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ABSTRACT

A computer model has been developed to predict radiolytic
gas generation and transport within Transuranic (TRU) waste drums
and surrounding enclosures. Gas generation from the radiolytic
decomposition of organic material contaminated with plutonium is
modeled and the concentrations of gas throughout the waste drum and
enclosures are determined using a diffusional transport model. The
model accurately reproduces experimentally measured gas concentra-—
tions. With polyethylene waste in unvented drums, the model pre-
dicts that the concentration of hydrogen gas can exceed 4 mole
percent (lower flammable limit) with only about 5 curies of pluto-
nium. If the drum liner is punctured and an unrestricted 0.75"
carbon composite filter vent is installed in the drum 1lid, the
plutonium loading can be increased to 240 Ci without generating
flammable gas mixtures. Larger diameter filters can be used to
increase the curie loading. The model has been used to show that
shipments of 1000 Ci of plutonium—238 contaminated waste from
Savannah River to the WIPP site are feasible using the TRUPACT
shipping container.
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A COMPUTER MODEL OF GAS GENERATION AND TRANSPORT WITHIN
TRU WASTE DRUMS

INTRODUCTION

The incidence of alpha radiation on organic material in
transuranic (TRU) waste decomposes it into gaseous products.
Oxygen is consumed and hydrogen, carbon monoxide, and carbon
dioxide are produced by these radiolysis reactions. Hydrogen
generation during the storage and transportation of TRU waste drums
may create hazardous conditions. To assist in evaluating the
effect of radiolytic gas production at the Savannah River Plant
(SRP), a computer model has been developed to predict the radio-
lytic generation and diffusional transport of gases within drums of
TRU waste. The computer model provides the capability of predict-
ing conditions that could potentially lead to the formation of
flammable or explosive gas mixtures within the waste drums. The
model can be used to assess proposed drum venting methods and is
capable of predicting gas concentrations within enclosures that
surround the waste drums. This last feature was used to assess the
TRUPACT shipping container and safety concerns around the shipment
of high curie content TRU waste from SRP to the Waste Isolation
Pilot Plant (WIPP) repository.

The model calculates transient gas concentrations and total
pressure as a function of waste composition and plutonium loading.
Three volumes within the waste drum are modeled: polyvinylchloride
(PVC) bags containing the TRU waste, the volume between the bags
and the drum liner, and the volume between the drum liner and the
drum lid. The radiolysis is assumed to occur at a constant rate
within the PVC bags as a function of waste material compositiom,
curie content, and the particular gas being considered. The gas
generation parameters in the model are based on experimental data
on radiolysis from plutonium. Because of its high specific activ-
ity, plutonium-238 is of primary concern in the management of SRP
TRU waste. Other isotopes could be included in the model if ade-
quate gas generation data is available. The gas concentrations are
calculated using a simple diffusion model of gas transport through
drum barrier materials (PVC bag, polyethylene liner, and rubber
gasket) and through free space present in each barrier. The basic
components of a TRU waste drum are shown schematically in Figure 1.

The model was validated by simulating experimental data
collected at SRP and Los Alamos. When applied to polyethylene
waste (worst case waste matrix), the model predicts that hydrogen
gas can accumulate to concentrations greater than 4% (the lower

-11 -



limit of flammability) when only about 5 curies of plutonium are
present in sealed drums. This limit would place serious restric-
tions on the management of SRP TRU waste. Therefore, vented drums
are being used at SRP to reduce hydrogen gas concentrations in
stored waste and allow greater amounts of plutonium to be safely
placed in waste drums. The model has been used in the design and
evaluation of the SRP filter vents.

All DOE sites that generate TRU waste are using some form of
venting on the waste drums to prevent the accumulation of flammable
gas mixtures. The Savannah River Plant is using carbon-composite
filter beds 0.5" (1.27 cm) deep and 0.75" (1.90 cm) in diameter.
The bed is contained in a galvanized carbon steel holder that is
screwed into the drum lid and drum liner. A schematic representa-
tion of the drum filter vent is shown in Figure 2, The carbon
composite filter was selected as a vent for SRP drums because of
its high efficiency for particulate removal, rugged construction,
low cost, and ready availability. The filter effectively prevents
dispersal of contaminated particulate matter from the waste drum
while allowing gases to freely escape.

The model has been programmed to allow the simulation of gas
concentrations with or without the presence of vents in a waste
drum. The computer model can be used to determine the plutonium
loading that can be safely placed in new waste drums to prevent the
formation of flammable gas mixtures. Model simulations show that
up to 240 curies of plutonium can be placed in waste drums that
have the inner liner punctured and contain a 0.75" diameter filter
(with an unrestricted 0.375" vent hole) in the drum lid without the
accumulation of flammable gas mixtures. The curie loading can be
increased to 500 Ci if the vent diameter is increased to 1.5".

This report discusses the development of the mathematical
model of gas transport and the choice of model parameter values.
The numerical treatment is fully explained in an appendix to the
report. Comparison of model simulations to existing experimental
measurements is made to confirm that the model provides a valid
representation of gas transport in actual waste drums. The results
of model applications to vented and unvented SRP waste drums are
presented along with an evaluation of TRU waste shipments from SRP
to the WIPP repository.

