
1.300
1.400
1.500
1.600
1.700
1.800
1.900
2.000
2.100
2.200
2.300
2.400
2.500 .
2.600
2.700
2.800
2.900
3.000
3.100
3.200
3.300
3.400
3.500
3.600
3.700
3.800
3.900
4.000
4.100
4.200
4.300
4.400
4.500
4.600
4.700
4.800
4.900
5.000
6.000
7.000

.1A6 |

0
0
3
7 |

11 j
14 |
17 |
20 |
22 |

25 |
27 j
29
32 I
34 |
37 |
40 |
43 |
46 |
50 |
56 |
66 |

107 |
319 |
470 |

.585 |
677 |
754 |
821 |
878 |
930 |
976 |

1018 |
1056 |
1092 |
1124 |
1155 |
1184 |
1210 |
1236 |
1260 |
1282 |
1304 |
1325 |
1344 |
1363 |
1381 |
1398
1415 |
1431 |
1447
1577 |
1677 j



NuPac TRUPACT-U SAR Rev. 3 , July 1989

TABLE 4-9

ASPIRATION TIMES BASED OH HEADSPACE GAS SAMPLING DURING ASPIRATION

m l X III.1A0 mol X III .1A1 m l X III .1A2 m l X III .1A3 m l X III .1A4 mol X III.1AS mol X III .1A6 |

8.000 164 8.000 214 8.000 551 8.000 867 8.000 1171 8.000 1468 8.000 1759

9.000 170 9.00O 221 9.000 568 9.000 895 9.000 1212 9.000 1525 9.000 1828
10.000 175 10.000 227 10.000 582 10.000 920 10.000 1247 10.000 1570 10.000 1887
11.000 180 11.000 233 11.000 595 11.000 941 11.000 1279 11.000 1612 11.000 1940
12.000 18S 12.000 238 12.000 606 12.000 961 12.000 1307 12.000 1650 12.000 1987
13.000 188 13.000 242 13.000 616 13.000 978 13.000 1333 13.000 1684 13.000 2030
14.000 192 14.000 246 14.000 626 14.000 995 14.000 1356 14.000 1715 14.000 2070
15.000 19S 15.000 250 15.000 634 15.000 1010 15.000 1378 15.000 1744 15.000 2106
16.000 198 16.000 253 16.000 642 16.000 1023 16.000 1398 16.000 1771 16.000 2139
17.000 201 17.000 256 17.000 650 17.000 1036 17.000 1417 17.000 1796 17.000 2171
18.000 204 18.000 259 18.000 657 18.000 1048 18.000 1435 18.000 1820 18.000 2200
19.000 206 19.000 262 19.000 663 19.000 1060 19.000 1451 19.000 1842 19.000 2228
20.000 208 20^000 264 20.000 669 20.000 1071 20.000 1467 20.000 1863 20.000 2254
21.000 210 21.000 267 21.000 675 21.000 1081 21.000 1482 21.000 1883 21.000 2279
22.000 213 22.000 269 22.000 681 22.000 1091 22.000 1496 22.000 1902 22.000 2303
23.000 215 23.000 271 23.000 686 23.000 1100 23.000 1510 23.000 1920 23.000 2326
24.000 216 24.000 273 24.000 691 24.000 1109 24.000 1523 24.000 1937 24.000 2347
25.000 218 25.000 275 25.000 696 25.000 1118 25.000 1535 25.000 1953 25.000 2368
26.000 220 26.000 277 26.000 701 26.000 1126 26.000 1547 26.000 1969 26.000 2388
27.000 222 27.000 279 27.000 706 27.000 1134 27.000 1559 27.000 198S 27.000 2407
28.000 223 28.000 281 28.000 710 28.000 1141 28.000 1570 28.000 1999 28.000 2425
29.000 225 29.000 282 29.000 714 29.000 1149 29.000 1581 29.000 2014 29.000 2443
30.000 226 30.000 284 30.000 718 30.000 1156 30.000 1591 30.000 2027 30.000 2460
35.000 233 35.000 291 35.000 737 35.000 1188 35.000 1638 35.000 2090 35.000 2538
40.000 238 40.000 297 40.000 753 40.000 1216 40.000 1679 40.000 2144 40.000 2605
45.000 243 45.000 302 45.000 767 45.000 1241 45.000 1715 45.000 2191 45.000 2664
50.000 243 50.000 306 50.000 780 50.000 1264 50.000 1748 50.000 2234 50.000 2717
55.000 252 55.000 310 55.000 791 55.000 1284 55.000 1777 55.000 2272 55.000 2764
60.000 255 60.000 314 60.000 802 60.000 1303 60.000 1804 60.000 2307' 60.000 2808
65.000 259 65.000 318 65.000 812 65.000 1320 65.000 1829 65.000 2340 65.000 2848
70.000 262 70.000 321 70.000 821 70.000 1336 70.000 1851 70.000 2370 70.000 2885
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5.0 DRUM ASPIRATION PROCEDURE

The procedures which will be followed in determining the aspiration time for a

payload container are specified in this section. Three acceptable methods are

available to the sites for establishing the required duration of aspiration.

The first requires that the date of closure of the drum be known. The second

involves sampling the headspace hydrogen concentration at the time of drum liner

puncturing and installation of a carbon composite filter. The third is based

on sampling the headspace at least two weeks after the initiation of the payload

container aspiration.

5.1 Potion 1 - Aspiration Time Based on Date of Drum Closure

For sites using this option, the following steps shall be implemented to

determine the aspiration time for a payload container:

1. The potential shipping category of the payload container shall be known.

2. The duration for which the container has been in a closed condition should

be computed from a knowledge of the date of closure of the drum. This closure

time should be rounded up to the next highest time period listed in Tables

4-1, 4-2 or 4-3.

3. The required aspiration time corresponding to this closure time should then

be read from the appropriate shipping category column of the same table.

4. The container shall be qualified for shipment only after being aspirated for

at least this period of time.

5.2 Option 2 - Headspace fla«i ganmling At The Time Of Venting

For sites using this option, the following steps shall be implemented to

determine the aspiration time for a payload container:
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1. The potential shipping category of the payload container shall be known.

2. At the time of venting, a headspace sample shall be taken from the container

headspace and analyzed for the hydrogen concentration.

3. The measured headspace concentration of hydrogen shall be rounded up to the

next highest mole percentage listed in Tables 4-4, 4-5, or 4-6.

4. The required aspiration time corresponding to this molar percentage shall be

read from the appropriate shipping category column of the same table.

5. The container shall be qualified for shipment only after being aspirated for

at least this period of time.

5.3 Option 3 - Headspace Gas Sampling During Aspiration

For sites using this option, the following steps shall be implemented to

determine the aspiration time for a payload container:

1. The potential shipping category of the payload container shall be known.

2. Prior to measuring the hydrogen concentration in the payload container

headspace, the drum shall be vented for at least two weeks.

3.' The measured headspace concentration of hydrogen shall be rounded up to the

next highest mole percentage listed in Tables 4-7, 4-8 or 4-9.

4. The required aspiration time corresponding to this molar percentage shall be

read from the appropriate shipping category column of the same table.

5. The container shall be qualified for shipment only after being aspirated for

this period of time.
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Attachment 1.0

This Attachment provides a specific example for each of the three options in

determining the aspiration times for the shipping category I.3A2. As described

in earlier sections of the Appendix, the mathematical basis for the three

options is the same. The independent variable (with the aspiration time being

the dependent variable) in the three options is different - the age of the waste

in Option 1, the headspace hydrogen concentration at the time of venting in

Option 2, and the headspace hydrogen concentration at the time of sampling (at

least two weeks after venting) in Option 3.

Figure 1 is a plot of the hydrogen concentration in the different confinement

layers in a payload container as a function of time. The container is a drum

with two bag layers and a rigid drum liner. As mentioned in Section 3.1, the

void volume in the layers of bags is combined into one single void volume; hence

only three concentration profiles (labeled the inner bag, drum liner, and

headspace) are shown in Figure 1. The figure is plotted from the program by

calculating the hydrogen concentrations in - the void volumes at different time

steps.

From time t-0 to time t-tl in Figure 1, the container is closed and hydrogen

accumulates in the different layers as shown. The container is vented at time

tl, with the drum liner punctured and the drum fitted with a carbon composite

filter. The sharp increase in the headspace hydrogen concentration at this

point is due to equilibration of the gases between the drum headspace and the

void volume in the liner. The drum starts to aspirate at time tl, and

approaches the steady state concentration in all layers at time t3. The drum

can be part of a payload after time t3 and will comply with the 5Z. limit on the

hydrogen concentration at the end of the- sixty day shipping period.

The method of arriving at the aspiration times under each of the three options

is described below for the case of this payload container.

Aspiration Time from Option 1: Under Option 1, the aspiration time is deter-

mined from the storage time of the waste, indicated as time tl on Figure 1.
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The aspiration time required is (t3 - tl). The aspiration times for different

storage periods are derived similarly. These are the values reported in Table

4-1, 4-2, 4-3. In the table, storage time of the waste (age) is read from the

first column, rounded up to the next highest month.

Aspiration Time from Option 2: Under Option 2, the aspiration time is

determined from the headspace hydrogen concentration at the time of venting. In

this example, the measured headspace hydrogen concentration for a drum stored

for tl days is approximately 32. The aspiration time for this headspace

concentration is again (t3 - tl). The aspiration times for different headspace

concentrations can be derived similarly. These are the values reported in

Tables 4-4, 4-5 and 4-6.

Aspiration Time from Option 3: From Option 3, the aspiration time is determined

from the headspace hydrogen concentration, measured a least two weeks from the

time of venting. For this example (Figure 1), the measured headspace hydrogen

concentration is 3.8Z after aspiring for a time of (t2 - tl). The additional

aspiration time required is (t3 - t2). The aspiration times for different

samples of the headspace concentration can be derived similarly. These are the

numbers reported in Tables 4-7, 4-8, and 4-9.

In summary, three options have been presented for the DOE sites to .determine the

required aspiration time for a given unvented payload container. The procedures

to be followed by the sites in determining these aspiration times are completely

mechanical as outlined in this Appendix. The aspiration times can simply be

read off the list of tables in this Appendix.
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' ' APPENDIX 3.6.12

TEMPERATURE DEPENDENCE OF HYDROGEN GAS GENERATION AND RELEASE RATES

1.0 SUMMARY

The temperature dependence of • hydrogen gas generation and release rates is

presented in this appendix. These parameters determine the maximum allowable

decay heat limit for each shipping category. The assumptions and equations used

in calculating the decay heat limits are presented in this appendix. The

analysis presented here demonstrates that for Waste Types II and III, under worst

case assumptions, the minimum decay heats occur at room temperatures. The

minimum decay heat limits for shipping categories in Waste Type I occur'at the

lowest operating temperature, -20°F (-29°C). As examples of the results from

determining the decay heat limits from each shipping category, plots of the decay

heat limit as a function of temperature are provided for the shipping categories

II.1A4 and I.1A3.

For Waste Types II and III, the total hydrogen release rate (from the different

layers of confinement in a payload container) and the hydrogen generation rate

(calculated using the temperature corrected effective G value) increase with

increasing temperatures. The resultant decay heat limit varies only minimally

with temperature [a difference of 2.22 between the extremes of the operating

temperature range from -20°F (-29°C) to 154°F (68°C)], and room temperatures

result in the minimum values for the decay heat limits.

For Waste Type I, the effective G value does not change with temperature

(Appendix 3.6.7). Using the same set of assumptions for the hydrogen release

rate (as for Waste Types II and III), the total hydrogen release rate increases

with increasing temperatures, and are a minimum at the lowest operating

temperature, -20°F (-29°C). Since the effective G value does not decrease with

decreasing temperature for Waste Type I (while the equations show a decrease in

the hydrogen release rates with decreasing temperatures), the minimum decay heat

limit is obtained at the lowest operating temperature in each shipping category.
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Experiments conducted at lower than room temperature show the release rates from

plastic bags to be much higher than those assumed in these calculations

(Appendices 3.6.9 and 3.6.10). No credit is taken for the experimentally

measured increased hydrogen release rates through the twist and tape closure of

the bags at the low temperatures. These assumptions add a margin of safety to

the decay heat limit used for each payload shipping category in Waste Type I in

Section 1.2.3 of the SAR.

An example calculation for obtaining the decay heat limit for the shipping

category II.1A4 at the maximum operating temperature is presented in Attachment

1.0. This attachment presents the steps for obtaining the decay heat limit for

any shipping category at any temperature. The analysis presented in Attachment

1.0 shows that porosity effects on the twist and tape closure are negligible in

calculating the decay heat limits. Any decrease in porosity of the closure at

high temperatures is offset by increased diffusion.

Attachment 2.0 provides example calculations for decay heat limits using less

restrictive assumptions (taking credit for increased permeation from the liner

bags at higher temperatures, etc.). These values have not been used in arriving

at the decay heat limits in Section 1.2.3 of the SAR, and are provided for

illustrative purposes only.

2.0 INTRODUCTION

The release of hydrogen gas from the layers of plastic bags, and the payload

containers occurs by two mechanisms. The first is release of hydrogen by

diffusion through the twist and tape closure of the bags, through the drum liner

lid hole, and drum filter. The second is permeation of the hydrogen through

the bag materials. The temperature dependence of pure diffusion and permeation

processes is well characterized. Diffusion is directly proportional to the 1.75

power of the absolute temperature (Ref. 1). Permeation through plastics

increases exponentially with temperature, with an activation energy

characteristic of a given material (Ref. 1). In the flammable gas calculations

presented in Section 3.4.4.4, the release rates used to calculate the decay heat

limit for each payload category assume the following (See Appendix 3.6.9 for

details):
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Room temperature conditions are assumed for Waste Types II and III.

Minimum operating temperature conditions [-20°F (-29°C)] are assumed for

Waste Type I. As shown in this appendix, the most conservative decay heat

limits are obtained under these conditions.

For small inner bags (excluding the drum liner bags), only the diffusion

through the twist and tape closure is used in determining the total release

rate. No credit is taken for permeation through the bag material.

For the drum liner bags, the sum of diffusion through the bag closure and

permeation of the bag material is used in determining the total release

rate. The lowest measured total hydrogen release rate at three different

test temperatures [-18°F (-28°C), 10°F (-12°C), and 57°F (14°C)] (Appendix

3.6.10) is used as the hydrogen release rate.

For the rigid drum liner, the diffusion through a 0.3" diameter hole at

-20°F (-29°C) is used to determine total hydrogen release rate (see

Appendix 3.6.9). No credit is taken for permeation through the liner

material.

For the carbon composite filters in the payload containers, the lowest

measured diffusion coefficient is used to determine the total hydrogen

release rate (Appendix 3.6.9) and is corrected for temperature-as described

by equation (2) of Table 2.

3.0 TEMPERATURE DEPENDENCE OF PARAMETERS IN DECAY HEAT CALCULATIONS

The temperature dependent parameters in the decay heat limit calculations include

the effective G value for hydrogen, porosity of the twist and tape closure, and

the hydrogen release rates through the different layers of confinement. The

equations describing these temperature dependencies, and the values for

parameters used in these equations, are described in this section. The

nomenclature for the variables in the equations is presented in Table 1. A

summary of the variables as a function of temperature is-presented in Table 2,

and each is discussed in detail below:
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TABLE 1

NOMENCLATURE LIST FOR VARIABLES

EQ Hydrogen generation activation energy.

[0.8 kcal/g-mole] for polyethylene (Waste Types II, III)

[0.0 kcal/g-mole] for water (Waste Type I)

(Appendix 3.6.7)

Ep Activation energy for hydrogen permeation through polyethylene.

[8.2 kcal/g-mole]

(Appendix 3.6.9)

R Gas law constant.

[1.987(10)*3kcal/g-mole °K]

T]_ Absolute temperature at which the reference value of a decay heat

parameter is specified.

[294 °K] (70 °F).

T£ Absolute temperature at which the value of a decay heat parameter is

to be evaluated (°K).

^eff(Tl) Reference effective G value for hydrogen

[1.70 molecules/lOOeV] at 70 °F for Waste Material Type II.1

[1.60 molecules/lOOeV] at 70 °F for Waste Material Type I.I

(Appendix 3.6.7) .
*

Geff(T2) Temperature corrected effective G value for hydrogen at temperature,

*l -Porosity of the twist and tape closure at temperature, T^.

€2 • Porosity of the twist and tape closure at temperature, T2.

RS(i) Total release rate from confinement layer "i" (mole/sec).
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TABLE 1 (cont.)

NOMENCLATURE LIST FOR VARIABLES

•r(i) Resistance of confinement layer "i" to the flow of hydrogen;

equal to the reciprocal of the total release rate -

l/RS(i) in (sec/mole).

reff Effective resistance of all layers of confinement.

reff " s r(*) f°r i " 1 to number of confinement layers (sec/mole).

CG Allowable hydrogen gas generation rate per innermost confinement layer

(mole/sec).

Maximum permissible concentration (mole fraction) of hydrogen in

innermost confinement layer:

[0.05]

Shipping period duration.

[60 days]

n Number of hydrogen generators per TRUPACT-II.

14 for drums

8 for overpack of drums in a SWB

2 for SWBs and bins overpacked in SWBs

Ntg Total moles of gas inside the TRUPACT-II ICV cavity.

[101.56 moles for drums and 72.54 moles for SWBs]

(Section 3.4.4.4.3 of the SAR)

Qj Decay heat per innermost confinement layer (watt).

NA Avogadro's number.

[6.023(10)23 molecules/g-mole].
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TABLE 2

EQUATIONS SUMMARIZING TEMPERATURE DEPENDENCE OF DECAY HEAT PARAMETERS*

1. Effective G Value for Hydrogen

The effective G value for hydrogen is calculated using an Arrhenius type

dependence on temperature (see Appendix 3.6.7). The effective G value,
Geff(T2)> a t temperature, T2 is computed as:

Geff(T2) - Geff(Tl) exp[(EG/R){(T2-T1)/(T2x Tx)}] (1)

2. Release through Drum Filter

The mechanism of release through the filter is by diffusion which varies with

temperature raised to the 1.75 power. Using the minimum measured diffusion

coefficient of 1.9(10)"6mole/sec at 70°F (21°C) (Appendix 3.6.9), the total

release rate of hydrogen from the filter, RS(drum filter) at temperature, T2

is:

RS(drum filter,T2) - 1.9(10)*
6mole/sec ^/T^1-75 (2)

3. Release through Punctured Rigid Drum Liner

The release rate from the rigid drum liner is the minimum value based on

diffusion of hydrogen in air at -20°F (-29°C). The value of this release rate

is:

RS(drum liner,T) - 5.09(10)*5mole/sec (3)

* All variables are defined in Table 1.
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TABLE 2 (cont.)

EQUATIONS SUMMARIZING TEMPERATURE DEPENDENCE OF DECAY HEAT PARAMETERS*

4. Release through Liner Bags

The lowest measured total release rate is used as the release rate at all

temperatures. The value of this "release rate is:

RS(liner bag.T) - 4.67(10)-6mole/sec (4)

5. Release through Inner Bags

The release rate is corrected for temperature and closure porosity dependence.

The dependence of the porosity («) on temperature is discussed in Attachment

1.0. .The release rate at temperature, T2 is:

RS(inner bag,T2) - 1.58(10)'
7^/Tj.)l• 75(c 2A \)

2mole/sec (5)

*A11 variables are defined in Table 1.
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1. G value for Hydrogen: The effective G values for hydrogen generation used for

Waste Types II and III are based on polyethylene (Appendix 3.6.7). The

effective G values have an Arrhenius type dependence with temperature with

an activation energy of 0.8 kcal/g-mole for polyethylene (Appendix 3.6.7).

. For Waste Type I, the effective G values for hydrogen are due to water. These

effective G values do not vary as a result of temperature changes; that is,

water has an activation energy of zero (Appendix 3.6.7). The temperature

corrected effective G value as a function of temperature is given in equation

(1) of -Table 2.

2. Hydrogen Release Rate throueh a Drum Filter: The diffusion of hydrogen through

the drum filter varies directly as the 1.75 power of the absolute temperature

(Ref. 1). Equation (2) of Table 2 defines the temperature dependence of this

hydrogen release rate.

3. Hydrogen Release Rate through the Punctured Rigid Drum Liner: The diffusion

of hydrogen through the punctured rigid drum liner varies directly as the 1.75

power of the absolute temperature. No credit is taken for permeation through

the rigid drum liner material, and the minimum rigid drum liner hydrogen

release rate through the puncture hole [at -20°F (-29°C)] is used in the decay

heat limit calculations. Equation (3) of Table 2 defines the hydrogen release

rate through the punctured rigid drum liner used in the decay heat

calculations.