GAS GENERATION MODEL

Radiolysis and the resulting gas generation is assumed to
occur at a constant rate that is a function of the waste material
composition and the level of the radiocactivity present for each
gaseous species. It is further assumed that the radiolysis reac-
tions are confined to the PVC waste bags. The molar generation

- 12 -




rate for gas species k within volume element i, Gr(i,k) moles/s,
may be expressed as:

Gr(i,k) = (curies PU)*§ g(j,k) .m:::iill.: o

J 3

In Eq. 1, g(j,k) is the radiolytic generation coefficient for gas k
from material component j in (moles/s~curie Pu), and mass(i,j) is
the mass of material j in the waste mixture within volume i. The
curies of plutonium is the total curies present in the waste

material.

Equation (1) calculates gas generation as the summation of the
generation from the individual material components weighted by
their mass fraction in the mixture. The gas generation coeffi-
cients g(j,k) reported by Kazanjian (1) were used in the model
calculations and are presented in Table 1 of the Model Parameters
section below. These coefficients are derived from a series of
laboratory experiments measuring gas generation rates under con-
trolled conditions. When more than one coefficient could be appli-
cable, the more conservative value was used to calculate the gas
generation rate. The model allows the user to specify a waste
material composed of a mixture of cellulose, polyethylene, latex,
polyvinylchloride, Plexiglas, and inert material in any relative
proportion.

GAS TRANSPORT MODEL

Gas transport is assumed to take place by diffusion through
the various barriers within the TRU waste drum (Figure 1). Gases
are generated (or depleted) in the inner bag volume and diffuse
through the PVC bag, the polyethylene liner, and the rubber drum
gasket barriers. Any number of waste bags may be present in the
drum. The model user specifies the surface areas of the PVC bags,
the drum liner, and the drum gasket and the volumes enclosed by
these barriers.

A general equation for transient gas transport may be written
(with the index i = 1 to 3 for a single waste drum) as:

v(i) LCEIOL = 6r(i,10 + AG-D*IGAL0 - AGDRIGEK (@)

In Eq. 2, V(i) is the volume (m3) of space i, C(i,k) is the concen-
tration (moles/m3) of gas k within the volume, A(i) is the total
surface area (m2) of the barrier between volume element i and
volume element i+l, and J(i,k) is the flux (moles/m2-s) of gas k
through the barrier. In writing Eq. (2) for a single waste drum,
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i = 1 stands for the PVC bag volume and bag surface barrier, i = 2
represents the polyethylene drum liner and the volume within the
liner that is not occupied by waste bags, and i = 3 is used for the
drum gasket and the volume between the drum lid and the drum liner.
The model calculations assume that gas generation occurs only in
the PVC bags; therefore, Gr(2,k) and Gr(3,k) are equal to zero for
all k.

Assuming equilibrium between the gases in the drum volumes
and within the barrier materials, an expression for the gas flux
may be written as:

,k) = P(i+1,k)]
X, (D

3¢ = B (4,K) [pCi

. [c(i,k) - C(i+1,k)] o,/ :v\2
+ Do(x,k) ‘i;(i) Y(i) (3)

In Eq. 3, Dp(i,k) is the permeability coefficient (moles/m-s-Pa)
for gas k in barrier i, Dy(i,k) is the diffusion coefficient
(m2/s) for gas k in the barrier pores, P(i,k) is the partial
pressure (Pa) of gas k in space i, Xp(i) is the transport path
length (m) within barrier i, X,(i) is the diffusion path length
(m) through openings in barrier i, and Y(i) is the porosity of
barrier i.

In writing Eq. (3), it is assumed that the gases within the
drum are able to diffuse through the barrier materials and through
openings that are present in the barriers. That is, gas transport
takes place not only by gas permeation and diffusion directly
through the material barriers but also by free diffusion through
large scale pores or holes in the barriers. As an approximation,
the diffusion coefficient Dy(i,k) is assumed to be equal to the
diffusion coefficient for gas k in air. Including the second term
in Eq. (3) allows the model to simulate the presence of filter
vents in the drum. However, it was also necessary to include this
term to give realistic simulations of drum gas concentrations even
when vents were not present. In this case, the term physically
represents a lack of sealing or the presence of small holes in the
barrier materials. Porosity in the seal on the neck of the PVC
bags or around the liner and gasket seals is accounted for by this
term. Since the porosities are not known, these values give the
model a free parameter for each barrier that can be used to fit
experimental data.

When applying Eq. (3), C(4,k) is the concentration of gas k in
the ambient atmosphere surrounding the drum. The diffusion path
length is taken to be equal to the barrier thickness. In reality

the barrier pores will have irregular and tortuous paths. The -
squared porosity term is used to account for the effects of a
random pore distribution and pore tortuosity. It can be shown
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that, for a completely random pore distribution at any cross
section of the material, squaring the porosity correctly accounts
for the change in gas flow path., Alternatively, the tortuosity can
be approximated as the reciprocal of the porosity again leading to
a squared porosity factor in the transport equation.