4. Hydrogen Release Rate through the Liner Bags: Total hydrogen release rate

through the liner bags considers both diffusion through the twist and tape

closure, and permeation through the plastic. Total release rates through

liner bags were measured at three temperatures [-18°F (-28°C), 10°F (-12°C),

and 57°F (14°C)] to quantify the effect of lower (than room) temperatures on

these release rates (Appendix 3.6.10). These experiments showed that release

rates at the lower end of the operating temperatures [-18°F (-28°C) and 10°F

(-12°C)] are higher than would be expected from analytical consideration of

permeation and'diffusion alone. At temperatures at or above 10°F (-12°C),

stiffening of the plastic material in the twist and tape closure results in

a lesser restriction to the release of hydrogen. The increased release rates

at the lower temperatures are not of a functional form. That is, as seen from

3.6.12-8



NuPac TRUPACT-II SAR Rev. 3, July 1989

Table 3 of Appendix 3.6.10 (page 45), the release rates at 10°F (-12°C), and

-18°F (-28°C) are nearly the same. Hence the hydrogen release rate is not a

continuously decreasing function from low temperatures to higher temperatures.

In the decay heat limit calculations, the lowest measured total hydrogen

release rate.is used as the release rate at all temperatures in the operating

' range. Kb credit is taken for the increased hydrogen release rate at the

lower (than room) temperatures found in the experiments. No corrections for

increased permeation or diffusion are made for the higher (than room)

temperatures. Equation (4) of Table 2 defines the temperature dependence of

this hydrogen release rate..

5. Hydrogen Release Rate through the Inner Bags: As mentioned in the y

above, no credit is taken for permeation through the inner bags in estimating

the total hydrogen release rates. In the decay heat limit calculations, the

release rate through the inner bags has been modeled as strict diffusion

through the twist and tape closure (directly proportional to the 1.75 power

of the absolute temperature). No credit is taken for the experimentally

measured increased hydrogen release rates through the twist and tape closure

at the lower (than room) operating temperatures. In addition, a decrease in

porosity of the closure with increasing temperatures is considered in the

calculations. As shown in Attachment 1.0, the decrease in porosity at the

higher (than room) temperatures is minimal. Equation (5) of Table 2 defines

the temperature dependence of this release rate.

These release rates serve as inputs into the decay heat limit calculations as

described below.

4.0 DECAY HEAT LIMITS AS FUNCTIONS OF TEMPERATURE - WASTE TYPES II AND III

The methodology for calculating the decay heat limits is described in Section

3.4.4 of the SAR (with an example for shipping category I.1A2) , and in Attachment

1.0 for the shipping category II.1A4. The equations in the decay heat

calculations are summarized in Table 3. As shown in Equation (3) of Table 3,
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TABLE 3

EQUATIONS FOR DECAY HEAT CALCULATIONS

1. Calculation of Effective Resistance '

The resistance of a confinement layer "i" to the flow of hydrogen is the

reciprocal of the total release rate from that confinement layer. Therefore,

r(i) (sec/mole) - l/RS(i) (1)

The effective resistance is computed by summing the individual confinement

layer resistances.

reff - s r(i) for i - 1 to number of confinement layers

2. Calculation of Maximum Allowable Hydrogen Generation Rate

The maximum allowable hydrogen generation rate per innermost confinement

layer may be computed using equation (4) in Section 3.4.4.4.3 as:

CG (mole/sec) - (Xinner)/{reff + [(t) (ngen)/Ntg]} (2)

For drum payload containers

(t)(ngen)/Ntg - (60 days) (14 drums) (86400 sec/day)/101.56 mole

- 714,612 sec/mole

3. Calculation of Decay Heat Limit

The de'cay heat limit per innermost confinement layer, may be computed through

equation (5) of Section 3.4.4.4.3 as:

Qf (watts) - [(CG)(NA)/(Geff molecules/lOOeV)][1.602(10) *
19 watt-sec/eV] (3)

3.6.12-10.



NuPac TRUPACT-II SAR Rev. 3, July 1989

the decay heat limit for a shipping category is directly proportional to the

maximum allowable hydrogen generation rate and inversely proportional to the

temperature corrected effective G value. The temperature' corrected effective

G value as a function of temperature is plotted in Figure 1 for the shipping

category II.1A4. The maximum allowable hydrogen generation rate is equal to the

' hydrogen release rate (across each layer of confinement) at equilibrium. Equation

(2) of Table 3 defines the maximum allowable hydrogen generation rate in terms

of the release rate parameters and the number of moles of gas in the TRUPACT-II

Inner Containment Vessel (Section 3.4.4 of the SAR) . This parameter (the maximum

allowable hydrogen generation rate) is plotted as a function of temperature for

the shipping category II.1A4 in Figure 2. The decay heat limit as a function

of temperature can be calculated from the values on Figures 1 and 2 at each

temperature, as defined by equation (3) of Table 3. The decay heat limits at

five degree (°F) intervals are summarized in Table 4, along with the values of

the other variables that enter into the calculations. The decay heat limit as

a function of temperature is plotted in Figure 3.

Figures 1 and 2 show that both the temperature corrected effective G value, and

the maximum allowable hydrogen generation rate increase with increasing

temperatures. Figure 3 shows that the decay heat limits have a minimum at room

temperatures, and are slightly higher at both lower and higher operating

temperatures. The largest difference between the lowest and the highest decay

heat limit values in the operating temperature range is only 2. 2X. These results

show that for Waste Types II and III (the analysis for Waste Type III is

identical to that for Waste Type II), the minimum decay heat limits are obtained

room temperature conditions.

In Figure 3, points are shown above the decay heat limit curve at each end of

the operating temperature range. These decay heat limits would result at the

two temperatures shown if the following more realistic assumptions for the

hydrogen release rates through the inner bags and the liner bags are made:

Credit is taken for increased hydrogen release through the liner bags at

higher (than room) temperatures due to increased permeation and diffusion.
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TABLE 4

Decay Heat Parameters For Shipping Category I I . 1 A 4

Temp
(F)

•20
•15

•10
•5
0
5
10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
95
100
105
110
115
120
125
130
135
140
145
150
154

Temp
(K)

244
247
250
253
255
258
261
264
266
269
272
275
278
280
283
286
289
291
294
297
300
303
305
308
311
314
316
319
322
325
328
330
333
336
339
341

Porosity

0.6934
0.6927
0.6920
0.6913
0.6908
0.6901
0.6894
0.6887
0.6882
0.6875
0.6867
0.6860
0.6853
0.6848
0.6841
0.6834
0.6827
0.6822
0.6815
0.6808
0.6801
0.6793
0.6789
0.6781
0.6774
0.6767
0.6762
0.6755
0.6748
0.6741
0.6734
0.6729
0.6722
0.6715
0.6707
0.6703

r<inner
bag)
(s/mol)

2398864
2352856
2308332
2265225
2237461
2196579
2156959
2118548
2093790
2057281
'2022440
1988039
1954635
1933087
1901253
1870316
1840240
1820829
1792115
1764179
1736991
1711030
1693437
1668607
1643934
1619892
1604363
1581325
1558861
1536954
1515584
1501775
1481259 '
1461234
1442113
1429048

r(liner
bag)
(s/mol)

214133
214133
214133
214133
214133
214133
214133
214133
214133
214133
214133
214133
214133
214133
214133
214133
214133
214133
214133
214133
214133
214133
214133
214133
214133
214133
214133
214133
214133
214133
214133
214133
214133
214133
214133
214133

r(drun
liner)
(s/mol)

19646
19646
19646
19646
19646
19646
19646
19646
19646
19646
19646
19646
19646
19646
19646
19646
19646
19646
19646
19646
19646
19646
19646
19646
19646
19646
19646
19646
19646
19646
19646
19646
19646 .
19646
19646
19646

r(drun
filter)
(s/mol)

729327
713896
698971
684532
675164
661485
648237
635400
627064
614877
603058
591592
580465
573229
562637
552349
542354
535848
526316
517048
508033
499263
493548
485166
477006
469059
463876
456269
448856
441630
434585
429987
423231
416640
410209
406008

r(eff)

(s/mol)

8159697
8006243
7857746
7713986
7621325
7485002
7352894
7224825
7142214
7020497
6904158
6789489
6678148
6606268
6500176
6397075
6296852
6232115
6136440
6043362
5952787
5866132
5807639
5724768
5642587
5562515
SS1074S
5434021
5359219
5286271
5215116
5169092
5100786
5034120
4970327
4926931

G(eff)

1.28
1.31
1.34
.36
1.38
.40
1.43
1.46
1.47
1.50
1.52
1.55
1.57
1.59
1.61
1.64
1.66
1.68
1.70
1.72
1.75
1.77
1.79
1.81
1.83
1.85
.87
.89
.91
.94
.96

1.97
2.00
2.02
2.04
2'.05

CC

(mol/s)

5.634E-09
5.733E-09
5.833E-09
5.932E-09
5.998E-09
6.098E-09
6.198E-09
6.298E-09
6.364E-09
6.464E-09
6.563E-09
6.663E-09
6.763E-09
6.830E-09
6.930E-09
7.031E-09
7.131E-09
7.198E-09
7.298E-09
7.399E-09
7.499E-09
7.598E-09
7.666E-09
7.765E-09
7.865E-09
7.965E-09
8.032E-09
8.132E-09
8.232E-09
8.332E-09
8.432E-09
8.49SE-09
8.598E-09
S.698E-09
8.79?:-09
8.863E-09

3i <

(Watt)

0.0423°
0.0422'.
0.342V,
0.C420!
0.3420!
0.04191
0.0418',

o.O4iai
0.04171
0.0417i
0.0416!
0.34161
0.04151
0.0415
0.0415
0.0415
0.0414 |
0.0414 i
0.0414
0.0414!
0.0414
0.0414!
0.0414!
0.0414
0.0414 i
0.0414!
0.0414 •

0.0415
0.0415!
0.0415
0.0415
0.0415
0.0416 1
0.0416 1
0.0416 i
0.0417
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Credit is taken for the experimental results (Appendix 3.6.9 and 3.6.10)

at lower (than room) temperatures in order to use a constant value

(measured at room temperatures) for the release rate through the inner

bags.

Attachment 2.0 provides the derivation of the decay heat limits with these

assumptions. The two additional points have been provided in Figure 3 for

illustrative purposes to demonstrate an added margin of safety in the analysis

for the decay heat limits.

5.0 DECAY HEAT LIMITS AS FUNCTIONS OF TEMPERATURE - WASTE TYPE I

For Waste Type I, the effective G value does not change with temperature, while

the maximum allowable hydrogen generation rate is an increasing function of

temperature. Figures 4 and 5 are plots of the G value and the maximum allowable

hydrogen generation rate as functions of temperature for the shipping category

I.1A3. Table 5 presents the decay heat limit and related variables at five

degree (°F) intervals through the operating temperature range. The decay heat

limit as a function of temperature is plotted in Figure 6. Due to the constant

values for the effective G values for Waste Material Types in Waste Type I, the

decay heat limits are an increasing function of temperature, and are a minimum

at the minimum operating temperature of -20°F.

In Figure 6, points are shown above the decay heat limit curve at each end of

the operating temperature range. These decay heat limits would result at the

two temperatures shown if' the more realistic assumptions are made as listed

above for the hydrogen release rates through the inner bags and the liner bags.

Attachment 2.0 provides the derivation of the decay heat limits with these

assumptions. These assumptions have not been used in the decay heat limit

calculations, and the conservative decay heat limits obtained at the minimum

operating temperature have been used for shipping categories in Waste Type I in

Section 1.2.3 of the SAR.
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TABLE 5

Oecay Heat Parameters For Shipping Category 1.1A3

p
)

•20
-15
•10
-5
0
5
10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
95
100
105
110
115
120
125
130
135
140
145
150
154

Temp I

(K)

244
247
250
253
255
258
261
264
266
269
272
275
278
280
283
286
289
291
294
297
300
303
305
308
311
314
316
319
322
325
328
330
333
336
339
341

>orosity

0.6934

0.6927

0.6920

0.6913

0.6908

0.6901

0.6894

0.6887

0.6882

0.6875

0.6867

0.6860

0.68S3

0.6848

0.6841

0.6834

0.6827

0.6822

0.6815

0.6808

0.6801

0.6793

0.6789

0.6781

0.6774

0.6767

0.6762

0.6755

0.6748

0.6741

0.6734

0.6729

0.6722

0.6715

0.6707

0.6703

rOrmer

bag)

(s/mol)

2398864

2352856

2308332

2265225

2237461

2196579

2156959

2118548

2093790

2057281

2022440

1988039

1954635

1933087

1901253

1870316

1840240

1820829

1792115

1764179

1736991

1711030

1693437

1668607

1643934

1619892

1604363

1581325

1558861
1536954

1515584

1501775

1481259

1461234

1442113

1429048

rdiner

bag)

(s/mol)

214133

214133

214133

214133

214133

214133

214133

214133

214133

214133

214133

214133

214133

214133

214133

214133

214133

214133

214133

214133

214133

214133

214133

214133

214133

214133

214133

214133

214133

214133

214133

214133

214133

214133

214133

214133

r(drtm

liner)

(s/mol)

•19646

19646

19646

19646

19646

19646

19646

19646

19646

19646

19646

19646

19646

19646

19646

19646

19646

19646

19646

19646

19646

19646

• 19646
19646

19646

19646

19646

19646

19646

19646

19646

19646

19646

19646

19646

19646

r(drun

filter)

(s/mol)

729327

713896

698971

684532
675164

661485

648237

635400

627064

614877

603058

591592

580465

573229

562637

552349

542354

535848

526316

517048

508033

499263

493548

485166

477006

469059

463876

456269

448856

441630

434585

429987

423231
416640

410209

406008

r(eff)

(s/mol)

5760833

5653387

5549414

5448761
5383864

5288422

5195934

5106276

5048424

4963217

4881718

4801450

4723513

4673181

4598922

4526760

4456613

4411286

4344325
4279184

4215795

4155102

4114202

4056160

3998653

3942623

3906382

3852697

3800357

3749317

3699S32

3667316

3619S28

3572886

3528214

3497883

G(eff)

1.60

1.60

1.60

1.60 I

1.60

1.60

1.60

1.60

1.60

1.60

1.60

1.60 <

1.60 <

1.60

1.60 <

1.60 <

1.60

1.60

1.60 «

1.60

1.60

1.60

1.60

1.60

1.60

1.60

1.60

1.60

1.60

1.60

1.60

1.60

1.60

1.60

1.60

1.60

CG

Ciwl/s)

f.721E-09

f.8S2E-09

r.9S2E-09

S.112E-09

S.199E-09

S.329E-09

J.459E-09

S.590E-09

5.676E-09

S.806E-09

S.934E-09

7.064E-09

M94E-09

?.2S0E-09

?.410E-09

7.539E-09

9.669E-09

?.754E-09

?.SS3E-09

I.001E-08

I.014E-08

I.027E-08

I.035E-08

I.048E-08

I.061E-08

I.074E-08

I.082E-08

1.095E-08

1.107E-08

I.120E-08

I.133E-08

I.141E-08

I.154E-08

•166E-08

I.178E-08

I.187E-08

Oi

(Watt)

0.0466
0.0474

0.0481

0.0489
0.0494

0.0502

0.0510

0.0518

0.0523

0.0531

0.0539

0.0547

0.0554

0.0560
0.0567

0.0575

0.0583

0.0588

0.0596
0.0604

0.0612

0.0619

0.0624

0.0632

0.0640

0.0647

0.0653

0.0660

0.0668

0.0675

0.0683

0.0688

0.0696

0.0703

0.0711

0.0716
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6.0 CONCLUSIONS - ;

Hydrogen generation and release rates determined at room temperatures provide j

the most conservative decay heat limits for shipping categories in Waste Types \

II and III. Hydrogen generation and release rates determined at the minimum |

operating temperature provide the most conservative decay heat limits for |

shipping categories in Waste Type I. This is because the effective G value for \

hydrogen for Waste Type I remains constant with temperature, while the hydrogen j

release rates are conservatively assumed to be lower than that for room |

temperatures. I

7.0 REFERENCES

1. Perry, R.H., Perry's Chemical Engineers Handbook, 6th Edition, McGraw Hill

Book Company, New York, 1984.
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ATTACHMENT 1.0

DECAY HEAT LIMIT AT THE MAXIMUM OPERATING TEMPERATURE

SHIPPING CATEGORY II.1A4

1.0 INTRODUCTION

The decay heat limit for each shipping category is summarized in Section 3.4.4.4

of the SAR. This attachment presents the steps for obtaining the decay heat

limit for any shipping category at any temperature. The shipping category II.1A4

at the maximum operating temperature is used as an example for the calculations.

The analysis presented here also shows that porosity effects on the twist and

tape closure are negligible in calculating a decay heat limit.

The following is a list of assumptions which will be used in the calculation for

the decay heat limit:

• A temperature of 154°F (68°C) will be assumed since this is 1°F higher than

the highest temperature listed in Table 3.4.4.3-3 of the SAR for any of

the analytical shipping categories.

• All bags are assumed to be made of polyethylene. This will result in the

highest effective G value for hydrogen at 68°C.

• The total moles of gas in the ICV cavity will remain constant during a

sixty (60) day shipping period and will be equal to 101.56 moles based on

a void volume of 2,450 liters for a 14-drum payload assembly and conditions

inside the ICV when the ICV is sealed for transport [70°F, and 1 atm

pressure].

Other assumptions are listed in the appropriate subsections of this attachment.

3.6.12.A1-1
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2.0 RELEASE RATES AT MAXIMUM TEMPERATURE

The release rate of hydrogen through the bag closures is governed by the

effective diffusion coefficient of hydrogen through each bag closure which is

a function of the binary diffusion coefficient of hydrogen in air and the

porosity of the closure (Ref. 1). The release rate by molecular diffusion is

directly proportional to temperature raised to the 1.75 power (Ref. 2). The

porosity of the closure may be evaluated from the geometry of the closure. The

resistance of a bag layer (to the release of hydrogen) is the reciprocal of the

release rate. That is, while the release rate increases with temperature, the

resistance decreases with temperature. The resistances of each of the different

confinement layers at 154°F (68°C) are computed below.

2.1 Resistance of Inner Bags

The Random-Pore Model of gaseous diffusion in porous media (Ref. 1) predicts that

the effective diffusion coefficient is equal to the product of effective binary

diffusion coefficient of the hydrogen in air system and the square of the

porosity.

Therefore,

De " DHydrogen-Air «2 (D

where,

De - effective diffusion coefficient of hydrogen through closure (mole/sec)

DHydrogen-Air " b i n a ry diffusion coefficient of hydrogen in air (mole/sec)

c - porosity of the closure

3.6.12.A1-2.
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Since the binary diffusion coefficient varies with temperature raised to the 1.75 j

power (Ref. 2), the effective diffusion coefficient of hydrogen through the

closure (the release rate) at temperature T2 may be computed from the release

rate at temperature T]_ using the relationship:

De2" Dex^/Ti) 1- 7 5 (»2/*l>
2

where,

De2" release rate of hydrogen through closure at temperature T2 (mole/sec)

De^- release rate of hydrogen through closure at temperature T^ (mole/sec)

€ 2 - porosity of closure at temperature T2

f i - porosity of closure at temperature T^

T - absolute temperature (°K)

By definition the porosity is the volume of voids per total volume. The volume

of the bag material in the closure may be computed as:

Vm - 21hw (3)

where,

Vm - volume of the bag material in the closure

1 - length of bag comprising closure, 5.5 inches (Ref. 3)

h - width of bag comprising closure, 10.0 inches (Appendix 3.6.10 of SAR)

w - thickness of bag material, 14 mil or 0.014 inch (Appendix 3.6.10 of SAR)

Vm - 2(5.5 inches)(10.0 inches)(0.014 inch) - 1.540 in
3

3.6.12.A1-3
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The total volume of the closure is evaluated as:

VT - ir
 2 1 (4)

where, •

V-j - total volume of the closure

r - radius of the closure, average of 0.529 inches (Ref. 3)

VT - *(0.529 inches)
2(5.5 inches) - 4.835 in3

The porosity of the closure at 21 °C, «j_, is then computed as:

- Vm(21°C))/VT- (4.835 - 1.540)/4.835 - 0.6815

The volumetric expansion of the bag material due to thermal stress induced by

a temperature increase may be derived from (Ref. 4) as:

jf (5)

where,

Vm - volumetric expansion of bag material due to thermal stress (in
3)

a - linear coefficient of thermal expansion of the bag material (°K"_ )

T - T 2 - T]_ - temperature increase (°K)

The highest reported linear coefficient of thermal expansion for polymers of

25(10) ̂ K " 1 (Ref. 5) will be used in the calculation. This a conservative

3.6.12.A1-4
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assumption since it will provide the maximum reduction in closure porosity with

temperature.