The gases considered in this model are: oxygen, nitrogen,
carbon monoxide, carbon dioxide, and hydrogen. Oxygen is depleted
in the PVC bags by the radiolysis reactions. Carbon monoxide,
carbon dioxide, and hydrogen are all generated by the reactions,
Nitrogen is a chemically inert species that simply diffuses through
the material barriers.

MODEL PARAMETERS

The basic parameters required for a model simulation are the
specification of: 1) Gas generation coefficients, 2) Gas permea-
bilities through the barrier materials, 3) Gas diffusion coeffi-
cients, and 4) Waste drum physical characteristics. The model
parameters used in the computations reported here are listed below.

Gas generation coefficients for the materials of interest are
given in Table 1. The values were obtained from Kazanjian (1) and
converted to be on a basis of curies of plutonium.

TABLE 1

Gas Generation Coefficients (millimoles/day-curie Pu)

Cellulose Polyethylene Latex PVC Plexiglas
Hydrogen 0.158 0.216 0.111 0.197 0.121
Carbon dioxide 0.089 0.021 0.013 0.026 0.155
Carbon monoxide 0.028 0.011 0.011 0,011 0.211
Oxygen -0.199 -0.082 -0.199 -0.557 -1.150

The coefficients in Table 1 show that the primary radiolysis
reactions are the consumption of oxygen and the production of
hydrogen. Carbon monoxide and carbon dioxide are generally
produced in smaller quantities. As hydrogen is generated, the gas
composition in the TRU waste drum may become flammable and present
a potential hazard. Table 1 also shows that polyethylene is the
worst—-case waste material, having both the highest hydrogen genera-
tion rate and smallest oxygen depletion rate of the normal waste
materials. Flammable gas mixtures accumulate most readily with
polyethylene as the waste material. However, other materials have
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similar gas generation characteristics, so that using polyethylene
as the worst case material for a safety analysis will yield moder-
ately conservative results.

While the model calculations only consider gas generation from
radiolysis, there is evidence that thermal and bacterial decomposi-
tion of the organic material in the waste can also produce flam-
mable gases. The parameters appropriate to estimate this source of
gas are not well defined. If this information becomes available,
it should be incorporated into the model calculations for an added
degree of conservatism.

Gas permeabilities through the barrier materials are listed
in metric units in Table 2 and in English units in Table 3 (2).
Permeability values in English units are used in the computer

program since drum parameters are more commonly specified in these
units. Styrene-butadiene rubber is assumed to be representative of

the drum gasket material.
TABLE 2

Barrier Gas Permeabilities (millimoles/day-m—-kPa)
(values must be multiplied by 10~10)

Polyvinyl- Styrene~Butadiene
chloride Polyethylene Rubber

Hydrogen 588.5 3648.5 5796.3

Carbon dioxide 40.6 753.2 1447.6

Carbon monoxide 55.9 7.2 43.5

Oxygen 13.5 844.4 868.0

Nitrogen 3.4 107.1 494.3

TABLE 3

Barrier Gas Permeabilities (1b moles-mil/hr-ft2-atm)
(values must be multiplied by 10~7)

Polyvinyl- Styrene-Butadiene
chloride Polyethylene Rubber

Hydrogen 20.0 124.0 197.0
Carbon dioxide 1.38 25.6 49.2
Carbon monoxide 1.90 0.244 1.48
Oxygen 0.460 28.7 29.5
Nitrogen 0.116 3.64 16.8
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The permeabilities indicate that the light hydrogen gas will
diffuse through the barrier materials faster than the other heavier
gases. This is also true for free diffusion through the material
pores. Diffusion coefficients for each of the gases in air at 25°C
are listed in Table 4.

TABLE 4

Gas Diffusion Coefficients (cm?2/s)

Hydrogen 0.611
Carbon dioxide 0.138
Carbon monoxide 0.185
Oxygen 0.178
Nitrogen 0.181

The parameters used in the model calculations to specify the
waste drum physical characteristics are listed in Table 5. These
parameters represent typical values for a 55-gallon waste drum
having an overall void volume of 70%. Values are given in metric
units and in the more commonly specified English units. These
parameters can be easily modified when running the program to
simulate other configurations.

TABLE 5

Physical Parameters for Typical 55-Gallon Waste Drum

PVC Polyethylene
Waste Bag Liner Rubber Gasket
Number in drum 17 1 1
Void volume (m3) 0.0057 0.028 0.021
(£ 3) 0.20 1.00 0.75
Surface area (m?2) 0.40 1.95 0.017
(£t2) 4.30 21,00 0.18
Thickness (mm) 0.51 2.29 9.53
(mil) 20.0 90.0 375.0
Porosity (x1000) 0.125 1.25 6.0 - 8.5
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The volume listed under the drum liner is the void volume
within the liner that is not occupied by the waste bags. The
volume listed under the gasket is the volume between the rubber
gasket and the drum lid. This volume is referred to as the drum
head space in the following discussion. Porosity values represent
the fractional part of the barrier material that is assumed to be
free void space where the gas transport takes place by free diffu-
sion rather than by permeation and diffusion. The porosity values
represent the fractional parts of the material that are open area.