Vm - 3(25(10) *
5K"1)(1.540in3)(341°K- 294°K)

- 0.054 in3

The volume of the bag material in the closure at temperature T2 (68°C) will then

be:

Vm(68°C) - Vm(21°C) +Av m - 1.540 in
3 + 0.054 in3

Vm(68°C) - 1.594 in
3

The porosity of the closure at 68°C, «2» is t h e n computed as:

« 2 - (VT - Vm(68°C))/VT- (4.835 - 1.594)/4.835 - 0.6703

The release rate of hydrogen from the closure at 21°C, De^, is 5.58(10)"'

mole/sec.

The release rate from the closure at 68°C, De2is then computed from equation (2)

as:

De2- 5.58(10)*
7mole/sec (341°K/294°K)1-75 (0.6703/0.6815)2

De2- 7.00(10)*7mole/sec

3.6.12.A1-5
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The resistance of the inner bag to the release of hydrogen at 68°C, r(inner bag,

68°C), is then:

r(inner bag, 68°C) - 1/De2

- l/(7.00(10)'7 mole/sec)

- 1,429,048 sec/mole

For comparison purposes,

r(inner bag, 21°C) - 1,792,115 sec/mole

2.2 Resistance of Liner Bags

The release rate from a large liner bag at 68°C is assumed to be the lowest

measured total release. No credit is taken for increased release through the

liner bags at the higher temperature due to increased permeation and diffusion.

The resistance of the liner bag, r(liner bag) is from (Appendix 3.6.9),

r(liner bag) - 1/(29.15(10)*6 mole/sec) - 34,303 sec/mole

2.3 Resistance of Filter

The mechanism of release through the filter is also by diffusion; therefore,

using the minimum measured diffusion coefficient of 1.9(10)"6 mole/sec at 70°F

(21°C) (Appendix 3.6.9 of SAR), the resistance at 154°F (68°C) is:

r(drum filter) - l/(1.9(10)'6)mole/sec x (294/341)1-75

- 406,008 sec/mole

3.6.12.A1-6
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2.4 Resistance of Drum Liner

The diffusion through a 0.3 inch diameter hole at -20°F (-29°C) is used to

determine the total release rate (see Appendix 3.6.9). No credit is taken for

permeation through the liner material or for increased diffusion through the hole

at the higher temperature. Therefore, the resistance of the liner is: (Appendix

3.6.9)

r(drum liner) - 19,646 sec/mole

2.5 Effective Resistance

The effective resistance for the layers of confinement in a payload container

in the payload shipping category II.1A4 is the sum of the individual resistances

of each layer. There are 3 inner bags, 1 liner bag, the punctured rigid drum

liner and the drum filter. Therefore, the effective resistance at 154°F (68°C),

reff, is:

reff(68°C) - 3 x r(inner bag) + r(liner bag) + r(rigid drum liner) + r(drum

filter)

reff(68°C) - {3(1,429,048) + 214,133 + 19,646 + 406,008} sec/mole

reff(68°C) - 4,926,931 sec/mole

3.6.12.A1-7
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2.6 Increase in G Value With Temperature

The temperature corrected effective G value for hydrogen at 154°F (68°C) is

calculated using an Arrhenius type dependence on temperature (see Appendix 3.6.7

of the SAR):

Geff(T2) " Geff(Tl) exp[(EG/R){(T2-T1)/(T2x

where,

EQ - is the hydrogen generation activation energy - 0.8 kcal/g-mole for J

polyethylene (Appendix 3.6.7 of the SAR). |

I
R - gas law constant - 1.987(10)"3kcal/g-mole. |

T^ - Temperature which provides the basis for the effective G values 70°F (21°C).

T2 - Maximum temperature in the ICV during transport of payload 154°F (68°C).

Geff(Tl) " Effective G value for hydrogen for Waste Material Type II.1 - 1.70

at 70°F (21°C) (Appendix 3.6.7 of the SAR).

Geff(T2) " Temperature corrected effective G value for hydrogen for Waste

Material Type II.1 at 154°F (68°C).

Substituting the above values in the Arrhe"nius equation for the temperature

corrected effective G value for hydrogen:

Geff(T2) " l-70 exp[{(0.8 kcal/g-mole)/1.987(10)'3kcal/g-mole} x

{(341 - 294)/(341 x 294)}]

Geff(T2) " 2-°5

3.6.12.A1-8
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2.7 Decay Heat Limit at Maximum Temperature

The allowable hydrogen gas generation rate per innermost confinement layer is

computed using equation (4) of Section 3.4.4.4.3 of the SAR:

CG

CG - (0.05)/{4,926,931 sec/mole +

[(60 days)(86,400 sec/day)(14)/(101.56 moles)]}

- 8.863(10)'9 mole/sec

For shipping category II.1A4, the temperature corrected effective G value for

hydrogen at 154°F (68°C) is 2.05. Therefore, the decay heat limit per innermost

confinement layer, Q?, through equation (5) (Section 3.4.4.4.3 of the SAR) is:

Q, - [8.863(10)'9 mole/sec][6.023(10)23 molecules/mole]

x [1.6O2(1O)"19 watt-sec/eV]/[2.05 molecules/100 eV]

- 0.0417 watt

The computed decay heat of 0.0417 watt at 154°F (68°C) is higher than the decay

heat of 0.0414 watt which was calculated assuming a temperature of 70°F (21°C).

The sample calculation above demonstrates that the decay heat limit would be

higher for the maximum operating temperature than at room temperatures even when

the increase in the effective G value and possible closure restriction effects

are considered.
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ATTACHMENT 2.0

DECAY HEAT LIMITS USING MORE REALISTIC RELEASE RATES

1.0 INTRODUCTION

This attachment presents the derivation of decay heat limits using more realistic

hydrogen release rate assumptions than those used to obtain the decay heat limits

in the SAR (assumptions listed in Attachment 1.0). The limits indicated as

single points in Figures 3 and 6 of this Appendix would be applicable at each

end of the operating temperature range. This attachment is provided for

illustrative purposes to demonstrate the added margin of safety included in the

analysis for the decay heat limits that are applicable to each payload shipping

category per Section 1.2.3 of the SAR.

The following is a list of assumptions which will be used in the calculations:

* For small inner bags (excluding the drum liner bags), only the diffusion

through the twist and tape closure is used in determining the total release

rate. No credit is taken for permeation through the bag material. As

indicated by actual experimental measurements (Appendix 3.6.10), the

release rate through the inner bags is not decreased at the lower operating

temperatures. At temperatures above room temperature, the release rate

(by diffusion) from the inner bags is a function of temperature raised to

the 1.75 power and the square of porosity (Appendix 3.6.12).

" For the drum liner bags, the sum of diffusion through the bag closure and

permeation of the bag material is used in determining the total release

rate. The lowest measured total release rate at three different test

temperatures (Appendix 3.6.10) will be used for the release rate from a

liner bag at temperatures below 70°F (21°C). Credit is taken for increased

release through the liner bags at the higher temperature end due to

increased permeation and diffusion.
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* For the rigid drum liner, the diffusion through a 0.3" diameter hole will

vary .with the 1.75 power of temperature. No credit was taken for

permeation through the liner material.

* For the carbon composite' filter in the payload containers, the lowest

measured diffusion coefficient was used to determine the total release rate

(Appendix 3.6.9) at room temperature. The release rate from the filter

by diffusion will vary with the 1.75 power of temperature.

2.0 QUANTIFICATION OF CONFINEMENT LAYER RESISTANCES

AT MINIMUM AND MAXIMUM TEMPERATURES

The resistances of each of the different confinement layers at -20°F (-29°C) and

at 154°F (68°C) are computed below based on the aforementioned assumptions. The

resistance of a confinement layer to the release of hydrogen is the reciprocal

of the hydrogen release rate from that layer.

2.1 Resistance of Drum Liner

The drum liner resistance at -20°F, r(drum liner, -20°F) is 19,646 sec/mole. The

resistance at 154CF (68°F) will be computed using equation (5) of Table 2 of this

Appendix.

r(drum liner 154°F) - 19,646 sec/mole x (244/341)U7S

- 10,937 sec/mole

2.2 Resistance of Filter

The mechanism of release through the filter is by diffusion, with a temperature

dependence described by equation (2) in Table 2 of this Appendix. The resistance

of the filter at the minimum and maximum temperatures are:

r(drum filter, -20°F) - l/1.9(10)*6 sec/mole x (294/244)1'75

r(drum filter, -20°F) - 729,327 sec/mole

r(drum filter, 154°F) - l/1.9(10)"6 sec/mole x (294/341)1'75

r(drum filter, 154°F) - 406,008 sec/mole
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2.3 Resistance of Inner Bags

The release rate through the inner bags is not decreased at lower operating

temperatures, therefore:

r(inner bag, -20°F) - r(inner bag, 70°F) - 1,792,115 sec/mole

At 154°F (68°C), equation (5) of Appendix 3.6.12 is used for the dependence of

the hydrogen release rate from the inner bag with temperature. The porosities

values were computed in Attachment 1.0.

r(inner bag, 154°F) - 1/1.58(10)''(T,/^)1-75 (<1/«2)
2

r(inner bag, 154°F) - 1,792,115 sec/mole x (294/341)^(0.6815/0.6703)2

r(inner bag, 154°F) - 1,429,048 sec/mole

2.4 Resistance of Liner Bags

The lowest measured total release rate at three different test temperatures

(Appendix 3.6.10) will be used for the release rate from a liner bag at

temperatures below 70°F (21°C). Therefore:

r(liner bag, -20°F) - r(liner bag, 70°F) - 214,133 sec/mole

The hydrogen release rate from a large liner bag at 154°F (68°C) will be

calculated as the sum of the following three terms:

a. the total release rate (sum of the diffusion through the bag closure and

bag permeation) from a large liner bag at 70°F (21°C)

- 4.67(10)*6 mole/sec (Appendix 3.6.9)

b. the increase in the diffusion rate from the bag closure due to increased

• temperature. This value is taken to be the same as for the increase seen in

the small bag closure
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- (1/1,429,048 - 1/1,792,115)

- 1.4(10)*7 mole/sec

c. the increase in the release rate due to higher permeation rates (P) as a

result of the increase in temperature

- P(154°F) - P(70°F).

The rate of release by permeation at 154°F (68°C) will be computed from the

release rate dependence on temperature in an Arrhenius function (Appendix

3.6.9) as

P(154°F) - P(70°F)exp{(Ep/R) x <T2 - T,)/(T2 x T,)}

where,

E - activation energy for hydrogen permeation through polyethylene.

- [8.2 kcal/g-mole] (Appendix 3.6.9)

P(21°C) is the difference between the total release and the bag closure

release.

P(21°C) - 4.67(10)*6 mole/sec - 5.58(10)"7 mole/sec

- 4.11(10)*6 mole/sec

Substituting for these values:

P(68°C) - P(21°C) - 24.34(10)*6 mole/sec

Therefore the hydrogen release rate from a large liner bag at 154°F (68°C) is:

- 4.67(10)*6 + 1.4(10)"7 + 24.34(10)'6 mole/sec

- 29.15(10)*6 mole/sec

The resistance of the liner bag, r(liner bag) is the reciprocal of the release

rate,

r(liner bag) - l/29.15(10)*6 sec/ mole - 34,305 sec/mole
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3.0 G VALUES AT MINIMUM AND MAXIMUM TEMPERATURES

The temperature corrected effective G value for hydrogen at both -20°F (-29°C)

and at 154°F (68°C) for shipping category II.1A4 were computed in Appendix 3.6.12

as

Geff(II.lA4 at -20°F) - 1.28

Geff (H.1A4 at 154°F) - 2.05

For Waste Type I, the G value does not change with temperature (Appendix 3.6.7),

therefore,

Geff (I.1A3 at 70°F) - Geff (I.1A3 at -20°F) - Geff (I.1A3 at 154°F) - 1.60

4.0 DECAY HEAT LIMIT AT MINIMUM NORMAL OPERATING TEMPERATURE

FOR SHIPPING CATEGORY I.1A3

The effective resistance for shipping category I.1A3 is the sum of the individual

resistances. There are 2 inner bags, 1 liner bag, the punctured rigid drum

liner, and the drum filter. Therefore, the effective resistance, reff is

reff (I.1A3,-20°F) " 2 x r(inner bag) + r(liner bag) + r(drum liner) + r(drum

filter)

reff(I.lA3,-20°F)- (2(1,792,115) + 214,133 + 19,646 + 729,327} sec/mole

reff(I.lA3,-20°F) " 4.547,336 sec/mole

The maximum allowable hydrogen generation rate is computed from equation (2) of

Table 3 (Appendix 3.6.12) as:

CG (I.1A3, -20°F) - 0.05/(4,547,336 + 714,612) mole/sec

CG (I.1A3, -20°F) - 9.502 (10) ̂ mole/sec
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The decay heat limit is computed from equation (3) of Table 3 (Appendix 3.6.12)

as: .

Qid.lAS at -20°F) - [9.502(10)*9 mole/sec][6.023(10)23 molecules/mole] x

[1.602(;i0)"19 watt-sec/eV]/(1.60 molecules/100 eV]

.^3 at -20°F) - 0.0573 watt

5.0 DECAY HEAT LIMIT AT MINIMUM NORMAL OPERATING TEMPERATURE

FOR SHIPPING CATEGORY II.1A4

The effective resistance for shipping category II.1A4 is the sum of the

individual resistances. There are 3 inner bags, 1 liner bag, the punctured drum

liner, and the drum filter. Therefore, the effective resistance, reff is

reff(II.lA4,-20°F) " 3 x r(inner bag) + r(liner bag)

+ r(drum liner) + r(drum filter)

reff(II.lA4,-20°F) " (3(1,792,115) + 214,133 + 19,646 + 729,327} sec/mole

reff(II.lA4,-20°F) " 6,339,451 sec/mole

The maximum allowable hydrogen generation rate is computed from equation (2) of

Table 3 (Appendix 3.6.12) as:

CG (II.1A4, -20°F) - 0.05/(6,339,451 + 714,612) mole/sec

CG (II.1A4, -20°F) - 7.088(10)^mole/sec

The decay heat limit is computed from equation (3) of Table 3 (Appendix 3.6.12)

as:

Qi(II.lA4'at -20°F) - [7.088(10)"9 mole/sec][6.023(10)23 molecules/mole] x

[1.602(10)'19 watt-sec/eV]/(1.28 molecules/100 eV]

Qi(II.lA4at -20°F) - 0.0534 watt
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6.0 DECAY HEAT LIMIT AT MAXIMUM NORMAL OPERATING TEMPERATURE

FOR SHIPPING CATEGORY I.1A3

The effective resistance for shipping category I.1A3 at 154°F (68°C) is evaluated

using the resistances computed above as:

reff(I.lA3,154°F) " (2(1,429,048) + 34,305 + 10,937 + 406,008} sec/mole

reff(I.lA3,154°F) " 3,309,346 sec/mole

The maximum allowable hydrogen generation rate is computed from equation (2) of

Table 3 (Appendix 3.6.12) as:

CG (I.1A3, 154°F) - 0:05/(3,309,364 + 714,612) mole/sec

CG (I.1A3, 154°F) - 1.243(10)'8mole/sec

The decay heat limit is computed from equation (3) of Table 3 (Appendix 3.6.12)

as:

Qi(I.U3 at 154°F) - [1.243(10)'8 mole/sec] [6.023(10)23 molecules/mole] x

[1.602(10)"19 watt-sec/eV]/(1.60 molecules/100 eV]

Qi(I.lA3at -20°F) - 0.0750 watt

7.0 DECAY HEAT LIMIT AT MAXIMUM NORMAL OPERATING TEMPERATURE

FOR SHIPPING CATEGORY II.1A4

The effective resistance for shipping category II.1A4 at 154°F (68°C) is

evaluated using the resistances computed above as:

i
reff(II.lA4,154°F)" (3(1,429,048) + 34,305 + 10,937 + 406,008} sec/mole

reff(II.lA4,154°F)' 4,738,394 sec/mole
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The maximum allowable hydrogen generation rate is computed from equation (2) of

Table 3 (Appendix 3.6.12) as:

CG (II. 1A4, 154°F) - 0.05/(4,738,394 + 714,612) mole/sec

CG (II.1A4, 154°F) - 9.169(10)'9 mole/sec

• The decay heat limit is computed from equation (3) of Table 3 (Appendix 3.6.12)

as:

Qf(II.lA4 at 154°F) - [9.169(10)'9 mole/sec] [6.023(10)a molecules/mole] x

[1.602(10)"19 watt-sec/eV]/(2.05 molecules/100 eV]

Q,(II.1A4 at 154°F) - 0.0432 watt

The four decay heat limits derived above in Sections 4.0, 5.0, 6.0 and 7.0 are

the points marked in Figures 3 and 6 of this Appendix. The use of the

assumptions outlined in this Attachment provides decay heat limits at each end

of the operating temperature range that are higher than the limits applied to

each shipping category, as shown in the two figures.
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APPENDIX 3.6.13

EFFECT ON DECAY HEAT LIMITS OF OVERPACKING PAYLOAD CONTAINERS

IN A TEN DRUM OVERPACK

1.0 SUMMARY

The Ten Drum Overpack (TDOP) will be used to overpack pay load containers.

Specifications for the TDOP are given in Appendix 1.3.4. The TDOP will be used

to overpack either ten 55-gallon drums, one Standard Haste Box (SWB), or one

experimental bin overpacked in an SWB. One TDOP will be shipped per TRUPACT-II

package. One of the transportation parameters that could be affected as a result

of this overpacking is the allowable decay heat limit on each payload container.

To retrieve, overpack, and transport all of the pay load containers that might be

overpacked in a TDOP, it is necessary to ascertain that no reduction in the

'allowable decay heat limit occurs due to overpacking in a TDOP. This appendix

addresses effects of overpacking payload containers in a TDOP on the allowable

decay heat limits.

Allowable decay heat limits of payload containers could potentially decrease due

to the additional resistance to the release of hydrogen presented by the TDOP.

The analyses presented in this appendix show that overpacking payload containers

does not decrease the allowable decay heat limits if a minimum of nine carbon

composite filters are placed on the TDOP.

The analyses presented in this appendix is based on allowing payload containers

to remain overpacked in a TDOP for indefinite periods of time before and after

shipping the TDOP inside a TRUPACT-II for a maximum sixty-day shipping period.

If the residence time of overpacked containers in a TDOP is less than sixty days,

no filters would be necessary on the TDOP since the void volume within the TDOP

and outside the payload containers is comparable to the void volume inside the

TRUPACT-II ICV. For indefinite storage of payload containers inside a TDOP, the

allowable decay heat limits are not reduced because the TDOP is vented with at

least nine carbon composite filters and there are less payload containers per

shipment- (compared to cases where containers are not overpacked in a TDOP). When

drums are overpacked in a TDOP, there is a ten drum payload compared to a

fourteen-drum payload under normal shipping conditions without overpacking.

Similarly, there is only one SWB per payload in a TDOP, compared to a two-SWB

payload without the overpacking in a TDOP. The net result of these phenomena is

that there is no decrease in the allowable decay heat limits of payload
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! containers due to overpacking in a TOOP with nine carbon composite filters. To

j accommodate indefinite storage before and after transport, nine filters on the

! TOOP are sufficient to maintain potentially flammable gas concentrations at

! acceptable levels. As an added margin of conservatism, ten carbon filters will

.! be placed on the TDOP. The mathematical analysis to support this conclusion,

! with examples, is presented in this appendix.

i
i

J 2.0 INTRODUCTION

i
j The TDOP is designed as an overpack to hold up to ten 55-gallon drums, or one

j SWB, or one experimental bin overpacked in an SWB. Design features of the TDOP

! are described in Appendix 1.3.4.

i
i Overpacking in a TDOP could potentially affect the allowable decay heat limits

j of the payload containers by providing additional resistance to the release of

! hydrogen. The analyses in this appendix demonstrate that the allowable decay

j heat limits of payload containers do not decrease due to overpacking in a TDOP.

j To accommodate indefinite storage inside a TDOP before and after transport, nine

! filters on the TDOP are adequate to maintain flammable gas concentrations at

j acceptable levels. As an added margin of safety, ten carbon composite filters
will be placed on the TDOP.

j Allowable decay heat limits are not decreased because the TDOP is vented and

I there are less payload containers. Only ten drums are present in a TDOP compared

J to fourteen in the TRUPACT-II ICV; only one SWB is overpacked in a TDOP compared

! to two SWBs in the ICV, and only one bin in an SWB is overpacked in a TDOP,

I compared to two bins in two SWBs in the ICV. The decay heat limits that have

! been calculated for the payload containers without overpacking are sufficient to

! ship waste even in the overpacked condition in a TDOP. Examples illustrating

! these conclusions are presented in subsequent sections,
i

i
! 3.0 ASSUMPTIONS AND QUANTIFICATION OF INPUT PARAMETERS

.1
! Values of the input parameters used in the analysis, with applicable assumptions,

| are presented in this section.
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3.1 Resistances of the Confinement Layers

The resistances of the various confinement layers to the release of hydrogen are

quantified in Appendix 3.6.9, and are summarized below. The logic for the two

different values of a confinement layer resistance (one value for Waste Type I

and a second value for Waste Types II and III) is provided in Appendix 3.6.12.

CONFINEMENT LAYER

Drum Filter

SWB (bin) Filter

TDOP Filter

Inner Bag

Liner Bag

SWB (bin) Liner

Punctured Drum Liner

RESISTANCES (sec/mole)

WASTE TYPE
I

729,327

374,519

374,519

2,398,864

214,133

125,660

19,646

WASTE TYPES
II and III

526,316

270,270

270,270

1,792,115

214,133

125,660

19,646

3.2 Void Volumes Inside the TDOP

Based on the specifications for the TDOP in Appendix 1.3.4, the external volume

occupied by a TDOP is 4473 liters and the internal volume is 4426 liters. The

void volume within an empty TRUPACT-II ICV is approximately 5750 liters. As

shown below, the void volume inside the TDOP with payload is comparable with that

of the TRUPACT-II ICV with an analogous payload. The void volume between the

TDOP and the TRUPACT-II ICV is approximately 1277 liters. The TDOP will be

fitted with at least nine SWB filters, which will permit hydrogen to diffuse into

the ICV void and thus reduce hydrogen concentrations in the different layers of

the package and the payload.
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| ' 3.3 Other Input Parameters

i

! All other input parameters for the decay heat calculations are the same as those

! presented in Appendices 3.6.9 and 3.6.12.

i
| 4.0 METHODOLOGY AND MATHEMATICAL ANALYSES

i .
j The analysis assumes that the overpacked payload containers inside the TDOP will

! remain inside the TDOP indefinitely/ i.e., until steady-state conditions are

| attained. The TDOP is then loaded into the TRUPACT-II for a sixty-day shipping

j period.

j The analysis to determine the minimum number of filters is based on evaluating

! the innermost confinement layer flammable gas concentration as a function of the

j number of filters on the TDOP after indefinite storage of payload containers in

j a TDOP before and after the sixty-day shipping period.

! From the equations describing mass balances on flammable gases, an equation was

! developed (for each of four configurations) that relates the innermost

! confinement layer flammable gas concentration to the sum of the resistances of

! the confinement layers and the allowable flammable gas generation rate. These

j equations are summarized below for the four configurations considered. The

j governing equations are the same as those used in Section 3.4.4.4.3 except the

| equations have been rearranged to solve for the innermost confinement layer

j concentration since the gas generation rates are identical to those specified in

| Table 3.4.4.4-1.

! Configuration 1: 10 55-qallon Drums Overpacked in a TDOP

C g(r i n n e r b a g s + r l i n e r b a g s + r d l + r d f + 10r T D O p fiiter/
nTDOP +

(la>

xl = cg(reff + 10rTDOP filter/nTDOP

Configuration 2: 4 55-qallon Drums Overpacked in an SWB Overpacked in a TDOP

xl = cg(rinner bags + rliner bags + rdl + rdf + 4rSWB filters + rTDOP

filter/nTDOP + fc/Ntg> (2a>

xl = cg(reff + rTDOP filter/nTDOP + t/Ntg) (2b)
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Configuration 3; 1 SWB Overpacked in a TDOP

xl = cg<rinner bags + rSWB liners + rSWB filters + rTDOP filter/nTDOP +

t/Ntg) (3a)

xl = cg<reff + rTDOP filter/nTDOP + t/Ntg) (3b)

Configuration 4: 1 Experimental Bin Inside a SWB Overpacked in a TDOP

xl = cg(rinner bags + rbin liners + rbin filters + rSWB filters + rTDOP

(4a>

xl = cg(reff + rTDOP filter/nTDOP + t/^tg) (4b)

where,

X^ = mole fraction flammable gas within innermost confinement layer

C a = maximum allowable flammable gas generation rate (mole/sec)

rinner bags = total resistance of the inner bags to the release of flammable

gas (sec/mole)

rliner bags = total resistance of the liner bags to the release of flammable

gas (sec/mole)

= resistance of the drum liner to the release of flammable gas

(sec/mole)

= resistance of the drum filter to the release of flammable gas

(sec/mole)

rbin liners = total resistance of the bin liners to the release of flammable

gas (sec/mole)

rSWB liners = total resistance of the SWB liners to the release of flammable

gas (sec/mole)

rSWB filters = total resistance of the SWB filters to the release of flammable

gas (sec/mole)
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rbin filters total resistance of the bin filters to the release of flammable

gas (sec/mole)

rTDOP filter "

"TDOP

reff •

resistance of a single carbon composite filter on the TDOP to

the release of flammable gas (sec/mole)

= number of carbon composite filters on the TDOP

= effective resistance of all confinement layers within the TDOP

to the release of flammable gas (sec/mole). This resistance is

identical to the resistance listed for each shipping category

in Table 3.4.4.4-1 of the TRUPACT-II SAR.

= maximum shipping period duration (60 days)

N.tg

N.tg

total moles of gas inside the TRUPACT-II ICV cavity

vvoid/RT

Where:

vvoid

= pressure inside the TRUPACT-II, assumed to be constant at 1

atm., because the amount of gas generated is much less than the

total amount of air originally present in the cavity

= void volume inside the TRUPACT-II ICV, i.e. 1277 liters with a

TDOP inside the TRUPACT-II

= gas constant = 0.08206 atm-liter/mole- °K

= absolute temperature = 294 °K

The first resistance term, r e f f, in Equations lb, 2b, 3b and 4b represents the

effective resistance of all confinement layers within the TDOP to the release of

flammable gas. The second resistance term in these equations represents the

resistance of the filters on the TDOP to the release of flammable gas. Since

these filters act in parallel, increasing the number of filters decreases the

total resistance. The last resistance term in the equations, t/Ntg, represents

the effective resistance offered by the accumulation of flammable gas within the

TRUPACT-II ICV during a 60-day shipping period.
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5.0 CALCULATIONS TO DEMONSTRATE THE ADEQUACY OF

NINE CARBON COMPOSITE FILTERS ON THE TDOP

A spreadsheet was developed (Table 3.6.13-1) that evaluates the flammable gas

concentration within the innermost confinement layer as a function of the number

of carbon composite filters on the TDOP. The innermost confinement layer

concentration was calculated for each shipping category using Equations lb, 2b,

3b and 4b. The parameters that are used in Table 3.6.13-1 are described below.

Parameter Description

Shipping Payload shipping category of payload containers overpacked in a

Category TDOP.

No. TDOP

Filters

Number of carbon composite filters on the TDOP. This corresponds

to the variable n.TDOP in Equations lb, 2b, 3b and 4b.

reff Effective resistance of all confinement layers within the TDOP to

the release of flammable gas (sec/mole). This resistance is

identical to the resistance listed for each shipping category in

Table 3.4.4.4-1.

Total resistance of all confinement layers (sec/mole) to the

release of flammable gas. This is the sum of r e f f, the resistance

of the filters on the TDOP to the release of flammable gas and the

effective resistance offered by the accumulation of flammable gas

within the TRUPACT-II ICV during a maximum 60-day shipping period.

This resistance is denoted by the sum of the terms in parentheses

of Equations 1b, 2b, 3b and 4b.

The maximum allowable flammable gas generation rate per innermost

confinement layer (mole/sec). This gas generation rate is

identical to the maximum allowable gas generation per the

innermost confinement layer for each shipping category in

Table 3.4.4.4-1.
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i • •

! X^ Mole fraction flammable gas within the innermost confinement layer

! after indefinite storage of a payload container inside a TDOP and

j after a maximum 60-day shipping period. This parameter is

calculated using Equations lb, 2b, 3b or 4b.

j As can be seen from Table 3.6.13-1, nine carbon composite filters on the TDOP

I are sufficient to maintain the flammable gas concentrations below 5% hydrogen

J after storage for indefinite periods and a maximum 60-day shipping period. As

| a margin of safety, ten carbon composite filters will be placed on the TDOP.

J 6.0 CONCLUSIONS

i

! This appendix demonstrates that overpacking payload containers in a TDOP, in the

! documented configurations, does not decrease the allowable decay heat limits for

I the payload containers. A payload container in a shipping category that meets

j the decay heat limit for shipment without being overpacked in a TDOP will

| automatically meet the required decay heat limit when overpacked in a TDOP. This

j is due to the venting of the TDOP with a minimum of nine filters, and the reduced

| number of payload containers (potential hydrogen generators) present in the TDOP

! compared to the normal shipments- without overpacking in a TDOP. In summary, no

! additional controls or checks for decay heat (as a transportation parameter) are

| required due to overpacking payload containers in a TDOP.
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TABLE 3.6.13-1

Determination of Minimum Number of TDOP Filters

Shipping

Category

I.1A0

I.1A1

I.1A2

I.1A3

I.2A0

I.2A1

I.2A2

I.2A3

I.2A4

I.3A0

I.3A1

I.3A2

I.3A3

I.3A4

II.1A0

II.1A1

II.lA2a

II.1A2

No. TDOP

Filters

9

9

9

9

9

9

9

9

9

9

9

9

9

9

9

9

9

9

reff
(sec/mole)

748,973

963,106

1,177,239

5,760,834

748,973

963,106

1,177,239

5,760,834

8,159,678

748,973

963,106

1,177,239

5,760,834

8,159,678

545,962

760,095

974,228

2,552,210

rtot
(sec/mole)

1,165,105

1,379,238

1,593,371

6,176,966

1,165,105

1,379,238

1,593,371

6,176,966

8,575,810

1,165,105

1,379,238

1,593,371

6,176,966

8,575,810

846,262

1,060,395

1,274,528

2,852,510

(moles/sec)

3.416E-08

2.980E-08

2.643E-08

7.721E-09

3.416E-08

2.980E-08

2.643E-08

7.721E-09

5.634E-09

3.416E-08

2.980E-08

2.643E-08

7.721E-09

5.634E-09

3.966E-08

3.390E-08

2.961E-08

1.531E-08

Xl

0.04315

0.04402

0.04470

0.04845

0.04315

0.04402

0.04470

0.04845

0.04895

0.04315

0.04402

0.04470

0.04845

0.04895

0.03745

0.03927

0.04064

0.04517
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TABLE 3.6.13-1 (Continued)

Determination of Minimum Number of TDOP Filters

Shipping

Category -

II.1A3

II.1A4

II.1A5 .

II.1A6

III.1A0

III.1A1

III.lA2a

III.1A2

III.1A3

III.1A4

III.1A5

III.1A6

I.1B0

I.1B1

I.1B2

I.1B3

-

I.2B0

I.2B1

I.2B2

No. TDOP

Filters

9

9

9

9

9

9

9

9

9

9

9

9

9

9

9

9

9

9

9

reff
(sec/mole)

4,344,325

6,136,440

7,928,555

9,720,670

545,962

760,095

974,228

2,552,210

4,344,325

6,136,440

7,928,555

9,720,670

1,498,011

1,712,144

1,926,277

6,509,872

1,498,011

1,712,144

1,926,277

rtot
(sec/mole)

4,644,625

6,436,740

8,228,855

10,020,970

846,262

1,060,395

1,274,528

2,852,510

4,644,625

6,436,740

8,228,855

10,020,970

1,539,624

1,753,757

1,967,890

6,551,485

1,539,624

1,753,757

1,967,890

cg
(moles/sec)

9.883E-09

7.298E-09

5.785E-09

4.791E-09

3.966E-08

3.390E-08

2.961E-08

1.531E-08

9.883E-09

7.298E-09

5.785E-09

4.791E-09 "

2.416E-08

2.189E-08

2.002E-08

7.061E-09

2.416E-08

2.189E-08

. 2.002E-08

Xl

0.04687

0.04769

0.04817

0.04848

0.03745

0.03927

0.04064

0.04517

0.04687

0.04769

0.04817

0.04848

0.03956

0.04053

0.04136

0.04695

0.03956

0.04053

0.04136
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TABLE 3.6.13-1 (Continued)

Determination of Minimum Number of TDOP Filters

Shipping

Category

I.2B3

I.2B4

I.3B0

I.3B1

I.3B2

I.3B3

I.3B4

II.1B0

II.1B1

II.lB2a

II.1B2

II.1B3

II.1B4

II.1B5

II.1B6

II.2BM

. III.1B0

III.1B1

No. TDOP

Filters

9

9

9

9

9

9

9

9

9

9

9

9

9

9

9

9

9

reff
(sec/mole)

6,509,872

8,908,736

1,498,011

1,712,144

1,926,277

6,509,872

8,908,736

1,086,502

1,300,635

1,514,768

3,092,750

4,884,865

6,676,980

8,469,095

10,261,210

N/A

1,086,502

1,300,635

rtot
(sec/mole)

6,551,485

8,950,349

1,539,624

1,753,757

1,967,890

6,551,485

8,950,349

1,116,532

1,330,665

1,544,798

3,122,780

4,914,895

6,707,010

8,499,125

10,291,240

N/A

1,116,532

1,330,665

(moles/sec)

7.061E-09

5.274E-09

2.416E-08

2.189E-08

2.002E-08

7.061E-09

5.274E-09

3.015E-08

2.670E-08

2.396E-08

1.364E-08

9.163E-09

6.898E-09

5.530E-09

4.616E-09

N/A

3.015E-08

2.670E-08

Xl

0.04695

0.04772

0.03956

0.04053

0.04136

0.04695

0.04772

0.03662

0.03814

0.03936

0.04393

0.04593

0.04694

0.04754

0.04796

N/A

0.03662

0.03814
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TABLE 3.6.13-1 (Continued)

Determination of Minimum Number of TDOP Filters

Shipping

Category '

III.lB2a

III.1B2

III.1B3

III.1B4

III.1B5

III.1B6

I. ICO

I.2C0

I.3C0

II.ICO

II.1C1

II.1C2

II.1C3

II.1C4

III.ICO

III. 1X31

III.1C2

III.1C3

III.1C4

NO. TDOP

Filters

9

9

9

9

9

9

9

9

9

9

9

9

9

9

9

9

9

9

9

reff
(sec/mole)

1,514,768

3,092,750

4,884,865

6,676,980

8,469,095

10,261,210

187,260

187,260

187,260

135,135

260,795

386,455

2,178,570

3,970,685

135,135

260,795

386,455

2,178,570

3,970,685

rtot
(sec/mole)

1,544,798

3,122,780

4,914,895

6,707,010

8,499,125

10,291,240

228,873

228,873

228,873

165,165

290,825

416,485

2,208,600

4,000,715

165,165

290,825

416,485

2,208,600

4,000,715

cg
(moles/sec)

2.396E-08

1.364E-08

9.163E-09

6.898E-09

5.530E-09

4.616E-09

1.514E-07

1.514E-07

1.514E-07

1.798E-07

1.238E-07

9.445E-08

2.154E-08

1.215E-08

1.798E-07

1.238E-07

9.445E-08

2.154E-08

1.215E-08

xl

0.03936

0.04393

0.04593

0.04694

0.04754

0.04796

0.04948

0.04948

0.04948

0.04731

0.04813

0.04859

0.04968

0.04980

0.04731

0.04813

0.04859

0.04968

0.04980
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TABLE 3.6.13-1 (Continued)

Determination of Number of TDOP Filters

Shipping

Category

I.1D2

I.2D2

I.3D2

II.1D2

III.1D2

III.1D5

No. TDOP

Filters

9

9

9

9

9

9

reff
(sec/mole)

625,839

625,839

625,839

521,590

521,590

5,897,935

rtot
(sec/mole)

667,452

667,452

667,452

551,620

551,620

5,927,965

CG

(moles/sec)

6.504E-08

6.504E-08

6.504E-08

7.524E-08

7.524E-08

8.277E-09

Xl

0.04978

0.04978

0.04978

0.04887

0.04887

0.04988
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7.0 OPERATING PROCEDURES

7.1 Procedures for Loading the Package

Loading the TRUPACT-II Packaging for transport involves (1) prior loading and

measurements of each of the fourteen (14) payload drums or two (2) payload

Standard Waste Boxes, (2) loading the prepared payload containers into the

TEDPACT-II Packaging, and, (3) leakage rate tes t ing of the TRUPACT-II Pac-

kaging Outer and Inner Containment Vessel (OCV and ICV, respect ive ly) sea ls .

The following sections detail the process of loading the TRDPACT-II Packaging.

7 .1 .1 Loading the Payload Containers

The TRDPACT-II Package payload containers shall be prepared in accordance with

the Payload Control Procedure, Appendix 7 . 4 . 3 .

7.1.2 Loading the TRDPACT-II Shipping Package

This section delineates the procedures for loading the payload containers

(either fourteen (14) 55-gallon drums, or two (2) Standard Waste Boxes) into

the TRUPACT-II Packaging. The loading operation shall only be performed in a

dry environment. In the event of sudden precipitation during outdoor loading

operations, precautions, such as covering the OCV and ICV cavities shall be

implemented to prevent water or precipitation from entering the cavities. If

precipitation enters the cavities, the free standing water shall be removed.

For the ICV cavity, this shall include removal of the payload and performance

of the steps in Section 7.1.2.3 to remove the free standing water. For the

OCV cavity, the payload shall be removed from the ICY, the ICV shall be re-

moved from the OCV, and the OCV cavity shall be dried using a vacuum system or

absorbent materials to remove the free standing water.

If the Outer Containment Assembly (OCA) l id has already been removed, proceed

directly -to Section 7.1.2.2. If both the Outer Containment Assembly and Inner

Containment Vessel .(ICV) lids have already been removed, proceed directly to

Section 7.1.2.3. Hereafter, reference to each TRUPACT-II Packaging component

may be found on the Packaging General Arrangement Drawings in Appendices 1.3.2

and 1.3.8. •
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7 . i . 2 . 1 . 1 If the TRDPACT-II Package wi l l be loaded on the t ransport vehicle

proceed to Step 7 .1 .2 .1 .8 .

7 .1 .2 .1 .1 Remove the covers from the f o r k l i f t pockets.

'7.1.2.1.3 Disengage the four (4) . tiedown devices on the t ranspor t vehicle

from the tiedown lugs on the Package.

CAUTION: F a i l u r e t o disengage t h e tiedown d e v i c e s may cans*

damage.

7.1.2.1.4 Position the forklift tines in the forklift pockets.

7.1.2.1.5 Verify that all four (4) tiedown devices are disengaged from the

Package prior to lifting the Package.

7.1.2.1.6 Lift the Package from the transport vehicle using the forklift and

move the Package to the loading location.

7.1.2.1.7 Lower the Package and remove the forklift.

7.1.2.1.8 If used, remove the optional neoprene weather seal band from around

the split between the OCA lid and body. If the band was not used,

clean the surfaces around the split between the OCA lid and body as

required.

7.1.2.1.9 Remove the 1-1/2 inch NPT OCA vent port access plug/polyurethane

foam thermal plug assembly and vent port cover.

7.1.2.1.10 Install a vent port tool and rotate the handle counterclockwise

to remove the vent port plug thereby allowing free passage of air

into or out of the outer containment vessel (OCV) cavity.

7.1.2.1.11 Install a vacuum pump to the vent port tool and evacuate the OCV

cavity to allow the OCA locking ring to rotate freely.
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7.1.2.1.12 Loosen and remove the six (6), 111 inch, OCA lock bolts (socket |

head cap screws) from the exterior of the OCA thermal shield to

allow rotation of the OCA locking ring.

7.1.2.1.13 Install up to three (3) T-handle tools into the s lots on the exter- (

ior of the OCA thermal shield.

7.1.2.1.14 Manually rotate the OCA thermal shield and attached locking ring (

approximately 10° counterclockwise until the thermal shield match

mark is aligned with the unlocked position marks on the OCA l id and

body.

151.2.1.IS Rig an overhead crane, or equivalent, with an appropriate l i f t f ix- |

ture capable of handling the OCA l i d .