SIMULATION RESULTS AND MODEL VALIDATION

The results of model simulations were compared to data
collected on the gas composition within TRU waste drums at the
Savannah River Laboratory (SRL) and at the Los Alamos National
Laboratory (LANL). The SRL data (3) was obtained during a four
year experimental study in which gas concentrations were monitored
within four high-activity TRU waste drums. These were lined
55-gallon drums containing typical cabinet waste from a Pu-238
finishing facility. Drum gaskets were nonporous and a caulking
compound was used to seal the gaskets to the drum lids and to seal
the drum liners. Gas samples were collected from the air space
between the drum liner and the drum itself. Drums were monitored
for: temperature, pressure, oxygen, hydrogen, carbon monoxide,
carbon dioxide, nitrogen, nitrous oxide, and total hydrocarbons.
The waste composition was well documented and the model was able to
predict gas concentrations in the drums within the accuracy of the
experimental measurements.

A model simulation was run for Drum No. 120 of the SRL study.
This waste drum contained plastic, rubber, and metal contaminated
with 112.6 Ci (6.7 grams) of Pu-238, 0.7 Ci of Pu-239, and 0.06 mCi
of U-235, Figure 3 shows a model simulation of total pressure in
the drum head space compared to experimentally measured values.
The diffusion model predicts a smooth pressure rise to about 4.5
psig at 1500 days while experimentally an initial pressure decrease
(possibly from rapid oxygen depletion) followed by an irregular
pressure rise was observed. The data plotted in Fig. 3 have been
corrected to 25°C to remove changes arising from temperature varia-
tion alone; however, much of the variation still appears to follow
an annual pattern. These fluctuations may arise from variation in
barrier permeabilities with ambient temperature or from pressure
changes. No attempt was made to include such effects in the model.

Model predictions of the hydrogen and oxygen concentrations
within the drum head space are shown in Fig. 4. Hydrogen gas
accumulates rapidly in the drum head space while oxygen is
depleted. These trends are reproduced by the model simulation.
Both curves show essentially steady state behavior after about one
year of gas generation. Again, the strong fluctuations in the
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experimental data may be temperature or pressure dependent. At
about day 1000, the experimentally observed hydrogen gas concentra-
tion and total pressure suddenly increase. The waste material may
have been disturbed or the integrity of a waste bag or the drum
liner may have been compromised at this point.

The parameters given in Table 5 were used to obtain the model
results plotted in Fig. 3 and Fig. 4. Using the largest gasket
porosity gave an improved fit to the SRL experimental data., All of
the model parameters (including waste composition and drum physical
parameters) were based on the available experimental data (3)
except for the porosity values which were adjusted to fit the
experimental results.

Model simulations were also made for several drums from a
series of experiments on gas generation in TRU waste conducted
at LANL (4,5). Gas concentrations in eight drums of TRU waste
from Pu-238 heat-source production were monitored for about one
year. The isotopic composition of the waste is given in Table 6.
As with the SRP drums, the drum lids and inner liners were sealed.
The experiments were designed to evaluate the effectiveness of
carbon-composite filters in maintaining safe hydrogen gas concen-
trations within the drums and drums were tested both with and
without filter vents. The drums and the carbon-composite filter
vent were similar in design to those in use at SRP,

Results from the simulation of waste drum BFB-114 are
presented in Fig. 5 and Fig. 6. Experimental data is shown by
lines counnecting the plotted data points while model predictions
are indicated by smooth curves. Figure 5 shows model predictions
of hydrogen and oxygen gas concentrations within the drum head
space while the same predictions for the drum liner are shown in
Fig. 6. The waste drum was initially sealed and a filter vent in

TABLE 6

Isotopic Composition of LANL Heat-Source Pu-238

Isotope Weight Percent
Pu-238 80.0
Pu-239 16.3
Pu-240 3.0
Pu-241 0.6
Pu-242 0.1
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the drum lid was opened 112 days after preparation. This waste
drum contained 218.4 Ci (15.6 grams) of Pu-238 which was the
highest curie loading in the LANL study. The composition of the
drum waste was not well defined. Therefore, the composition used
in model calculations was adjusted to reproduce the reported total
and hydrogen gas generation values. The drum parameter values
listed in Table 5 were used with the lowest gasket porosity
improving the fit for the LANL data. Since several different
gasket materials have been commonly used at the various DOE sites,
the apparent difference in porosity between SRP and LANL drum
gaskets is not surprising.

The model is able to accurately simulate hydrogen and oxygen
concentrations within both volumes over the entire experimental
time period. Gas concentrations within the drum liner are only
slightly different from those in the drum head space. With a
sealed drum, the hydrogen gas concentration exceeds 4% within 20
days, while oxygen is rapidly depleted. Opening the drum lid vent
significantly reduces the hydrogen gas concentration. However;
flammable gas concentrations persist. Based on data in the LANL
report (4), the filter was modeled as a carbon bed 1.9 cm in
diameter and 1.27 cm long with a low bed porosity of 0.10.