7.1.2.1.16 Disconnect the vacuum system and equalize pressure. |

7.1.2.1.17 After removing, the cover on each l i f t ing socket on the OCA l id , |

align and lower the l i f t fixture legs into each of the three (3)

evenly-spaced l i f t ing sockets. Engage the legs to the OCA l i d l i f t

lugs.

7.1.2.1.18 Remove the OCA l id from the OCA body. Store the OCA l id in a

manner such that potential damaged to the l id i s minimized.

7.1.2.2 Inner Containment Vessel (ICV) Lid Removal

7.1.2.2.1 Remove the ICV vent port cover, outer (containment) plug and inner

plug.

7 .1 .2 .2 .2 . Allow ICV cavity pressure to equalize with ambient if positive

pressure exists; otherwise proceed with the next step.

7.1.2.2.3 Install a vacuum pump to the vent port tool and evacuate the ICY

cavity to allow the ICV locking ring to rotate freely.
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7.1.2.2.4 Loosen and remove the three (3) 1/2 inch ICV lock bolts (socket

head cap screws) on the exterior of the ICV locking ring to allow

' rotation of the ICV locking ring.

7.1.2.2.5 Instal l up to four .(4) T-handle tools into the s lots on the exter-

ior of the ICV locking r ing.

7.1.2.2.6 Manually rotate the ICV locking ring approximately 10° counter-

clockwise until the locking ring match mark is aligned with the

unlocked position marks on the ICV body.

7.1.2.2.7 Rig an overhead crane, or equivalent, with an appropriate l i f t fix-

ture capable of handling the ICV l id .

7.1.2.2.8 Disconnect the vacuum system and equalize pressure.

7.1.2.2.9 Align and lower the l i f t fixture legs into each of the three (3)

evenly-spaced l i f t ing sockets on the ICV l id . Engage the legs to

the ICV lid l i f t lugs.

7.1.2.2.10 Remove the ICV l id from the ICV body. Store the ICV l id in a

manner such that potential damage to the l id is minimized.

7.1.2.3 Loading the Payload into the TRUPACT-II Shipping Package

The following loading sequence requires that either fourteen (14) -55-gallon

drums previously loaded onto a fourteen (14) drum pallet or two (2) Standard

Waste Boxes (as an assembly) have been properly prepared per Section 7.1.1 and

Appendix 1.3.8.

7.1.2.3.1 Verify the presence of the upper and lower, ICV aluminun honeycomb

spacer assemblies.
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7.1.2.3.2 Visually inspect for the presence of water in the bottom of the

ICV. A three (3) inch diameter hole in the lower ICV aluminum

honeycomb spacer assembly is available for performing the visual

inspection.

7.1.2.3.3 If the free standing water is observed in the bottom of the ICV

lower head, remove the water prior to loading the payload assembly

i n t o the ICV c a v i t y by performing Steps 7 . 1 . 2 . 3 . 4 through

7.1.2.3.10. If the bottom of the ICV lower head is observed to be

dry, proceed to Step 7.1.2.3.11.

7.1.2.3.4 Obtain suitable protective clothing and equipment for the operator

prior to entering the ICV cavity.

7.1.2.3.5 Enter the ICV cavity using precautions not to damage the ICV lower

seal flange.

7.1.2.3.6 After reaching the lower ICV spacer assembly, visually inspect the

bottom of the ICV lower head to ver i fy the presence of free

standing water.

7.1.2.3.7 Remove the free standing water through a hose by a vacuum system or

by absorbent materials attached to the end of a rod. Insert either

of these two water removal devices into the three inch diameter

hole in the lower ICV spacer assembly to the bottom of the ICV

lower head to either vacuum or absorb the free standing water.

7.1.2.3.8 Withdraw the water removal device from the three inch diameter hole

and inspect for free standing water.

7.1.2.3.9 Repeat Steps 7.1.2.3.7 and 7.1.2.3.8 unti l all free standing water

- has been removed from the lower head of the ICV.

7.1.2.3.10 Remove the equipment and exit from the ICV cavity using precautions

not to damage the ICV lower seal flange.
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7.1.2.3.11 Connect an appropriate lifting device to the fourteen (14) drum

pallet or to the two (2) Standard Waste Box assembly.

7.1.2.3.12 Balance the l i f t to ensure the fourteen (14) drums on the pallet or

the two (2) Standard Waste Box assembly do not damage the ICV or

OCA during loading.

7.1.2.3.13 Lower the fourteen (14) drum pallet or the two (2) Standard Waste

Box assembly into the ICV cavity.

7.1.2.3.14 Remove the lifting device.

7.1.2.4 Inner Containment Vessel (ICV) Lid Installation

7.1.2.4.1 Verify the presence of the three (3) polyethylene f i l ters located

near the top of the lower (body) seal flange.

7.1.2.4.2 Visually inspect the ICV debris shield for damage that could impair

the function of the debris shield and, if necessary, replace per

the requirements of the Drawings in Appendix 1.3.2.
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7.1.2.4.3 Visually inspect the wiper O-ring and the section which retains it

for any damage which could impair the function of the wiper O-ring.

If any damage exists, restore these parts to reflect the Drawings

of Appendix 1.3.2.

7.1.2.4.4 Visually inspect the three (3) ICV lock bolts, ICV test port plug,

ICV vent port inner and outer plugs, and ICV vent port cover for

damage that could impair their function within the TRUPACT-II

Packaging. If function-impairing damage is present, replace

damaged components prior to further use.

7.1.2.4.5 Visually inspect both ICV body O-ring seals. If necessary, remove

the O-ring seals and clean the seals and/or sealing surface(s) on

the ICV lid and body to remove contamination. If, during the

visual examination, i t is determined that damage to the O-ring

seal(s) and/or sealing surface(s) is present that could impair the

sealing capabilities of the TRUPACT-II Package, replace the damaged

O-ring seal(s) and/or repair the damaged sealing surface(s) per

Section 8.2.3.4.1. Upon upper main (containment) O-ring seal re-

placement or sealing surface repair, perform the Maintenance Veri-

fication Leak Test per Section 8.2.2.1 on the ICV body O-ring seals

in the place of the Assembly Verification Leak Test, Appendix

7.4.2.1.

7.1.2.4.6 If not previously done so, remove the ICV vent port cover and inner

and outer plugs.

7.1.2.4.7 Visually inspect the O-ring seals on the ICV vent port inner and

outer plugs. If necessary, remove and clean the O-ring seal and/or

sealing surface(s) on the vent port plug and ICV body to remove

contamination. If, during the visual examination, it is determined

that damage to the O-ring seal and/or sealing surface(s) is present

that could impair the sealing capabil it ies of the TRUPACT-II

Package, replace the damaged O-ring seal and/or repair the damaged

sealing surface(s) per Section 8.2.3.4.1. Upon ICV vent port outer

plug O-ring seal replacement or repair of i t s sealing surface,
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perforn the Maintenance Verification Leak Test per Section 8.2.2.2

on the ICY vent port outer plug O-ring seal in the place of the

Assembly Verification Leak Test, Appendix 7.4.2.2.

7.1.2.4.8 Sparingly apply vacuum grease to the cleaned O-ring seals and

install them into the appropriate O-ring seal grooves in either the

body or the vent port plug.

7.1.2.4.9 If necessary, sparingly lubricate the mating sealing surface(s) on

the ICV lid and/or body to facilitate assembly.

7.1.2.4.10 Rig an overhead crane, or equivalent, with an appropriate l i f t f ix-

ture capable of handling the ICV l id.

7.1.2.4.11 Align and lower the l i f t fixture legs into the each of the three

(3) evenly-spaced lifting pockets in the ICV lid. Engage the legs

to the ICV lid l i f t pins and l i f t the ICV l id .

7.1.2.4.12 Align and lower the ICV lid onto the ICV body.

7.1.2.4.13 Connect a vacuum pump to the vent port and draw a vacuum on the ICV

cavity. Visually verify that the ICV lid seats fully onto the ICV

body. If the ICV lid does not fully seat, disconnect the vacuum

pump, vent to atmosphere, and remove the l id from the body. Return

to procedural Step 7.1.2.4.1 and repeat the assembly process.

7.1.2.4.14 If not previously done so, install up to four (4) T-handle tools

into the slots on the exterior of the ICV locking ring.

7.1.2.4.15 Manually rotate the ICV locking ring approximately 10° clockwise

until the locking ring match mark is aligned with the locked posi-

tion mark on the ICV body.

7.1.2.4.16 Once the ICV locking ring has been rotated to the locked position,

remove the T-handle tool(s) .
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7.1.2.4.17 Instal l the three (3) 1/2 inch ICV lock bolts (socket head cap

screws) into the exterior of the ICV to secure the locking ring to

the ICV body. Torque the screws to 28 - 32 f t - lbs , lubricated.

7.1.2.4.18 Disengage the vacuum pump, equalize pressure in the ICV cavity, and

remove the vacuum pump.

7.1.2.4.19 Instal l the vent port inner and outer plugs and the cover (torque:

inner plug - 8 to 10 f t - lbs , outer plug - 10 to 13 f t - lbs , cover -

13 to 16 f t - lbs ) .

7.1.2.4.20 Remove the ICV l id l i f t ing f ixture .

7.1.2.4.21 Remove the seal test port plug.

7.1.2.4.22 If the lid installed is not the same as the l id removed, perform

the Maintenance Verification Leak Test per Section 8.2.2.1 in the

place of the Assembly Ver i f i ca t ion Leak Test for the ICV main

(body) 0-ring seals. Otherwise, perform either the Assembly Veri-

fication Leak Test per Appendix 7.4.2, or the Maintenance Verifica-

tion Leak Test per Section 8.2.2, to verify proper ICV l id and vent

port plug assembly.
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7.1.2.5 Outer Containment Assembly (OCA) Lid Installation

7.1.2.5.1 Visually inspect the six (6) OCA lock bolts, OCV test port plug,

OCV vent port plug, OCV vent port cover, and OCA seal test port and

vent port access plugs for damage that could impair their function

within the TRUPACT-II Packaging. If function-impairing damage i s

present, replace damaged components prior to further use.

7.1.2.5.2 Visually inspect both OCV body O-ring seals. If necessary, remove

the O-ring seals and clean the seals and/or sealing surface(s) on

the OCV body and l id to remove contamination. If, during the v i s -

ual examination, it is determined that damage to the O-ring seal(s)

and/or sealing surface(s) is present that could impair the sealing

capabilities of the TRUPACT-II Package, replace the damaged O-ring

seal(s) and/or repair the damaged sealing surface(») per Section

8.2.3.4.1. Upon upper main (containment) O-ring seal replacement

or sealing surface repair, perform the Maintenance Verification

Leak Test per Section 8.2.2.3 on the OCV body O-ring seals in the

place of the Assembly Verification Leak Test, Appendix 7.4.2.1.

7.1.2.5.3 If not previously done so, remove the 1-1/2 inch NPT OCA vent port

access piug/polyurethane foam thermal plug assembly and vent port

cover and install a vent port tool.

7.1.2.5.4 Rotate the vent port tool handle counterclockwise to remove the

vent port plug thereby allowing free passage of air into the OCV

cavity.

7.1.2.5.5 Remove the vent port tool to gain visual access to the vent port

plug. ,

7.1.2.5.5 Visually inspect the OCV vent port plug O-ring seal. If necessary,

remove and clean the O-ring seal and/or sealing surface(s) on the

vent port plug and OCV body to remove contamination. If, daring

the visual examination, it is determined that damage to the O-ring

seal and/or sealing surface(s) is present that could impair the

sealing capabilities of the TRUPACT-II Package, replace the damaged
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0-ring seal and/or repa i r the damaged seal ing sur face(s ) per

Section 8 . 2 . 3 . 4 . 1 . Upon seal replacement or seal ing surface

repair , perform the Maintenance Verification Leak Test per Section

8.2.2.4 on the OCV vent port plug 0-ring seal in the place of the

Assembly Verification Leak Test. Appendix 7.4.2.2.

7.1.2.5.7 If necessary, sparingly apply new vacuum grease to the cleaned 0-

r ing seals and i n s t a l l them into the appropria te 0-r ing seal

grooves in either the body or the vent port plug.

7.1.2.5.8 If necessary, sparingly lubricate the mating sealing surface(s) on

the OCA l id and/or body to f a c i l i t a t e assembly.

7.1.2.5.9 With the vent port plug in. the vent port too l , r e - in s t a l l the vent

port tool into the OCA body.

7.1.2.5.10 Rig an overhead crane, or equivalent, with an appropriate l i f t f ix-

ture capable of handling the OCA l i d .

7.1.2.5.11 Align and lower the l i f t fixture legs into each of the three (3)

evenly-spaced l i f t ing pockets on the OCA l id . Engage the legs to

the OCA lid l i f t pins and l i f t the OCA l i d .

7.1.2.5.12 Align and lower the OCA lid onto the OCA body.

7.1.2.5.13 Ins ta l l a vacuum pump to the vent port tool and draw a vacuum on

the OCV cavity. Visually verify that the OCA lid seats fully onto

the OCA body. If the OCA l id does not fully seat, disconnect the

vacuum pump, vent to atmosphere, and remove the l id from the body.

Return to procedural Step 7 . 1 . 2 . 5 . 1 and repeat the assembly

process.

7.1.2.5.14 If not previously done so, i n s t a l l up to three (3) T-handle tools

into the slots on the exterior of the OCA thermal shield.
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7.1.2.5.15 Manually rotate the OCA thermal shield and attached locking ring

approximately 10° clockwise unt i l the thermal shield match mark is

aligned with, the locked position marks on the OCA. l id and body.

7.1.2.5.16 Once the OCA thermal shield has been rotated to the locked posi-

tion, remove the T-handle too l ( s ) .

7.1.2.5.17 I n s t a l l the six (6) 1/2 inch OCA lock b o l t s (socket head cap

screws) into the exterior of the OCA thermal shield to secure the

locking ring. Torque the screws to 28 - 32 f t - lbs , lubricated.

7.1.2.5.18 Disengage the vacuum pump, equalize pressure in the OCV cavity, and

remove the vacuum pump.

7.1.2.5.19 Rotate the handle on the vent port tool clockwise unti l the vent'

port plug is closed and seated (8 - 10 f t - lbs torque).

7.1.2.5.20 Remove the OCA l id l i f t ing fixture and ins ta l l the cover on each

OCA lid l i f t ing socket.

7.1.2.5.21 Remove the 1-1/2 inch NPT OCA seal tes t port access plug/polyure-

thane foam thermal plug assembly and seal tes t port plug.

7.1.2.5.22 If the lid instal led is not the same as the l id removed, perform

the Maintenance Verification Leak Test per Section 8.2.2.3 in the

place of the Assembly Ver i f i ca t ion Leak Test for the OCV main

(body) 0-ring seals. Otherwise, perform either the Assembly Veri-

fication Leak Test per Appendix 7.4.2, or the Maintenance Verifica-

tion Leak Test per Section 8.2.2 to verify proper OCV lid and vent

port plug assembly.

7.1.2.5.23 Replace both the OCA vent port and seal tes t port access piug/poly-

urethane foam thermal plug assemblies, and torque the 1-1/2 inch

NPT pipe plugs to 35 - 45 f t - lbs , lubricated.
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7.1.2.5.24 Instal l the tiro (2) tamper-indi cat ing devices (security seals) .

One security seal is located at the OCA. vent port access plug, and

the second is located at an OCA lock bolt .

7.1.2.5.25 If used, instal l the neoprene weather seal band over the exterior

sp l i t between OCA lid and body.

7.1.2.5.26 If the TEDPACT-II Shipping Package is not already in position on

the t ranspor t veh ic le , l i f t the Package into pos i t ion on the

transport vehicle via the fork pockets.

7.1.2.5.26 Secure the TRUPACT-II Package to the transport vehicle using the

appropriate tiedown devices and ins ta l l the covers over the fork-

l i f t pockets.

7.1.2.5.27 Load up to three (3) TRUPACT-II Packages per transport vehicle.

7.1.2.5.28 Radiation monitor each TRUPACT-II Package per the requirements of

49 CFR 173.441 and determine that surface contamination levels meet

the requirements of 49 CFR 173.443, Subpart I, Reference 7.4.1.3.

7.1.2.5.29 Complete a l l necessary shipping papers in accordance with Subpart C

of 49 CFR 172, Reference 7.4.1.2.

7.1.2.5.30 Package marking shall be in accordance with Subpart D, labeling

shall be in accordance with Subpart E, and placarding shall be in

accordance with Subpart F of 49 CFR 172, Reference 7.4.1.2.
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7.2 Procedures for Unloading the Package

.In general, the procedures for unloading the TRUPACT-II Shipping Package are

the reverse of Section 7 .1 . The unloading operation shall only be performed

in a dry environment. In the event of sudden precipitation during outdoor

unloading operations, precautions, such as, covering the OCV and ICV cavit ies

shall be implemented to prevent water or precipitation from entering the

cavi t ies . If precipitation enters the cav i t i e s , the free standing water shall

be removed. For the ICV cavity, this shall include removal of the payload and

performance of the steps in Section 7.1.2.3 to remove the free standing water.

For the OCV cavity, the payload shall be removed from the ICV, the ICV shall

be removed from the OCV and the OCV cavity shall be dried using a vacuum sys-

tem or absorbent materials to remove the free standing water.

Prior to removing either the outer or inner vessel l i d s , a vent port tool

shall be instal led in the respective vent port and the containment vessel gas

shall be vented. Once i t i s established that pressure in each containment

vessel cavity i s equalized with ambient, the respective l i d may be removed.

Store the l ids in a manner such that potential damage to the l ids is mini-

mized. Note that leak test ing i s not performed for the unloading sequence.

7.3 Preparation of an Empty Package for Transport

Previously used and empty TRUPACT-II Shipping Packages shall be handled per

the requirements of 49 CFR 173.427, Subpart I, Reference 7 .4 .1 .3 .
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7.4.1. References

7.4 .1 .1 ANSI N14.5-1987, American National Standard for Radioactive Materials

— leakage Tests on Packages for Shipment.

7.4.1.2 Title 49, Code of Federal Regulations, Part 172 (49 CFR 172), Hazard-

ons Materials Tables and Hazardous Materials Communications Regula-

tions.

7.4.1.3 Ti t le 49, Code of Federal Regulations, Part 173 (49 CFR 173),

Shippers — General Requirements for Shipments and Packatrings.
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APPENDIX 7 . 4 . 2

ASSEMBLY VERIFICATION LEAK TEST
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7.4.2 Assembly Verification Leak Test

Assembly Verification Leak Testing shall conform to the requirements of Sec-

t ion 6.4, Containment System Periodic Ver i f i ca t ion , of ANSI N14.5-1987,

American National Standard for Radioactive Mater ia ls - Leakage Tests on

Packages for Shipment, Reference 7 .4 .1 .1 .

The Assembly Verification Leak Test is performed prior to loaded shipment, or

per the requirements of Section 7.3, on each containment vessel. Four (4)

separate tes ts comprise the series with tvro (2) on each containment vessel.

Each test shall meet the acceptance cr i ter ia delineated in Section 7.4.2.5,

below.

NOTE; If desired, perform the Maintenance Verification Leak Test per Section

8.2.2 in the place of the Assembly Verification Leak Test for the par-

t icular seals being tested.

7.4.2.1 Testing the ICV Main O-ring Seal Integrity

7.4.2.1.1 The Assembly Verification Leak Test of the ICV main O-ring seals

shall be performed per Section A3.10.1, Helium Mass Spectrometer

Envelope, Evacuated Envelope, Reference 7 .4 .1 .1 .

7.4.2.1.2 The ICV shall be assembled with both main O-ring seals installed in

the ICV lower seal flange. Assembly is as shown on the Packaging

General Arrangement Drawings in Appendix 1.3.2.

7.4.2.1.3 Remove the ICV vent port cover and outer (containment) plug.

7.4.2.1.4 ' Connect a vacuum pump to the ICV vent port.

7.4.2.1.5 Evacuate the ICV vent port cavity (helium f i l l port) through the

ICV vent port to less than 1 psia.
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7.4.2 .1 .6 If the evacuation of the ICV vent port cavity (helium f i l l port) i s

not able to achieve less than 1 psia and provide a seal sufficient

to backfill with helium, remove the ICV l id and inspect the viper

O-ring and the upper'main (containment boundary) O-ring seals for

damage. Replace the damaged seal and perform the ICV main O-ring

seal integrity test per Section 8 .2 .2 .1 .

7 .4 .2 .1 .7 Install the helium -mass spectrometer leak detector to the ICV seal

test port.

7.4.2.1.8 Evacuate the ICV seal test port until the vacuum is sufficient to

operate the helium mass spectrometer leak detector per the manufac-

turer's recommendations.

7.4.2.1.9 Provide a helium atmosphere in the cavity of the ICV vent port

(helium f i l l port) by backfilling with helium to one atmosphere (0

to 3 inches Hg vacuum).

7.4.2.1.10 Perform the leak test to the requirements of Section 7.4.2.5. If

after repeated attempts* the ICV main O-ring seals fail to pass the

leak test, isolate the leak path. Repair the leak per the proce-

dures delineated in Section 8.2.3.4.1, and repeat the ICV main 0-

ring seal leak test .

7.4.2.2 Testing the ICV Outer Vent Port Plug Seal Integrity

7.4.2.2.1 The Assembly Verification Leak Test of the ICV outer vent port plug

seal shall be performed per Section A3.10.1, Helium Mass Spectro-

meter Envelope, Evacuated Envelope. Reference 7.4.1.1.

7.4.2.2.2 The ICV shall be assembled with both main O-ring seals installed in

' the ICV lower seal flange. Assembly is as shown on the Packaging

General Arrangement Drawings in Appendix 1.3.2.

7.4.2.2.3 Remove the ICV vent port cover and outer (contaiiment) plug.

7.4.2.2.4 Connect a vacuum pump to the ICV vent port.
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7.4.2.2.5 Evacuate the ICV vent port cavity (helium f i l l port) through the •

ICV vent port to less than 1 psia.

7.4.2.2.6 Prior to installation of the vent port plug, provide a helium- at-

mosphere in the cavity of the ICV vent port (helium f i l l port) by

backfilling with helium to one atmosphere (0 to 3 inches Hg

vacuum).

7.4.2.2.7 Install the ICV vent port outer (containment) plug.

7.4.2.2.8 Install the helium mass spectrometer leak detector to the ICV vent

port.

7.4.2.2.9 Evacuate the ICV vent port until the vacuum is sufficient to oper-

ate the helium mass spectrometer leak detector per the manufac-

turer' s recommendations.

7.4.2.2.10 Perform the leak test to the requirements of Section 7 .4 .2 .5 . If

after repeated attempts, the ICV vent port outer (containment) plug

0-ring seal fa i l s to pass the leak tes t , isolate the leak path.

Repair the leak per the procedures delineated in Section 8 .2 .3 .4 .1 ,

and repeat the ICV vent port outer (containment) plug 0-ring seal

leak tes t .

7.4.2.3 Testing the OCV Main 0-ring Seal Integrity

7.4.2.3.1 The Assembly Verification Leak Test of the OCV main 0-ring seals

shall be performed per Section A3.10.1, Helium Mass Spectrometer

Envelope, Evacuated Envelope. Reference 7 .4 .1 .1 .

7.4.2.3.2 The OCV shall be assembled with both main 0-ring seals installed in

the OCV lower seal flange. Assembly is as shown on the Packaging

General Arrangement Drawings in Appendix 1.3.2.

7.4.2.3.3 Remove the OCV vent port plug.
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7.4.2.3.4 Connect a vacuum pump to the OCV vent port.

7.4.2.3.5 ' Evacuate. the OCV cavity through the OCV vent port to less than

1 psia.

7.4.2.3.6 Ins ta l l the helium mass spectrometer leak detector to the OCV seal

tes t port.

7.4.2.3.7 Evacuate the. OCV seal test port until the vacuum is sufficient to

operate the helium mass spectrometer leak detector per the manufac-

turer ' s recommendations.

7.4.2.3.8 Provide a helium atmosphere within the interior of the OCV by back-

f i l l ing with helium to one atmosphere (0 to 3 inches Hg vacuum).

7.4.2.3.9 Perform the leak test to the requirements of Section 7.4.2.5. If

after repeated attempts, the OCV main O-ring seals fail to pass the
i

leak tes t , isolate the leak path. Repair the leak per the proce-

dures delineated in Section 8.2.3.4.1, and repeat the OCV main Co-

ring seal leak tes t . ••

7.4.2.4 Testing the OCV Vent Port Plug Seal Integrity

7.4.2.4.1 The Assembly Verification Leak Test of the OCV vent port plug seal

shall be performed per Section A3.10.1, Helium Mass Spectrometer

Envelope. Evacuated Envelope. Reference 7 .4 .1 .1 .

7.4.2.4.2 The OCV shall be assembled with both main O-ring seals installed in

the OCV lower seal flange. Assembly is as shown on the Packaging

.General Arrangement Drawings in Appendix 1.3.2.

7.4.2.4.3 Remove the OCV vent port plug.

7.4.2.4.4 Connect a vacuum pmp to the OCV vent port .
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7.4.2.4.5 Evacuate the OCV cavity through the OCV vent port to less than

1 psia.

7.4.2.4.6 Prior to installation of the OCV vent port plug, provide a helium

atmosphere in the cavity of the OCV by backfilling with helium to

one atmosphere (0 to 3 inches Hg vacuum).

7.'4.2.4.7 Install the OCV vent port plug.

7.4.2.4.8 Install the helium mass spectrometer leak detector to the OCV vent

port.

7.4.2.4.9 Evacuate the OCV vent port until the vacuum is sufficient to oper-

ate the helium mass spectrometer leak detector per the manufac-

turer's recommendations.

7.4.2.4.10 Perform the leak test to the requirements of Section 7.4 .2 .5 . If

after repeated attempts, the OCV vent port 0-ring seal fai ls to

pass the leak test , isolate the leak path. Repair the leak per the

procedures delineated in Section 8 .2 .3 .4 .1 , and repeat the OCV vent

port O-ring seal leak tes t .

7.4.2.5 Acceptance Criteria

7.4.2.5.1 To be acceptable, per Section 5.4(3), Reference Air Leakage Rate,

of Reference 7 .4 .1 .1 , the containment vessel shall have a leakage
—7rate of 1 z 10 standard cubic centimeters per second (leaktight),

or l e s s .

7.4.2.5.2 In order to demonstrate that a package i s leaktight, per Section

. 7 . 3 . 2 , Leakage Tests, of Reference 7 .4 .1 .1 , the sensitivity of the

leak test equipment shall be 5 x 10 standard cubic centimeters

per second, or l ess .

7.4.2-6



NnPac THDPACT-II SAR Rev. 0, February 1989

APPENDIX 7 . 4 . 3

PATLOAD CONTROL PROCEDURE
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APPENDIX 7 . 4 . 3 .

PAYLOAD CONTROL PROCEDURE

This payload control procedures (PCP) provides instructions for certifying a

payload for transport. This certification process is accomplished by evalua-

ting the parameters of each payload container for compliance with, the shipping

requirements. Section 1.2.3 l i s t s the shipping requirements that shall be met

to transport the payload in a TRUPACT-II package. The TRUPACT-II Authorized

Methods for Payload Controls (TRAMPAC) (Appendix 1.3.7) describes the current

governing procedures allowed for preparation and characterization of payloads

to meet the specific shipping requirements.

A complimentary doctment to the SAR is JJUJPACT-II Content Codes (TRUCON). The

TRUCON document represents a new content code system purposely developed for

the transport of contact handled transuranic (CH-TRU) waste in the TRUPACT-II

package. TRUCON provides a correlation method for converting the existing

waste forms, content codes, and any other identification codes into a classi-

fication system that is uniform throughout the Department of Energy (DOE)

complex. For each content code listed in the TRUCON document, parametric

descriptions are provided which describe specific techniques used to demon-

strate compliance with each of the shipping requirements listed in Section

1.2.3. The assignment of shipping categories to each of these content codes

is also provided in TRUCON.

The data needed to ensure the compliance of each payload with the requirements

in Section 1.2.3 is available from two sources: information required to be

known about a content code as described in the TRUCON document and physical

inspections and calculations made as part of the loading of a payload assembly

into a TRUPACT-II package.

Much of the data that demonstrates compliance with the requirements in the

TRUCON document is also derived from physical inspections. TRUCON provides

the following data about a payload container:
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Correlation of the content code to the payload shipping category.

' * Physical form information including:

Solid or solidified

Status of restr ic ted forms including:

Free liquids

Pressurized containers

* Chemical form information including:

* Chemical composition

Status of prohibited materials including:

Explosives

Potentially flammable volatile organic compounds

* Corrosives

Pyrophorics

* Chemical compatibility

* Payload configuration

* Container

Filters

- Liner (if present)

Internal layers of confinement (umber of layers of plastic

bags)

- Type of closure

* Aspiration option for payload containers after venting

Physical inspections provide data for the following:

Isotopic inventory information

Fissile material

* Decay heat

Weight

Center of gravity

Surface Dose Rate
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For a t e s t category, the t e s t procedure for the payload containers provide the

following information:

Total gas release r a t e

Hydrogen gas generation r a t e

* Concentration of flammable v o l a t i l e organics in the head space of a

payload container

The above information is available for each specific payload prior to assembly

for t ransport . This information is evaluated as the data is compiled. The

Payload Container Transportation Cer t i f ica t ion Document (PCTCD), Tables 13.1

and 13.2 in TRAMP AC and in the Payload Assembly Transportation Cer t i f ica t ion

Document (PATCD) Table 13.3 in TRAMPAC, are attached. These documents shal l

be completed in accordance with the step by step procedure in Chapter 13 of

the TRAMPAC, or the data may be stored in a computerized database. If the

data i s stored in a database, the s i t e must be able to print out the data con-

tained in the PCTCD and PATCD upon request by an auditor.
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TABLE 13-1

PAYLOAD CONTAINER TRANSPORTATION CERTIFICATION DOCUMENT (PCTCD)
(ANALYTICAL PAYLOAD SHIPPING CATEGORY)

Container I.D. #: Pay load Shipping Category:

Decay Heat Limit for
Content Code: Category:

Container Type: VAC Certified:

Drum Liner Punctured/Filtered:

SWB Certification Site:

Filter(s) Model: _; Correct Filter Installed:

RETRIEVABLY STORED WASTE ONLY:

Aspiration Method: Option 1 Option 2 Option 3

Period of Time Container Closed Prior to Venting (Option 1 Only)

Hydrogen Concentration in Headspace: (Option 2 or Option 3)

Period of Aspiration: Table:

Payload Container has Vented the Indicated Period of Time

Container Weight + Error _________ -

Container Decay Heat + Error -

Container Fissile Mass + Two Tines the Error -

Approved for Shipaent

I certify that the above container meets the requirements for shipment in

TRUPACT-II.

TRANSPORTATION CERTIFICATION OFFICIAL

DATE
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TABLE 13.2

PAYLOAD CONTAINER TRANSPORTATION CERTIFICATION DOCUMENT (PCTCD)

(TEST CASE)

Container I.D. #:

Content Code:

Container Type:

Drum

Bin

Filter(s) Model:

Payload Shipping Category:

Decay Heat Limit for
Category:

WAC Certified:

Liner Punctured/Filtered:

Certification Site:

Correct Filter Installed:

TEST CRITERIA:

Limit for Total
Gas Generation:

Limit for Hydrogen
Gas Generation:

Limit for Flammable Volatile
Organics Concentration:

Measured Gas
Generation Rate:

Measured Hydrogen
Generation Rate:

Concentration of
Flammable VOCs Present:

Container Weight

Container Decay Heat_

Container Fissile Mass_

Approved for Shipaent_

+ Error

+ Error

+ Two Times the Error

I certify that the above container meets the requirements for shipment in
TRUPACT-II.

TRANSPORTATION CERTIFICATION OFFICIAL

DATE
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TABLE 13-3

PAYLOAD ASSEMBLY TRANSPORTATION CERTIFICATION DOCUMENT (PATCD) •

TRUPACT OCA BODY NO.: SHIPMENT NO.: •

TRUPACT OCA LID NO.:

PAYLOAD SHIPPING CATEGORY:

DECAY HEAT LIMIT FOR SHIPPING CATEGORY:

PAYLOAD CONTAINER CONFIGURATION: (DRUM, SWB OR OVERPACK)

PAYLOAD COMPOSITION

BOTTOM 7 DRUMS.OR SffB

PAYLOAD CONTAINER
I.D. NO. WEIGHT ERROR FISSILE GRAMS ERROR** DECAY HEAT ERROR

Sub-Total

*Error on cocal weight can be determined by weighing the entire payload
assembly.

**Two times the error from individual payload containers.
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TABLE 13.3 (Continued)

TOP 7 DRUMS OR S¥B

PAYLOAD CONTAINER •
I.D. NO. WEIGHT ERROR FISSILE GRAMS ERROR** DECAY HEAT ERROR

Subtotal

TOTAL FISSILE QUANTITY (WITH ERROR) OF ALL CONTAINERS:

TOTAL DECAY HEAT (WITH ERROR) OF ALL CONTAINERS:

BOTTOM SEVEN DRUMS OR SWB WEIGHT (WITH ERROR)
i TOP SEVEN DRUMS OR SWB WEIGHT (WITH ERROR):

TOTAL WEIGHT (WITH ERROR) OF PAYLOAD AND PACKAGE:

MAXIMUM DOSE RATE ON THE OUTSIDE OF PACKAGE: AT 2 METERS

DATE OF ICV CLOSURE

APPROVED FOR SHIPMENT

I certify that all of the above containers meet the requirements for shipment
in TRUPACT-II.

TRANSPORTATION CERTIFICATION OFFICIAL

DATE

*Error on total weight can be determined by weighing the entire payLcad
assembly.
**Two times the error from individual payload containers.

7.4.3-8



NuPac TEDPACT-II SAR Rev. 0 , February 1989

8.0 ACCEPTANCE TESTS AND MAINTENANCE PROGRAM

8.1 Acceptance Tes t s

This section discusses the tests to be performed prior to f i rs t use of the

TRUPACT-II Packaging.

8.1.1 Visual Inspection

All TRUPACT-II Packaging materials of construction and velds shall be examined

in accordance with the specifications delineated on the Packaging General

Arrangement Drawings found in Appendix 1.3.2.

8.1.2 Structural and Pressure Tests

8.1.2.1 Lifting Device Load Testing

The maximum total working load of the OCA lid lifting devices is 7,500 pounds,

or 2,500 pounds per lifting point. Each set of OCA lid lifting devices shall

be load tested to 150% of their maximum total working load, or 11,250 pounds.

Load testing of the OCA lid lifting devices shall be performed prior to

installation of the polyurethane foam.

The maximum total working load of the ICV lifting sockets is 5,000 pounds, or

1,667 pounds per socket. Each set of ICV lifting sockets shall be load tested

to 150% of their maximum total working load, or 7,500 pounds.

Per the drawings in Appendix 1.3.2, accessible base material and welds

directly related to the load testing of the lifting devices shall be visually

inspected for plastic deformation or cracking, and liquid penetrant inspected

per Section V, Article 6, and Section I I I , Division 1, Subsection NB, Article

NB-5000 of Reference 8.3.1.1, as called for in Reference 8.3.1.2. Indications
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of cracking or d i s to r t ion shall be recorded on a Quality Discrepancy

Report/Supplier Discrepancy Report for Material Review Board disposition prior

to. repair and final acceptance in accordance with, the requirements of Section

9.2.15.

8.1.2.2 Containniffpi: Vessel Pressn-re Testing

The Outer Containment Vessel (OCV) and Inner Containment Vessel (ICV) shall be

pressure tested to 150% of the maximum normal operating pressure per the

requirements of 10 CFR 71.85(b), Reference 8.3.1.3, to verify structural

integrity. The maximum normal operating pressure of the OCV and ICV is 50

psig. Thus, each containment vessel ( i . e . , the OCV and ICV) shall be pressure

tested to 75 psig.

Per the drawings in Appendix 1.3.2, accessible base material and welds

directly related to the pressure testing of the containment vessels shall be

visually inspected for plastic deformation or cracking, and liquid penetrant

inspected per Section V, Article 6, and Section I I I , Division 1, Subsection

NB, Article NB-5000 of Reference 8.3.1.1, as called for in Reference 8.3.1.2.

Indications of cracking or distortion shall be recorded on a Quality Discre-

pancy Report/Supplier Discrepancy Report for Material Review Board disposition

prior to repair and final acceptance in accordance with the requirements of

Section 9.2.15.

8.1.3 Leakage Tests

Fabrication Verification Leak Testing shall conform to the requirements of

Section 6.3, Reference 8.3.1.4.

The Fabrication Verification Leak Test shall be performed after the structural

and/or pressure test(s) delineated in Section 8.1.2, above, to verify package

configuration and performance to design criteria. For ease of testing, each

containment vessel, should be thoroughly cleaned and leak tested prior to

installation of ancillary components such as pallets, aluminum honeycomb

spacers, etc.
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Fabrication Verification Leak Tests shall be performed-on the inner contain-

ment vessel (ICV) and outer containment vessel (OCV). Six (6) separate tests

comprise the series with three (3) on each containment vessel. Each test

shall.meet the acceptance criteria delineated in Section 8.1.3.7, below.

8.1.3.1 Testing the ICV Structure Integrity

8.1.3.1.1 The Fabrication Verification Leak Test of the ICV structure shall

be performed per Section A3.10.1, Helium Mass Spectrometer Enve-

lope, Evacuated Envelope, Reference 8.3.1.4.

8.1.3.1.2 The ICV shall be assembled with both main 0-ring seals installed in j

the ICV lower seal flange. Assembly is as shown on the Packaging

Qeneral Arrangement Drawings in Appendix 1.3.2.

8.1.3.1.3 Install the assembled ICV into a successfully leakage rate tested

OCV body.

8.1.3.1.4 Remove the ICV vent port cover, outer vent port plug and inner vent

port plug.

8.1.3.1.5 Connect a vacuum pump to the ICV vent port.

8.1.3.1.6 Evacuate the ICV cavity through the vent port to less than 25

inches of Eg vacuum.

8.1.3.1.7 Provide a helium atmosphere in the cavity of the ICV by backfilling

to one atmosphere (0 to 3 inches Hg vacnum).

8.1.3.1.3 Install the ICV outer vent port (containment) plug and the vent

port cover.

8.1.3.1.9 Remove the OCV vent port plug and install the OCV l id .

8.1.3.1.10 Evacuate the OCV/ICV annulus through the OCV vent port until the

vacuum is sufficient to operate the helium mass spectrometer leak

detector per the manufacturer's recommendation.
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8.1.3.1.11 Perform the leak test to the requirements of Section S.I.3.7. If

after repeated attempts, the ICV structure fails to pass the leak

tes t , isolate the leak path and, prior to repairing the leak path

and repeating the ICV structure leak test , record on a Quality

Discrepancy Report/Supplier Discrepancy Report for Material Review

Board disposition in accordance with the requirements of Section

9.2.15.

8.1.3.2 Testing the ICV Main O-ring Seal Integrity

8.1.3.2.1 The Fabrication Verification Leak Test of the ICV main O-ring seals

shall be performed per Section A3.10.1, Helium Mass Spectrometer

Envelope, Evacuated Envelope, Reference 8.3.1.4.

8.1.3.2.2 The ICV shall be assembled with both main O-ring seals installed in

the ICV lower seal flange. Assembly is as shown on the Packaging

General Arrangement Drawings in Appendix 1.3.2.

8.1.3.2.3 Remove the ICV vent port cover, outer (containment) plug and inner

plug.

8.1.3.2.4 Connect a vacuum pimp to the ICV vent port.

8.1.3.2.5 Evacuate the ICV cavity through the vent port to less than 25

inches of Hg vacuum.

8.1.3.2.6 Install the helium mass spectrometer leak detector to the ICV seal |

test port.

8.1.3.2.7 Evacuate the ICV seal test port until the vacuum is sufficient to |

operate the helium mass spectrometer leak detector per the manufac-

turer 's recommendations.

8.1.3.2.8 Provide a helium atmosphere in the cavity of the ICV by backfilling

with helium to one atmosphere (0 to 3 inches Hg vacuum).
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8.1.3.2.9 Perform the leak tes t to the requirements of Section 8.1.3.7. If

after repeated attempts, the ICV main O-ring seals fail to pass the

' leak .test, isolate the leak path and, prior to repairing the leak

path and repeating the ICV body O-ring seal leak tes t , record on a

Quality Discrepancy Report/Supplier Discrepancy Report for Material

Review Board disposition in accordance with the requirements of

Section 9.2.15.

8.1.3.3 Testing the ICV Vent Port Plug Seal Integrity

8.1.3.3.1 The Fabrication Verification Leak Test of the ICV vent port plug

seal shall be performed per Section. A3.10.1, Helium Mass Spectro-

meter Envelope, Evacuated Envelope. Reference 8.3.1.4.

8.1.3.3.2 The ICV shall be assembled with both main O-ring seals installed in

the ICV lower seal flange. Assembly is as shown on the Packaging

General Arrangement Drawings in Appendix 1.3.2.