In Fig. 7, another drum from the Los Alamos study containing
16.8 Ci (1.2 gram) of plutonium-238 is simulated. The drum was
initially vented to the atmosphere and the filter vent was closed
123 days after preparation. Using the same gasket porosity as with
the other LANL drum, the model is able to closely track gas concen-
trations within the drum. The total and hydrogen gas generation
rates were again reproduced by adjusting the waste composition.
Even with this low curie content, the drum contains a hydrogen gas
concentration greater than 4% about 150 days after the vent is
closed. When the drum was vented, hydrogen gas did not accumulate.

APPLICATION TO SRP TRU WASTE

The experimental studies discussed above show that flammable
gas mixtures will accumulate in TRU waste drums with relatively low
plutonium loads. To ensure adequate conservatism for safety analy-
sis, a limit of 42 (lower flammable limit) is placed on the hydro-
gen gas concentration allowed within waste drums. Limiting the
curie loading in sealed waste drums such that flammable gas mix-
tures will not accumulate places severe restrictions on the manage-
ment of SRP TRU waste. Therefore, the use of vented drums was
proposed as a method of reducing hydrogen gas concentrations in
stored waste to allow greater amounts of plutonium to be handled
safely.
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Model simulations were run to assess the effect of venting on
SRP TRU waste drums. Figure 8 presents a plot of model predictions
of the steady state hydrogen gas concentrations within the drum
liner (Liner) and drum head space (Drum) for an unvented drum
containing polyethylene waste. Plutonium loadings greater than
5 Ci in the waste material yield concentrations of hydrogen gas
exceeding 4 mole (or volume) % in both the liner and drum. The
hydrogen concentrations shown in Fig. 8 are similar to the values
observed during the SRP experimental study (3). The experiments
and simulations demonstrate that high concentrations of hydrogen
can be realized in actual waste drums. Model calculations indicate
that with a loading of 10 Ci in an unvented drum, flammable gas
accumulates inside the drum liner in 163 days and inside the head
space within 185 days.

SRP began the routine use of drum vents for newly generated
waste in 1986, As discussed above, the 0.75" (1.9 cm) diameter
carbon composite filter illustrated in Fig. 2 was selected as a
vent for SRP waste drums. Experiments to evaluate different
designs of the filter casing were conducted by Science Applications
International Co. (SAIC) by filling a vented 55 gallon drum with a
mixture of 4 mole % hydrogen in air and monitoring the decrease in
hydrogen concentration within the drum over time. It was found
that the original vent design, with a ridged-cap over the filter,
could adequately vent the gas generated from about 50 Ci of
plutonium in the drum. The best venting was obtained with a filter
housing having a 0.95 cm diameter inlet and a 0.32 cm diameter
outlet port with no ridgecap over the case. The SAIC experimental
results can be used to determine an effective filter bed porosity.
Model simulations of 6 SAIC experiments (6) on the uncapped filter
using a bed porosity of 0.5]1 are presented in Fig. 9. The model
accurately reproduces the experimental data. Therefore, using the
experimentally determined porosity, model simulations of filter
vent performance in actual waste drums can be conducted with
confidence.

Figure 10 shows model predictions of the steady state hydrogen
gas concentration within the drum liner and the drum head space
when filter vents (0.75" uncapped) are present in both the liner
and drum lid. Compared to an unvented drum (Fig. 8), the hydrogen
gas concentrations are significantly lower. With venting, up to
133 Ci of plutonium can be placed in a drum of polyethylene waste
before the hydrogen flammable limit is exceeded in the liner. If
the drum liner is punctured and fully vented rather than filtered,
the gas transport becomes limited by the 1id filter capacity and
the drum loading could be increased to 240 Ci before flammable
gases accumulate. Of course, the barrier to particulate transport
between the drum liner and head space has been removed.
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A model calculation of the transient hydrogen gas concentra-
tion within the drum liner and head space for a vented waste drum
containing 166 Ci of plutonium is shown in Figure 1ll. Steady state
concentrations are quickly reached and, with a plutonium loading
25% greater than the established limit, a flammable hydrogen
concentration occurs within the drum liner after only 15 days.
Therefore, when using the 0.75" filters, careful monitoring of the
waste content is required to avoid exceeding the 133 Ci loading
limit.

It is desirable for SRP TRU waste drums to be able to contain
up to 500 Ci of plutonium. To assess whether the 0.75" filter was
adequate for this level of containment and to assess other filter
designs, a series of experiments were conducted by SRP and SRL at
the Du Pont Explosion Test Center at the Chamber's Works. Hydrogen
gas was bled into a 4170-cc cylindrical vessel containing a filter
in one end at rates of 1.0 cc/min and 2.5 cc/min to simulate the
gas generation from up to 500 Ci of plutonium.

Model predictions and experimental data for five hours of
testing with a 0.75" diameter filter at a hydrogen addition rate
of 1.0 cc/min (equivalent to approximately 200 Ci of plutonium) are
presented in Fig. 12, The model accurately predicted the experi-
mental results and both indicated that a steady state concentration
of approximately 4 mole %Z hydrogen would be reached. Model predic-
tions and experimental results also showed that a concentration of
4 mole % hydrogen was exceeded within a few hours when a 0.75"
diameter filter was used with a gas addition rate of 2.5 cc/min. A
steady state concentration of 10 mole percent hydrogen was observed
at 18 hours for this configuration while the model predicted a
steady state concentration of 12 mole %. Model predictions and
experimental data for five hours of testing with a 2.0" diameter
filter at a hydrogen addition rate of 2.5 cc/min (equivalent to
approximately 500 Ci of plutonium) are presented in Fig. 13. The
model predicted that a steady state concentration of about 1.7%
hydrogen would be reached after three hours and experimental
results confirmed the model predictions. Therefore, a 2.0" carbon
compogite filter would provide sufficient venting for a waste drum
containing up to 500 Ci of plutonium. Model calculations indicated
that a 1.5" filter would also be adequate.

Since it is unlikely that SRP TRU waste will consist entirely
of polyethylene, the calculations reported here should give some-
what conservative estimates of the maximum plutonium loadings that
can be placed in waste drums. Calculations for other waste
materials and operating parameters can easily be made with the
computer model if desired.
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ANALYSIS OF TRU WASTE SHIPMENT TO WIPP

The national DOE program provides for the ultimate disposal of
all TRU waste from within the DOE complex at the WIPP repository
near Carlsbad, New Mexico. To transport TRU waste from generator
sites to WIPP, a Transuranic Package Transporter (TRUPACT) shipping
container is being designed (7-9). The current design,

TRUPACT-1II, is an unvented rectangular vessel capable of holding 36
55-gallon waste drums that can ride on either a railcar or flatbed
truck. DOT regulations forbid reliance on continuous venting to
prevent the accumulation of flammable gases within shipping
vessels. Therefore, because of its relatively high gas generation
rates, high curie content Pu-238 contaminated TRU waste from SRP
presents a particular difficulty in providing safe transportation
to WIPP.

The current DOE assessment is that the TRUPACT can safely
transport on the order of 1000 alpha-curies per shipment. To
conduct an independent evaluation, the SRL model was used to deter-
mine pressure increases and gas concentrations within the TRUPACT
container. While the gas generation rates used in the model are
well supported by laboratory data (1), higher values have appeared
in the literature (3). It has also been suggested that gas genera-
tion from thermal degradation and bacterial decomposition of
organic material in the waste may contribute to hydrogen gas forma-
tion. Therefore, to increase the conservatism in this assessment,
gas generation rates were multiplied by a factor of four where ome
factor of two is intended to account for the possibility of higher
radiolytic generation rates and the other factor of two accounts
for generation from other sources., This results in a total gas
generation (or G) factor of 3.46 molecules of gas produced per
100 eV of absorbed alpha radiation.

DOE has proposed to control the vessel pressure and hydrogen
gas concentration by placing hydrogen recombiner catalyst inside
the TRUPACT. The catalyst acts to promote the reaction between
hydrogen and oxygen to produce water. Therefore, as long as both
gases are present, hydrogen will not accumulate within the TRUPACT
and, since the reaction consumes 1.5 moles of gas for each mole of
water produced, the pressure is reduced. When the oxygen is
depleted, hydrogen gas will buildup; however, the gas mixture will
not be flammable. The SRL model has been programmed to simulate
the presence of a recombiner catalyst,

* As this report was being prepared, the DOE requested bids for
the design and construction of a TRUPACT-II container that may be
substantially different from the unit assumed in these sample
calculations,
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Figure 14 presents model calculations of the expected pressure
increase within the TRUPACT container over a one year period when
1000 Ci of plutonium is evenly distributed between 36 drums. Each
drum is assumed to be vented with 0.75" filters in the drum liner
and in the drum lid and to contain polyethylene waste., Other drum
parameters are as listed in Table 5. The total interior volume of
the TRUPACT shipping container is 668 ft3 (7,8). The 36 waste
drums occupy about 265 ft3 of the space and dunnage packing will
occupy 334 ft3 of the remaining volume. However, the dunnage
material is relatively porous and the total void volume within the
TRUPACT container was conservatively estimated to be about 200 ft3
using a 40% dunnage porosity. Calculations were performed both
with (lower curve) and without (upper curve) recombiner catalyst in
the TRUPACT. The break in the recombiner pressure curve occurs
when oxygen within the TRUPACT is depleted. The calculations
assume a well sealed vessel and 100% catalyst efficiency.

DOT regulations require that the vessel be able to hold the
drums without exceeding its maximum normal operating pressure for
one year which is 18.5 psi for the TRUPACT-II design (9). Since
some allowance must be made for pressure increases from changes in
the ambient temperature and pressure and from water vapor, it is
reasonable to allow about 13.5 psi for gas generation. Thus, the
SRL model prediction of a 9.2 psi pressure increase indicates that
shipments of 1000 Ci loads will safely meet the established regula-
tions. However, the TRUPACT is unable to accommodate any signifi-
cant increase in load in its present design. About 100 TRUPACT
shipments per year from SRP to WIPP will be required over a 25-year
waste disposal period. The 1000 Ci limit makes package curie con-
tent as significant as total volume in determining the number of
shipments from SRP to WIPP. This implies that some inventory
management problems may arise in controlling the TRUPACT shipments.
The model calculations also indicate that including the recombiner
catalyst does not produce a lower container pressure after one
year. This is because model simulations show that oxygen is
essentially depleted within the container in less than one year
even without the catalyst present and both solutions converge to
the same limit.