8.1.3.3.3 Remove the ICV vent port cover, outer (containment) plug and inner

plug.

8.1.3.3.4 Connect a vacuum pimp to the ICV vent port.

8.1.3.3.5 Evacuate the ICV cavity through the ICV vent port to less than 25

inches of Hg vacuum.

8.1.3.3.6 Prior to instal lat ion of the ICV vent port outer (containment)

plug, provide a helium atmosphere in the cavity of the ICV by back-

f i l l ing with helium to one atmosphere (0 to 3 inches of Hg vacuum).

8.1.3.3.7 Install the ICV vent port outer (containment) plug.

8.1.3.3.8 Instal l the helium mass spectrometer leak detector to the ICV vent

port.
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3.1.3.3.9 Evacuate the ICV vent port un t i l the vacuum is suff ic ient to

operate the heli-un mass spectrometer leak detector per the manufac-

turer ' s recommendations. '

3.1.3.3.10 Perform the leak test to the requirements of Section 8.1.3.7. If

after repeated attempts, the ICV vent port outer (containment) plug

O-ring seal fails to pass the leak test , isolate the leak path and,

prior to repairing the leak path and repeating the ICV vent port

outer (containment) plug O-ring seal leak test , record on a Quality

Discrepancy Report/Supplier Discrepancy Report for Material Review

Board disposition in accordance with the requirements of Section

9.2.15.

8.1.3.4 Testing the OCV Structure Integrity

8.1.3.4.1 The Fabrication Verification Leak Test of the OCV structure shall

be performed per Section A3.10.2, Helium Mass Spectrometer Enve-

lope, Pressurized Envelope. Reference 8.3.1.4.

8.1.3.4.2 Remove the OCV lid and install a successfully leakage rate tested

ICV inside.

8.1.3.4.3 Assemble the OCV with both main O-ring seals installed in the OCV I

lower seal flange. Assembly is as shown on the Packaging General

Arrangement Drawings in Appendix 1.3.2.

8.1.3.4.4 Remove the OCV vent port plug and install the helium mass spectro-

meter leak detector to the OCV vent port.

8.1.3.4.5 Evacuate the OCV/ICV annulus through the OCV vent port until the

vacuum is sufficient to operate the helium mass spectrometer leak

detector per the manufacturer's recommendations.

8.1.3.4.6 Provide a helium atmosphere about the exterior of the OCV.
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3.1.3.4.7 Perform the leak test to the requirements of Section 3.1.3.7. If

after repeated attempts, the OCV structure fai ls to pass the leak

• t e s t , isolate the leak path, and, prior to repairing the leak path

and repeating the OCV structure leak tes t , record on a Quality

Discrepancy Report/Supplier Discrepancy Report for ilaterial Review

. Board disposition in accordance with the requirements of Section

9.2.15.

8.1.3.5 Testing the OCV Main O-ring Seal Integrity

8.1.3.5.1 The Fabrication Verification Leak Test of the OCV main O-ring seals

shall be performed per Section. A3.10.1, Helium Mass Spectrometer

Envelope. Evacuated Envelope, Reference 8.3.1.4.

8.1.3.5.2 The OCV shall be assembled with both main O-ring seals installed in |

the OCV lower seal flange. Assembly is as shown on the Packaging

General Arrangement Drawings in Appendix 1.3.2.

8.1.3.5.3 Remove the OCV vent port plug. J

8.1.3.5.4 Connect a vacuum pump to the OCV vent port. !

8.1.3.5.5 Evacuate the OCV cavity through the OCV vent port to less than 25

inches of Hg vacuum.

8.1.3.5.6 Ins ta l l the helium mass spectrometer leak detector to the OCV seal

tes t port.

3.1.3.5.7 Evacuate the OCV seal tes t port unt i l the vacuum is sufficient to j

operate the helium mass spectrometer leak detector per the manufac-

ture r ' s recommendations.

8.1.3.5.8 Provide a helium atmosphere within the interior of the OCV by back-

f i l l ing with helium to one atmosphere (0 to 3 inches Hg vacuum).
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8.1.3.6.3 Remove the OCV vent port plug.

3.1.3.6.4 Connect a vacuum pump to the OCV vent port.

8.1.3.6.5 Evacuate the OCV cavity through the OCV vent port to less than 25

inches of Hg vacuum.

8.1.3.6.6 Prior to instal lat ion of the OCV vent port plug, provide a helium

atmosphere in the cavity of the OCV by backfilling with helium to

one atmosphere (0 to 3 inches Hg vacuum).

8.1.3.6.7 Instal l the OCV vent port plug.

8.1.3.6.8 Install the helium mass spectrometer leak detector to the OCV vent

port.

NuPac TRUPACT-II SAR Rev. 1, May 1989

3.1.3.5.9 Perform the leak tes t to the requireaents of Section 3.1.3.7. If

after repeated attempts, the OCV main 0-ring seals fail to pass the

leak tes t , isolate the leak path and, prior to repairing the leak

path and repeating the OCV main 0-ring seal leak tes t , record on a

Quality Discrepancy Report/Supplier Discrepancy Report for Material

Review Board disposition in accordance with the requirements of

Section 9.2.15.

8.1.3.6' Testing the OCV Vent Port Plug Seal Integrity

8.1.3.6.1 The Fabrication Verification Leak Test of the OCV vent port plug

seal shall be performed per Section A3.10.1, Helium Mass Spectro-

meter Envelope. Evacuated Envelope. Reference 8.3.1.4.

8.1.3.6.2 The OCV shall be assembled with both main 0-ring seals installed in |

the OCV lower seal flange. Assembly is as shown on the Packaging

General Arrangement Drawings in Appendix 1.3.2.

I
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8.1.3.6.9 Evacuate the OCV vent port u n t i l the vacuum i s su f f i c i en t to

operate the helium mass spectrometer leak detector per the manufac-

turer ' s recommendations.

8.1.3.6.10 Perform the leak tes t to the requirements of Section 8.1.3.7. If

after repeated attempts, the OCV vent port O-ring seal fa i l s to

pass the leak tes t , isolate the leak path and, prior to repairing

the leak path and repeating the OCV vent port O-ring seal leak

tes t , record on a Quality Discrepancy Report/Supplier Discrepancy

Report for Material Review Board disposition in accordance with the

requirements of Section 9.2.15.
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8.1.3.7 Acceptance Criteria

• 8.1.3.7.1 To be acceptable, per Section 5.4(3), Reference Air Leakage Rate.

of Reference 8.3.1.4, the containment vessel shall have a leakage

rate of 1 x 10~' standard cubic centimeters per second (leaktight),

or less.

8.1.3.7.2 In order to demonstrate that a package is leaktight, per Section

7.3.2, Leakage Tests, of Reference 8.3.1.4, the sensitivity of the

leak test equipment shall be 5 x 10 standard cubic centimeters

per second, or less.

8.1.4 Component Tests

8.1.4.1 Polvnrethane Foam

Prior to foam installation, the cavity bounded by the inner and outer stain-

less steel shells of the outer containment assembly (OCA) shall be cleaned of

scale, oils, grease, and debris. These surfaces shall then be trashed with, a

solvent or cleaner compatible with the chemicals present in the foam* Lytherm

ceramic fiber paper insulating material shall then be installed onto the

surface of the cavity between the inner and outer stainless steel shells of

the OCA per the Packaging General Arrangement Drawings in Appendix 1.3.2.

The liquid foam material shall be poured directly into the cavity bounded by

the Lytherm ceramic fiber paper insulating material. Each pour shall be

carefully controlled so that the liquid components will react to form the

rigid foam, and will rise in such a way that the entire volume of the single

foamed assembly will be filled with expanded foam with a density of approxi-

mately eight and one-quarter pounds per cubic foot (8-1/4 pcf). The direction

of foam rise shall be parallel to the vertical (axial) axis of the TRUPACT-II

Packaging. The temperature of the mixed foam components shall be maintained

at a minimum of 60 °F. The surrounding walls of the assembly being foamed

shall be maintained at a temperature between 55 °F and 85 °F.
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The foam shall be poured in small batches to ensure uniformity of the final

foam assembly. The time delay between multiple pours into a single container

shall be no less than 20 hours, per the foam manufacturer's recommendations*

and the level of each batch pour'shall be recorded. No foam-to-foam interface

resulting' from multiple foam pours shall be within 24 inches of the OCA

lid-to-body interface.

Bracing and shoring for a l l surrounding assembly walls shall be provided, as

necessary to prevent distort ion due to internal foam pressures. The method

used for bracing must allow the TRDPACT— I I Packaging to meet the required

dimensions and dimensional tolerances as specified on the Packaging General

Arrangement Drawings in Appendix 1.3.2, and as required by the standards

relevant to buckling c r i t e r i a considerations delineated in Appendix 2.10.2.

Production records for each foam pouring operation shall be compiled during

the operation. At a minimum, the record shall include pour dates, operator

name, shell part number and ser ial number, Quality Assurance buy-off, and

material t raceabi l i ty identified by batch. This record shall be retained by

the foam supplier for the l i fe of the container.

Upon completion of production, a cer t i f icat ion referencing the production

record data and a l l test ing data pertaining to each TRUPACT-II Packaging shall

be issued to Nuclear Packaging by the foam supplier. Test data relevant to

the pouring operation shall be included with the cer t i f ica t ion. All QA data

submittals shall be dated and signed by the foam supplier 's designated QA

representative.

Each production pour made into the assembly, and each sample pour made during

each production pour for tes t purposes shall be completely recorded. Test

sample pours shall be formed in test boxes or containers at the same time as

the actual production pour they represent. A portion of the actual production

pour stre'am sha l l be u t i l i z e d for the corresponding sample. Test foam

material shall be taken from each tes t sample box prepared during production.

In the case of mult iple pours into a s ing le foamed assembly, t e s t foam

material from each pour shall be tested prior to ins ta l la t ion of the next pour

and the level of each batch pour shall be recorded.
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The test foam material shall be tested for compressive strength, within the

parameters presented in Section 2.3, Mechanical Properties of Materials, in

accordance with the requirements of Reference 8.3.1.6. Stress—strain plots,

similar to those shown in Figures 2.3-1 and 2.3-2 shall be prepared for both

the paral le l - to-r ise and perpendicular-to-rise orientations. The tes t data

shall be recorded and reviewed to ensure compliance with the foam structural

acceptance c r i t e r i a outlined in Section 2.3.

The tes t foam material shall be tested for f i re retardancy within the parame-

ters presented in Section 3.2, Thermal Properties of Materials, in accordance

with the requirements of Section 853(c) of Reference 8.3.1.7. The test data

shall be recorded and reviewed to ensure compliance with the foam thermal

acceptance c r i t e r i a outlined in Section 3.2.

Polyurethane foam not in compliance with the above requirements shall be

recorded on a Quality Discrepancy Report/Supplier Discrepancy Report for

Material Review Board disposition prior to repair and final acceptance in

accordance with the requirements of Section 9.2.15.

8.1.5 Tests for Shielding Integrity

No shielding i s provided in the TRUPACT-II Shipping Package.

8.1.6 Thermal Acceptance Tests

Material properties established in Section 3.0, THERMAL EVALUATION. are

consistently conservative for the analyses performed. In addition, hypotheti-

cal accident f i re cert if ication testing of the TRUPACT-II Shipping Package

(see Appendix 2.10.8 for details of the hypothetical accident thermal event

testing) served to verify material performance in the hypothetical accident

f i r e environment. As such, with the exception of the polyurethane foam

(addressed in Section 8.1 .4 , above), acceptance tests for material thermal

properties are not performed.
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8.2 Maintenance Program

This s ec t ion desc r ibes the maintenance program used t o ensure cont inued

performance of the TEDPACT-II Packaging.

8.2.1 Structural and Pressure Tests

Perform the s t ructural pressure t e s t on both the Inner Containment Vessel

(ICV) and Outer Containment Vessel. (OCV) per the requirements of Section

8.1.2.2 once every five (5) years . Upon performing the s t ruc tura l pressure

t e s t , perform the Fabrication Verif icat ion Leak Test per the requirements of

Section 8 .1 .3 .

8.2.1.1 ICV Inter ior Surfaces Inspection

Annual inspections shall be performed of the i n t e r io r surfaces of the ICV for

chemically induced s t ress corrosion. After removal of the ICV spacer assem-

b l i e s , perform a visual inspection for indicat ions of ICV in te r io r surface

corrosion. If unacceptable indications are found, record the locations and

make a photographic record of the indicat ions .

Perform a l iquid penetrant inspection of the ICV in te r ior surfaces including

accessible shel l , head, flange and weld surfaces per Section V, Art ic le 6 of

Reference 8 .3 .1 .1 . Acceptance c r i t e r i a shall be per Section I I I , Division 1,

Subsection NB, Article NB-5000 of Reference 8 . 3 . 1 . 1 . Unacceptable indicat ions

shall be recorded on a Non-Conformance Report for disposi t ion pr ior to correc-

t ive act ions.

The ICV shall be repaired to comply with the design specif icat ions on the

Packaging General Arrangement Drawing, 2077-500SNP and with the fabricat ion

acceptance t e s t s for the ICV in Sections 8 .1 .1 , 8.1.2.2 and 8 .1 .3 . Corrective

actions shall be in accordance with Section 9.0 of the SAR.
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8.2.2 Leak Tests

Maintenance Verification Leak Testing shall conform to the requirements of

Section 6.4 of Reference 8.3.1.4.

Appropriate sections of the Maintenance Verification Leak Test shall be per-

formed during routine maintenance to verify package configuration and perfor-

mance to design c r i te r ia . Maintenance Verification Leak Tests of the main 0-

ring seal in each containment vessel, and of each vent port plug seal are to

be performed upon seal replacement, but seals need not necessarily be replaced

at the same time ( i . e . , seals are replaced annually or when damaged). In

addition, sections of the Maintenance Verification Leak test shall be per-

formed if, during the Assembly Verification Leak Test, seals are replaced

which do not meet the acceptance cr i te r ia of Appendix 7.4.2, or after repairs

to the seal surfaces per Section 8.2.3.4.1.

Maintenance Verification Leak Tests shall be performed on the containment

boundary seals of the inner containment vessel (ICV) and outer containment

vessel (OCV). Four (4) separate tes ts comprise the series with two (2) on

each containment vesse l . Each t e s t shall meet the acceptance c r i t e r i a

delineated in Section 8.2.2.5, below.

8.2.2.1 Testing the ICV Main 0-ring Seal Integrity

8.2.2.1.1 The Maintenance Verification Leak Test of the ICV main 0-ring seals

shall be performed per Section A3.10.1, Helium Mass Spectrometer

Envelope, Evacuated Envelope, Reference 8.3.1.4.

8.2.2.1.2 The ICV shall be assembled with both main O-ring seals installed in

the ICV lower seal flange. Assembly is as shown on the Packaging

* General Arrangement Drawings in Appendix 1.3.2.

8.2.2.1.3 Remove the ICV vent port cover and outer (containment) plug.

8.2.2.1.4 Connect a vacuum pump to the ICV vent port.
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8.2.2.1.5 Evacuate the ICV vent port cavity (helium f i l l port) through the

ICV vent port to less than 1 psia.

8.2.2.1.6 If the evacuation of the ICV vent port (helium f i l l - cavity) is not

. able to achieve less than 1 psia and provide a seal sufficient to

backfill with helium, remove the ICV l id and inspect the wiper 0-

ring and the upper main (containment boundary) 0-ring seals for

damage. Replace the damaged seal and res ta r t the ICV main 0-ring

seal integrity tes t .

8.2.2.1.7 Instal l the helium mass spectrometer leak detector to the ICV seal

tes t port.

8.2.2.1.8 Evacuate the ICV seal test port unti l the vacuum is sufficient to

operate the helium mass spectrometer leak detector per the manufac-

ture r ' s recommendations.

8.2.2.1.9 Provide a helium atmosphere in the cavity of the ICV vent port

(helium f i l l port) by backfilling with helium to one atmosphere (0

to 3 inches Hg vacuum).

8.2.2.1.10 Perform the leak test to the requirements of Section 8.2.2.5. If

after repeated attempts, the ICV main 0-ring seals fail to pass the

leak tes t , isolate the leak path. Repair the leak per the proce-

dures delineated in Section 8.2.3.4.1, and repeat the ICV main 0-

ring seal leak tes t .

8.2.2.2 Testing the ICV Vent Port Plug Seal Integrity

8.2.2.2.1 The Maintenance Verification Leak Test of the ICV vent port plug

seal shall be performed per Section A3.10.1, Helium Mass Spectro-

meter Envelope, Evacuated Envelope, Reference 8.3.1.4.

8.2.2.2.2 The ICV shall be assembled with both main 0-ring seals installed in

the ICV lower seal flange. Assembly is as shown on the Packaging

General Arrangement Drawings in Appendix 1.3.2.
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8.2.2.2.3 Remove the ICY vent port cover and outer (containment) plug.

8.2.2.2.4 Connect a vacuum pump to the ICV vent port.

8.2.2.2.5 Evacuate the ICV vent port cavity (helium f i l l port) through the

ICV vent port to less than 1 psia.

8.2.2.2.6 Prior to installation of the vent port plug, provide a helium at-

mosphere in the cavity of the ICV vent port (helium f i l l port) by

backfill ing with helium to one atmosphere (0 to 3 inches Hg

vacuum).

8.2.2.2.7 Install the ICV vent port outer (containment) plug.

8.2.2.2.8 Install the helium mass spectrometer leak detector to the ICV vent

port.

8.2.2.2.9 Evacuate the ICV vent port until the vacuum is sufficient to

operate the helium mass spectrometer leak detector per the manufac-

turer' s recommendations.

8.2.2.2.10 Perform the leak test to the requirements of Section 8.2.2.5. If

after repeated attempts, the ICV vent port outer (containment) plug

0-ring seal fails to pass the leak test, isolate the leak path.

Repair the leak per the procedures delineated in Section 8.2.3.4.1,

and repeat the ICV vent port outer (containment) plug 0-ring seal

leak test.

8.2.2.3 Testing the OCV Main O-ring Seal Integrity

8.2.2.3.1 The Maintenance Verification Leak Test of the OCV main O-ring seals

shall be performed per Section A3.10.1, Helium Mass Spectrometer

Envelope. Evacuated Envelope, Reference 8.3.1.4.
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8.2.2.3.2 The OCV shall be assembled with. both, main O-ring seals installed in

the OCV lower seal flange. Assembly is as shown on the Packaging

General Arrangement Drawings in Appendix 1.3.2.

8.2.2.3.3 Remove the OCV vent port plug.

8.2.2.3.4 Connect a vacuum pump to the OCV vent port.

8.2.2.3.5 Evacuate the OCV cavity through the OCV vent port to less than

1 psia.

8.2.2.3.6 Install the helium mass spectrometer leak detector to the OCV seal

test port.

8.2.2.3.7 Evacuate the OCV seal test port until the vacuum is sufficient to

operate the helium mass spectrometer leak detector per the manufac-

turer's recommendations.

8.2.2.3.8 Provide a helium atmosphere within the interior of the OCV by back-

f i l l ing with helium to one atmosphere (0 to 3 inches Hg vacuum).

8.2.2.3.9 Perform the leak test to the requirements of Section 8.2.2.5. If

after repeated attempts, the OCV main O-ring seals fail to pass the

leak test , isolate the leak path. Repair the leak per the proce-

dures delineated in Section 8.2.3.4.1, and repeat the OCV main 0-

ring seal leak test.

8.2.2.4 Testing the OCV Vent Port Plug Seal Integrity

8.2.2.4.1 The Maintenance Verification Leak Test of the OCV vent port plug

- seal shall be performed per Section A3.10.1, Helium Mass Spectro-

meter Envelope. Evacuated Envelope, Reference 8.3.1.4.

8.2.2.4.2 The OCV shall be assembled with both main O-ring seals installed in

the OCV lower seal flange. Assembly is as shown on the Packaging

General Arrangement Drawings in Appendix 1.3.2.
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8.2.2.4.3 Remove the OCV vent port plug.

8.2.2.4.4 Connect a vacuum pump to the OCV vent port .

8.2.2.4.5 Evacuate the OCV cavity through the OCV vent port to less than

1 psia.

8.2.2.4.6 Prior to installat ion of the OCV vent port plug, provide a helium

atmosphere in the cavity of the OCV by backfilling with helium to

one atmosphere (0 to 3 inches Hg vacuxm).

8.2.2.4.7 Instal l the OCV vent port plug.

8.2.2.4.8 Instal l the helium mass spectrometer leak detector to the OCV vent

port.