Figure 15 shows model calculations of the hydrogen gas concen-
tration within the TRUPACT when recombiner catalyst is present
(lower curve) and when it is not (upper curve). The catalyst is
active until oxygen is depleted in about 120 days at which time
hydrogen gas begins to accumulate within the TRUPACT. Without the
recombiner, a flammable gas mixture is generated at about 25 days.
However, DOT regulations only require that a flammable mixture not
occur within twice the normal shipping time. Since the shipping
time by truck from SRP to WIPP is about 1.5 days, regulatory stan-
dards are met without the recombiner. An adequate margin of safety
is also provided for cases where the catalyst is used but is

-2 -



deactivated or accidentally omitted, or the shipment is delayed for
several days. Rail transportation nominally takes 18 days and
would require the presence of recombiner catalyst to meet safety
standards.

The concentration of hydrogen and oxygen within the waste
drums inside of the TRUPACT are plotted in Fig. 16 for the case
where no recombiner catalyst is present. A steady depletion of
oxygen and generation of hydrogen is observed. Flammable gas
mixtures are present from day 20 until day 201 when the oxygen
concentration is below the flammable limit. As the concentration
of oxygen approaches zero, the TRUPACT pressure curves shown in
Fig. 14 converge. Calculations of drum gas concentrations in the
presence of recombiner catalyst are shown in Fig., 17. A steady
state hydrogen concentration of about 1.6% is established in the
drums until oxygen is depleted. The potential does exist for
producing a transient flammable gas mixture when the shipping
container is opened at the WIPP site.

CONCLUSIONS

A model of radiolytic gas generation and gas transport within
TRU waste drums has been developed and validated by simulating
experimental data collected at SRL and LANL over a wide range of
conditions. These data were used to determine typical porosity
values for waste bags, drum liners, and drum gaskets. Using a
consistent set of parameters, the model is able to predict gas
concentrations in TRU waste drums within the accuracy of the
experimental data. The model has been structured to report steady
state gas concentrations without performing a full transient
calculation which allows the user to immediately tell whether a
particular drum configuration will eventually exceed safety limits.
The model can be used to evaluate the effectiveness of filter vents
in controlling the atmosphere within TRU waste drums.

Model development proceeded through several stages. The
initial version assumed that gas transport occurred only through
permeation and diffusion in the barrier materials. This model was
incapable of predicting the experimentally observed gas concentra-
tions within drum spaces outside of the PVC waste bags and unreal-
istically high pressures were predicted within all drum volumes.
To correct this deficiency, the model was extended to include the
presence of macro-pores in the barriers that would allow for addi~-
tional gas transport. At first, gas transport through these pores
was assumed to occur by pressure induced flow. While this model
gave improved results, the total pore area that was required was
quite small implying that the gas transport might actually occur by
free diffusion through the pores rather than by a flow mechanism.
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The final version of the transport model assumes a combination of
gas transport through permeation of the barrier materials and by
free diffusion through large scale pores in the barrier materials.

The model has been applied to SRP TRU waste to predict a
maximum plutonium loading that can be safely placed in newly
generated waste drums without the accumulation of flammable gas
mixtures. In the worst case, with unvented waste drums and poly-
ethylene waste, an inventory of less than 5 Ci of plutonium is
sufficient to generate hydrogen gas concentrations greater than
the 4% by volume limit. This curie loading limit would be very
restrictive for SRP operations.

Model calculations have also been made to demonstrate the
efficiency of drum venting as a method to reduce hydrogen gas con-
centrations in TRU waste drums. With 0.75" diameter vents in both
the drum liner and the drum 1lid, it should be possible to safely
store from 133 to 240 Ci of plutonium without accumulating flam-
mable gas mixtures. By using 1.5" diameter filter vents, the
maximum loading can be increased to 500 curies. Therefore, drums
vented through carbon composite filters will be used at SRP.

The model has been used to assess the safety factors inherent
in shipping drums of TRU waste from SRP to the WIPP repository
using the TRUPACT shipping container. Model analysis indicates
that safety considerations are adequate to transport loads on the
order of 1000 curies. The curie limit arises from the regulatory
requirement that the shipping vessel be capable of containing the
pressure buildup from gas generation over the time period of one
year. Since the nominal shipping time from SRP to WIPP is only a
few days by truck or several weeks by rail, the regulation on
vessel pressure is quite conservative. The SRL analysis essen-
tially confirms the DOE assessment of the TRUPACT shipping
container.

The computer model is available from the author of this report

both as the BASIC source code (TRUGAS.BAS) and as a complied
program (TRUGAS.EXE) designed to run on IBM Personal Computers.
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FIGURE 4. Measured and model predicted concentrations of
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for SRP TRU Waste Drum No. 120
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FIGURE 5. Measured and model predicted concentrations of
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FIGURE 6. Measured and model predicted concentrations of
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FIGURE 14, Model simulation of the pressure within the

TRUPACT shipping container with and without
a recombiner catalyst present
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FIGURE 15. Model simulation of the hydrogen gas concentration
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drums within the TRUPACT shipping container without
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recombiner catalyst present
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APPENDIX

NUMERICAL METHODS

Equations (1), (2), and (3) presented in the Gas Generation
Model and Gas Transport Model sections of the report are solved
numerically for each gas present in the drum. A finite differ-
encing scheme based on a Crank-Nicolson implicit method was
employed in the numerical calculations (10). The method was found
to be stable and accurate for this set of equations with time steps
on the order of one hour. The accuracy of the calculations was
verified by comparing model results to analytical solutions for
certain simplified cases.

Assuming that the ideal gas law applies, the gas concentration
can be related to the partial pressure as:

c(i,k) = P(i,k)/RT 4)
where R is the gas constant and T is the absolute temperature.

Combining Eq. (4) and Eq. (3) leads to a simplified expression for
the molar gas flux as:

J(i,k) = K(i,k)*[P(i,k) - P(i+l,k)]/X(i) (5)

where

K(i,k) = D (i,k) + Do(i,k)*Y(i)z/RT (6)

and it is assumed that the transport path lengths Xp(i) and X, (i)
are equal to the material thickness X(i).

Equation (2) may then be rewritten as:

w(i) ﬂ"-fl-i-’-k-)-l = 6r(i,k) + u(i,k)*[P(i+1,k) - P(i,k)]

- u(i~1,k)*[P(i,k) - P(i-1,k)] 7
where w(i) = V(i)/RT and u(i,k) = A(i)*K(i,k)/X(i)

It is then required to solve a system of coupled differential
equations of the general form shown in Eq. (7) for each volume
element i and each gas species k. As a further simplification, it
is assumed that the transport of each gas species occurs inde-
pendently of the other gases present. Therefore, the system of
equations for each gas can be solved independently.
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At time step n, a stable implicit numerical approximation to
Eq. (7) can written as:

w(i)*[P(i,k,n+l)

P(i,k,n)]/At

+

Gr(i,k) + u(i,k)*[P(i+l,k,n+l) + P(i+l,k,n)]/2
- u(i,k)*[P(i,k,n+1) + P(i,k,n)]/2
- u(i-1,k)*[P(i,k,n+l) + P(i,k,n)]/2
+ u(i-1,k)*[P(i-1l,k,n+l) + P(i-1,k,n)]/2 (8)
Multiplying through by At, letting a(i,k) = u(i,k)At/2, and
collecting terms yields:
-a(i-1,k)*P(i-1,k,n+l) + [w(i) + a(i-1,k)
+ a(i,k)]*P(i,k,n+l) - a(i,k)*P(i+l,k,n+l) =
Gr(i,k)* At + a(i-1,k)*P(i-1,k,n)
+ [w(i) - a(i-1,k) - a(i,k)]*P(i,k,n) + a(i,k)*P(i+l,k,n) (9)
Some additional simplification is possible by solving for the
sum of the pressures at the two time steps
s(i,k,n+l) = P(i,k,n+1) + P(i,k,n) (10)
Introducing Eq. (10) into Eq. (9) yields:
-~a(i-1,k)*8(i-1,k,n+1) + [w(i) + a(i-1,k)
+ a(i,k)]*s(i,k,n+l) - a(i,k)*S(i+l,k,n+l) =
Gr(i,k)*At + 2w(i)*P(i,k,n) (11)

Equation (11) is the usual tridiagonal matrix form that arises from
a Crank-Nicolson finite differencing scheme. The index i varies
over all volume elements and terms that evaluate to i = 0 are not
included in the solution. When i = I for the final volume element,
the pressures P(I+l,k,n+l) and P(I+l,k,n) are the known ambient

values, P(0,k), and the constant term
-a(1,k)*S(I+l,k,n+l) = -2%a(1,k)*P(0,k)

must be shifted to the right hand side of Eq. (11).
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Equations (11) and (10) are solved over all of the volume
elements for each gas species at each time step. Efficient numer-
ical methods exist for the solution of tridiagonal systems (10) and
the model can easily be extended to include additional volumes
around the waste drum. For long term simulations, time steps of
one hour were commonly used without difficulty. The implicit
numerical approximation should be unconditionally stable.

The total pressure within the volumes is calculated as the sum
of the individual partial pressures. When two or more volumes are
connected by a filter vent, the pressure is equalized between the
volumes and the gas partial pressures adjusted for the change in
total pressure. While a slight pressure differential may occur in
some cases with filters present, attempts to more exactly calculate
the small volume pressures were too time consuming for practical
model applications.

Equation (7) can be solved immediately for the steady state
solution by equating the right hand side to zero. This gives a
set of equations for each gas species that can be combined to show
that:

He— r-

Ps(i,k) = Ps(i+l,k) +
m

Gr(m,k)/u(i,k) (12)
1

where Ps(i,k) is the partial pressure of gas species k in volume
element i at steady state. Equations (12) can be easily solved

by starting with i = I and Ps(I+l,k) = Ps(0,k) and working backward
to 1 =1.
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