8.2.2.4.9 Evacuate the OCV vent port u n t i l the vacuum is suf f ic ien t to

operate the helium mass spectrometer leak detector per the manufac-

tu re r ' s recommendations.

8.2.2.4.10 Perform the leak test to the requirements of Section 8.2.2.5. If

after repeated attempts, the OCV vent port O-ring seal fai ls to

pass the leak tes t , isolate the leak path. Repair the leak per the

procedures delineated in Section 8.2 .3 .4 .1 , and repeat the OCV vent

port O-ring seal leak t e s t .

8-16



NnPac TRUPACI-II SAR 2.ev. 1.. May 1989

8.2.2.5 Acceptance Criteria

8.2.2.5.1' To be acceptable, per Section 5.4(3), Reference Air Leakage Rate,

of Reference 8.3.1.4, the containment vessel shall have a leakage

rate of 1 i 10 standard cubic centimeters per second (leaktight),

or less .

8.2.2.5.2 In order to demonstrate that a package is leaktight, per Section

7.3.2, Leakage Tests, of Reference 8.3.1.4, the sensitivity of the

leak test equipment shall be 5 z 10 standard cubic centimeters

per second, or less .

8.2.3 Sub systems Maintenance

8.2.3.1 Fasteners

All threaded par t s shal l be inspected.annually for deformed or stripped

threads. Any damaged parts shall be replaced prior to further use. At a

minimum, package threaded fasteners shall be replaced every five (5) years.

In addition, before each use, visually inspect the three (3) ICY and six (6)

OCA lock ring bolts, ICV and OCV test port plugs, ICV and OCV vent port plugs,

ICV and OCV vent port covers, and OCA seal test port and vent port access

plugs. Any damaged parts shall be replaced prior to further use. Plugs and

covers are not required to be replaced except if damaged.

8.2.3.2 Inner Containment Vessel (ICV)

Before each use, inspect the ICV locking ring for restrained motion. Any

motion-impairing components shall be corrected prior to further use.
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8.2.3.3 Outer ContaiTung-nt Assembly (OCA)

Before each use, inspect the OCA locking actuator for restrained motion. Any

motion-impairing components shall be corrected prior to further use.

8.2.3.4 Seal Areas and Grooves

8.2.3.4.1 Seal Area Routine Inspection and Repair

Before each use and at the time of seal replacement, OCV and ICV sealing

surfaces and 0-ring seal grooves shall be visual ly inspected for damage that

could impair the sealing capabil i t ies of the TRUPACT-II Package. Damage shall

be corrected prior to further use (e .g . , using 400-600 gr i t emery cloth to

polish the sealing surfaces) to the surface finish specified in Section

8.2.3.4.2.4.

Upon completion of seal area and/or groove repairs , perform a seal area

inspection per Section 8.2.3.4.2, and leak test per the applicable section of

the Maintenance Verification Leak Test per Section 8.2.2.

8.2.3.4.2 Annual Seal Area Dimensional Inspection

In order to maintain an eff.ective seal at the OCV and ICV lid-to-body joint,

an annual inspection of the OCV and ICV body 0-ring seal area dimensions and

surface finishes shall be performed. The particular items requiring measure-

ment are 1) groove widths, 2) tab widths, 3) axial play, and 4) surface finish

of sealing areas.

All measurement results shall be recorded and retained as part of the overall

inspection record for the package. Measurements not in compliance with the

following dimensional requirements require repair. Upon completion of

repairs, leak test per the applicable section of the Maintenance Verification

Leak Test per Section 8.2.2.
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8.2.3.4.2.1 Groove Widths

The method of measuring the groove widths is illustrated in Figure 8.2.3.4-1.

Required measuring equipment includes a 0.250 inch diameter precision ball and

two (2) NO-GO pin gauges. The required pin gauge sizes are 0.553 diameter for

the groove in the upper seal flange (lid) and 0.273 diameter for the groove in

the lower seal flange (body). Detailed groove width pin gauge N0-G0 dimen-

sions are shown in Figure 8.2.3.4-2.

In order to facilitate measurement of the upper seal flange (lid) groove

width, the lid should be in an upside-down orientation. The 0.250 inch ball

is f i rs t placed in the bottom of the groove and then the lid NO-GO pin gauge

is inserted, being careful to maintain parallel contact along the inside

(vertical) edge of the groove as shown in Figure 8.2.3.4-l(a). If the pin

gauge does not go in all the way, i . e . , does not contact the ball , then the

groove width is acceptable.

The measurement procedure for the lower seal flange (body) groove width is

similar to the upper seal flange (lid) groove width measurement. The 0.250

inch ball is f i rs t placed in the bottom of the groove and then the body NO-GO

pin gauge is inserted, being careful to maintain parallel contact with the

outside (vertical) edge of the groove as shown in Figure 8.2.3.4-Kb). Again,

if the pin gauge does not go in all the way, i . e . , does not contact the ball,

then the groove width is acceptable.

Groove width measurements shall be taken and recorded at 18 equally spaced

locations around the circumference of the vessel.

8.2.3.4.2-.2 Tab Widths

Tab width measurement is illustrated in Figure 8.2.3.4-3. Two (2) NO-GO

gauges are required - one sized for the upper seal flange (lid) tab and one

sized for the lower seal flange (body) tab. Detailed tab width NO-GO gauge

dimensions are shown in Figure 8.2.3.4-4.
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LID NO-GO PIN GAUGE
(0.553 IN.DIA.)

LID SEAL FLANGE
(LID UPSIDE DOWN)

MAINTAIN PARALLEL CONTACT
AT THIS INTERFACE

0 .250 PRECISION BALL

a) Upper Seal Flange (Lid) Groove Width. Measurement

BODY NO-GO PIN GAUGE (0.273 IN.DIA)

MAINTAIN PARALLEL CONTACT
AT THIS INTERFACE

0 .250 PRECISION BALL

BODY SEAL FLANGE

b) Lower Seal Flange (Body) Groove Width. Measurement

NOTE: 1) Contact at location 1-1 and a gap at location 2-2 is a NO-GO

condition indicating that the groove width is acceptable.

2). Contact or a gap at location 1-1 and contact at location 2-2 is a

GO condition indicating that the groove width is ttnac cent able.

FIGURE 8.2.3.4-1

Method of Measuring Groove Widths
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— 0 .533

(ANY CONVENIENT
I LENGTH

a) Upper Seal Flange (Lid) Groove Width NO-GO Pin Gauge

— 0 .273

(ANY CONVENIENT
I LENGTH

b) Lower Seal Flange (Body) Groove Width. NO-GO Pin Gauge

FIGURE 8.2.3.4-2

Groove Width NO-GO Pin Gauge Detai ls
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LID NO-GO GAUGE

MAINTAIN PARALLEL CONTACT
AT THIS INTERFACE

LID SEAL FLANGE
( L I D UPSIDE DOWN)

a) Upper Seal Flange (Lid) Tab Width Hotsaremeut

BODY NO-GO GAUGE

MAINTAIN PARALLEL CONTACT
AT THIS INTERFACE BODY SEAL FLANGE

b) Lower Seal Flange (Body) Tab Width Measurement

NOTE: 1) Contact at location 1-1 and a gap at location 2-2 is a NO-GO

condition indicating that the tab width i s aggei?T*ble-

2) Contact or a gap at location 1-1 and contact at location 2-2 is a

GO condition indicating that the tab width i s unacceptable.

FIGURE 8.2.3.4-3

Method of Heasoring Tab Widths
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LEAVE CORNERS SHARP

.234 !— .38

a) Upper Seal Flange (Lid) Tab Width NO-GO Gauge

\

83
45

.38- .50 11—

I .26—I

I .63
250
I t

— .38

LEAVE CORNER SHARP

b) Lower Seal Flange (Body) Tab Width NO-GO Gauge

FIGURE 8.2.3.4-4

Tab Width NO-GO Gauge Detai ls
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In order to fac i l i t a te measurement of the upper seal flange ( l id) tab width,

the l id should be oriented in an upside-down position. The lid NO-GO gauge is

placed on the l id tab, being careful to maintain paral lel contact between the

gauge and the outside (vert ical) edge of the tab as shown in Figure 8.2.3.4-

3(a) . If the gauge does not go on a l l the way, i . e . , does not contact the end

of the tab, then the tab width is acceptable.

The measurement procedure for the lower seal flange (body) tab width i s

similar to the upper seal flange ( l id) tab width measurement. The body NO-GO

gauge is placed on the body tab, being careful to maintain paral lel contact

between the lonper side of the gauge and the inside (vert ical) edge of the tab

as shown in Figure 8.2.3.4-3(b). Again, if the gauge does not go on a l l the

way, i . e . , does not contact the end of the t ab , then the tab width i s

acceptable.

Tab width measurements shall be taken at 18 equally spaced locations around

the circumference of the vessel.

8.2.3.4.2.3 Axial Plav

Axial play is the maximum axial distance that the l id can move relat ive to the

body. Because the sealing surfaces are at an angle (approximately 4° relat ive

to the axial direction), any axial movement resul ts in a separation of the

seal surfaces and a s l i gh t reduct ion in 0-r ing compression. Therefore,

periodic measurement of axial play shall be performed to ensure that 0-ring

compression is sufficient to maintain a leaktight condition. The procedure

for OCV and ICV taking axial play measurements is as follows:

8.2.3.4.2.3.1 Remove the debris seal (ICV only).

8.2.3.4.2.3.2 Assemble the lid to the body.

8.2.3.4.2.3.3 I n s t a l l a vacuum pump to the vent port and evacuate the

containment vessel cavity to bring the l id down fully ( i . e . ,

the upper and lower seal flanges contact each other) .
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8.2.3.4.2.3.4 For the OCV, locate and mark nine (9) equally spaced locations

on the l id and body around the exterior circumference of the

OCA. For the ICV, locate and mark nine (9) equally spaced

locations on the lid and body around the exterior circumference

of the ICV. The l i d and body marks shall be v e r t i c a l l y

(axially) aligned.

8.2.3.4.2.3.5 Ini t ia l axial measurements shall be recorded at the nine (9)

marked locations by measuring the axial distance between the

marks on the l id and body.

8.2.3.4.2.3.6 Install a supply of air to . the vent port and pressurize the

containment vessel until the l id is up fully ( i . e . , the upper

and lower seal flanges contact the locking ring).

8.2.3.4.2.3.7 Final axial measurements shall be recorded at the same nine (9)

marked locations by measuring the axial distance between the

marks on the l id and body.

8.2.3.4.2.3.8 Calculate the difference between the two measurements (final

minus in i t ia l ) at each marked location to determine the axial

play. The maximum allowable axial play at any location is

0.153 inches.

8.2.3.4.2.4 Surface Finish of Sealing Areas

The surface finish in the sealing areas shall be maintained at a maximum 125

micro-inch finish. The following surfaces shall be measured annually:

1) Bottom surface of each lower seal flange 0-ring groove, and

2) Surface of the upper seal flange 0-ring sealing area.

If the surface condition of the above sealing areas is determined to exceed

125 micro-inches, repair the sealing area(s) per the requirements of Section

8.2.3.4.1.
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8.2.4 Valves, Rupture Discs, and Gaskets on the Containment Vessel

This section describes the inspection and replacement schedule for these

components.

8.2.4.1 Valves

The TRUPACT-II Shipping Package does not contain any valves.

8.2.4.2 Rupture Discs

The TRUPACT-II Shipping Package does not contain any rapture discs.

8.2.4.3 Gaskets

Containment boundary and non-containment boundary seals including the viper 0-

ring seal shall be replaced annually or Then damaged, per size and material

specifications as delineated on the Packaging General Arrangement Drawings in

Appendix 1.3.2. Following O-ring seal replacement for containment boundary

seal(s) , and prior to a loaded shipment, the new seal(s) shall be leak tested

to the requirements of Section 8.2.2, Maintenance Verification Leak Test.

The Inner Containment Vessel debris shield shall be replaced annually or when

damaged, per size and material specifications as delineated on the General

Arrangement Drawings in Appendix 1.3.2.

8.2.5 Shielding

Since the TRUPACT-II Shipping Package does not contain any shielding, no

inspections or tests are required to ensure continued performance of the

package.
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8.2.6 Thermal

No thermal inspections or t e s t s are necessaxy to ensure continued pexfoxmanoe

of the TRUPACT-II Shipping Package.

8-27



NoPao TRUPACT-II SAE Rev. 0, February 1589

8*3 AVT?? nfl j i

8.3.1 References

8.3.0-1



MaPae TRIJPACT-II SAR Rer . 0» February IS89

APPENDIX 8 . 3 . 1

REFERENCES

8.3.1-1



NmPac TRUPACT-II SAR Rev. 0. February 1989

8.3.1 References

8.3.1.1 American Society of Mechanical Engineers (ASHE) Boiler and Pressure

Vessel Code.

8.3.1.2 ANSI N14.6-1986, America™ National Standard for Radioactive Materials

— Special Lifting Devices for Shipping Containers Weighing 10.000

Ponnds (4:500 kg) or More.

8.3.1.3 Title 10, Code of Federal Regulations, Part 71 (10 CFR 71), Packaging

and Trnns-nnrtation of Radioactive Materials. August 24, 1983.

8.3.1.4 ANSI N14.5-1987, American National Standard for Radioactive Materials

— Leakage Tests on Packages for Shipngnt.

8.3.1.5" ASTM D1622-63, Method of Test for Apparent Density of Rigid Cellular

Plastics.

8.3.1.6 ASTM D1623-73, Method of Test for Tensile Properties of Rigid

Cellular Plastics.

8.3.1.7 Title 14, Code of Federal Regulations, Part 25 (14 CFR 25), Airworth-

iness §t;flnidm*flg - Transport Category AiiTTlmfffi * July 21, 1986.
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• • 9.0 QUALITY ASSORANCE

This section describes quality assurance (QA) requirements and methods of

compliance applicable to the TRUPACT-II.

9.1 Introduction

The TRUPACT-II was designed and built for the U.S. Department of Energy (DOE) and

approved by the U.S. Nuclear Regulatory Commission (NRC) for the shipment of

radioactive material in accordance with the applicable provisions of the U.S.

Department of Transportation described in Subpart I of 49 CFR Part 173 (Ref.

9.9.1). Procurement, design, fabrication, assembly, testing, maintenance,

repair, modification, and use of the TRUPACT—II are all done under QA programs

that meet all applicable NRC and DOE QA requirements. QA requirements for

TRUPACT-II payload compliance are discussed in Appendix 1.3.7 of this Safety

Analysis Report (SAR).

9.2 Quality Assurance Requirements

9.2.1 U.S. Nuclear Regulatory Commission

The NRC's QA requirements for packaging are described in Subpart H of 10 CFR

Part 71 (Ref. 9.9.2). Subpart H is an 18 criteria QA program based on ANSI/ASME

NQA-1 (Ref. 9.9.3). Guidance for QA programs for packaging is described in the

NRC's Regulatory Guide 7.10 (Ref. 9.9.4).

9.2.2 U.S. Department of Energy

The DOE's QA requirements for the use of NRC certified packaging are described

in Chapter V of DOE Order 1540.2 (Ref. 9.9.5). According to section 2.a.(3), the

DOE and its contractors must, "Have an established quality assurance program

equivalent to 10 CFR Part 71, subpart H."
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! 9.2.3 Transportation to/from WIPP

i
j Public Law 102-579, enacted by the 102d Congress, reads as follows:

SEC. 16. TRANSPORTATION.

! (a) SHIPPING CONTAINERS. — No transuranic waste may be transported by or

j for the Secretary [of Energy] to or from WIPP, except in packages —

i
| (1) the design of which has been certified by the Nuclear Regulatory

j Commission; and

(2) that have been determined by the Nuclear Regulatory Commission to

satisfy its quality assurance requirements.

The determination under paragraph (2) shall not be subject to rulemaking or

judicial review.

j 9.3 NRC Regulatory Guide 7.10

i
j Guidance for QA programs applicable to design, fabrication, assembly, and testing

! of packaging used in transport of radioactive material is covered in Annex 1 of

J the NRC's Regulatory Guide 7.10; procurement, use maintenance and repair are

J covered in Annex 2.

j 9.4 Procurement

i

! Procurement of the TRUPACT-II initial fleet was completed by the Waste Isolation

i Division (WID) of Westinghouse Electric Corporation for the DOE. The WID's QA

j program is an 18 criteria program that is equivalent to Subpart H; it requires

! subcontractors engaged in the design, fabrication, assembly, testing, major

maintenance, repair, and modification of TRUPACT-II to have applicable QA

programs that have' been approved by the NRC.
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9.5 Design

TRUPACT-ZI was designed by Nuclear Packaging, Inc. under a QA program approved

by the NRC for packaging design (Ref. 9.9.6). Requests for modification or

changes' to the design will be submitted to the NRC for approval prior to

modification of the TRUPACT-II; design changes will be made by under an

'appropriate NRC approved QA program.

9.6 Fabrication, Assembly, and Testing

The initial TRUPACT-II production run was fabricated, tested, and assembled by

Nuclear Packaging, Inc. under a QA program approved by the NRC for fabrication,

assembly, and testing (Ref. 9.9.6). Fabrication of additional TRUPACT-IIs will

be by subcontractors that have an appropriate NRC approved QA program.

9.7 Use

The TRUPACT-II will be primarily used by the DOE for shipments of authorized

contents to the WIPP site; however, it may also be used between DOE sites other

than WIPP (inter-site) and for DOE on-site shipments within site boundaries

(intra-site). The DOE is registered with the NRC as a user of the TRUPACT-II

under the general license provisions of 49 CFR 173.471. The TRUPACT-II may also

be used for non-DOE shipments as authorized by the NRC.

9.7.1 DOE Shipments to/from WIPP

Use of TRUPACT-II for shipments to/from the WIPP site will be made under a QA

program that meets the NRC's QA requirements. The DOE managing and operating

contractor for the WIPP is the WID; the NRC has inspected the WID's QA program

and found that it meets the requirements of 10 CFR 71, Subpart H (Ref. 9.9.7).

In accordance with DOE Orders (Ref. 9.8.8) the appropriate DOE Field Offices will

inspect and approve the QA programs of the DOE 's contractors that make shipments

to/from the WIPP in the TRUPACT-II. Also, as part of its QA program, the WID

will perform surveillance of TRUPACT-II users QA programs to assure the
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j

| TRUPACT-II is used in accordance with the requirements of the Certificate of

| Compliance No. .9218 for the TRUPACT-II.

| 9.7.2 Other DOE Shipments; Non-WIPP

i
| The DOE Field Offices for both the shipping site and the receiving site will

! inspect and approve the respective shipper's and receiver's QA programs for

j equivalency to the NRC's QA program requirements in Subpart H; for example, a

j contractor working under an 18 criteria QA program per ANSI/ASME NQA-1 could be

j deemed acceptable if the program was applicable to packaging. Also, as part of

I its QA program, the WID will perform surveillance of TRUPACT-II users QA programs

j to assure the TRUPACT-II is used in accordance with the requirements of the

| Certificate of Compliance No. 9218 for the TRUPACT-II.

i
| 9.7.3 Non-DOE Users of TRUPACT-II

i

| Non-DOE users of TRUPACT-II will have QA programs approved by the NRC.

9.8 Maintenance and Repair

j Minor maintenance such as changing seals or fasteners may be performed under the

| user's QA program. Major maintenance such as cutting or welding a containment

| boundary will be performed under an appropriate QA program that has been approved

| by the NRC.

i

j 9.9 References

i

| 9.9.1 Title 49, U.S. Code of Federal Regulations, Part 173, Subpart I -

| Radioactive Materials, S 173.471, "Requirements for U.S. Nuclear

j Regulatory Commission Approved Packages"

| 9.9.2 Title 10, U.S. Code of Federal Regulations, Part 71, Subpart H - Quality

| Assurance, § 71.101, "Quality Assurance Requirements"
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9.9.3 ANSI/ASME NQA-1, "Quality Assurance Requirements of Nuclear Power

.Plants," American National Standards Institute

9.9.4 U.S. Nuclear Regulatory Commission, "Establishing Quality Assurance

Programs for Packaging Used in the Transport of Radioactive Material,"

Regulatory Guide 7.10,

9.9.5 U.S. Department of Energy, DOE Order 1540.2, "Hazardous Material

Packaging for Transport - Administrative Procedures"

9.9.6 U.S. Nuclear Regulatory Commission, NRC Form 311 Approval Number 0192

9.9.7 U.S. Nuclear Regulatory Commission, NRC Audit Report Number 710760/93-03,

9.9.8 U.S. Department of Energy, DOE Order 5480.3, "Safety Requirements for the

Packaging of Fissile and Other Radioactive Materials"
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