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ABSTRACT

The proposed national high-level nuclear waste
repository will be designed to store approximately 70,000
tons of commercial spent fuel, but other forms of waste
will also be considered for ultimate storage at this site.
Plutonium in the form of PuOj may be added to
borosilicate glass for ultimate disposal in the repository.
The maximum amount of ths fissile that may be added to
a glass "log" will be limited by its ability to sustain a
chain reaction.

In this study, the removal of neutron absorbers from a
glass log and the subsequent possibility of water
infiltration were studied to find corresponding neutron
multiplication factors. Weight fractions of 1%. 2%. and
3% PuO, were analyzed in die study. The results show
the m«tmiim amount of plutonium fissile that may be
safely added to a glass log under conditions that lead to
leaching of the principal neutron absorbers from the glass.

I. INTRODUCTION

Many studies of the proposed high level nuclear waste
repository at Yucca Mountain. Nevada have concentrated
on die problems associated with the storage of commercial
spent fuel from pressurized and boiling water reactors. A
fraction of the waste destined for long-term storage will be
defense high level waste with quantities of fissionable
Plutonium. Current plans call for placement of PuO3 into
borosilicate logs housed in dun walled 304L stainless steel
canisters. High ratios of boron and lithium, two neutron
absorbers, in the glass are expected to ensure that the
plutooium wastes will never attain criticality.

McKibben. et al1 showed that for piutonium mixed into
solid, dry borosilicate glass, a maxitwim weight percent of
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15% PuO; would lead to critical conditions for an
infinitely large sample of the mixture. As die waste glass
ages, there is a possibility that glass corrosion may lead to
the creation of water-filled po t s or voids. Water is a
source of hydrogen, an excellent neutron moderator, that
significantly increases the possibility of a chain reaction.
The work by McKlbbon concluded that a replacement of
10% of die glass material by water led to an increase of
k^ of 0.25 over the case of solid glass.

With a half life of 24,360 yean, die decay of
fissionable plutonium-239 will decrease die possibility of
a criticality event over the lifetime ol die repository.

A potential criticality problem also exists in die event
that boron and lithium leach from die waste/glass mixture
over time and are replaced by water. At die request of me
National Academy of Sciences2, values of the effective
neutron multiplication factor, k ^ were analyzed for
plutonhim wastes in a borosilicate glass wim a set of
specific assumptions.

The following question was posed. What is die
maximum amount of fissile plutonium that may be placed
into a glass log widwut exceeding die criticality standards
set form in 10 CFR 60.131 (7)? The test case assumed
that all lithium and boron oxides in die borosilicate glass
were removed by preferential leaching and that die
remaining void fraction was filled widi a varying
percentage of water. These tests were to be based on a
single log placed into a vertical borehole as described in
the Yucca Mountain site characterization plan.3

In this study, vitrified plutonium waste in a tuff
repository was analyzed for criticality in several cases that
included die absence of a container wall, flooding of the
surrounding air gap, loss of poisons, and fractional filling
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with water. The results indicated that the amount of PuO,
necessary to cause criticaiity significantly decreased with
water intrusion.

II. Theoretical Analysis

The ability of a vitrified plutonium waste to sustain a
chain reaction is expressed in terms of an effective
multiplication factor, k^, according to:

NL (1)

The non-leakage probability, P^, is a function of the
geometric buckling, B, and the migration length for fast
and thermal neutrons, M:

I
l*B2M2

(2)

For an infinitely large sample, of waste, the non-leakage
probability is zero. For a cylindrical container, the
buckling is:

(3)

where z, is die extrapolated height of the canister and R,
is me extrapolated radius. For a cylindrical canister with
a steel walL die analysis requires die solution of a
transcendental equation.4

Neutron multiplication occurs when the value of k^
exceeds 1.0. For sa£:?y, 10 CFR 60.131 (7) will require
a 5% safety margin in the design of any waste storage
system.

For this study, a neutron criticaiity code, KENO5a4 was
used to determine values of the effective neutron
multiplication factor, k^ Hand calculations provided
number densities and sigma-p corrections were made
according to the technique described by Landers and
Petrie.5 KENO5a4 has been used for studies of spent
commercial fuel in the presence of water."

IH. DESCRIPTION

A. Waste Form

The canister used in this analysis is depicted in figure
1 and was composed of a 3 meter high, 0.60 meter
diameter 304L-SS container with a wall thickness of 10
mm. The canister was surrounded with a 30 mm wide air
gap and placed vertically into a borehole. The borehole
was surrounded with volcanic tuff with a porosity of 25%
and die composition given in table 1. To determine the
worst possible critical case, it was assumed that the tuff

was fully saturated. Tests were made with the air gap dry
and with the gap completely flooded. In these
simulations, the waste canister, the canister wall, and air
gap were surrounded by a cube of volcanic tuff 10 meters
on each side.

Revisions to the original site characterization plan will
call for die placement of 4 glass logs in drift-emplaced
waste canisters. This study was limited to die original
borehole model.

B. Borosilicate Glass

SRL-131 borosilicate glass was used in the model wim
a composition described in able 2. The table includes
molecular weights and the macroscopic absorption cross
sections, 2 , , for each component in the glass. Varying
quantities of PuOj were added to die glass ranging from
1% to 3%. The glass contained two principal neutron
absorbers, boron in die form B,O, and liduum in die form
Li,O. The volume percentages of each of these oxides are
12.6% and 4.9% in die glass.

In a geologic repository, it will take a long period of
time for ute canister to be breached, to be resaturated wiw
water, and for die neutron absorbing compounds to be
removed from die container. It was assumed that decay
heat no longer existed at this point and liquid water
entered pores in the borosilicate glass created by die
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Fig. 1 Waste Container for Vitrified
Waste. Air Gap, and Surrounding Tuff



leached neutron absorbers. Without exploring the
mechanisms that could lead to the elimination of the
poisons, the worst case impact on criticaiity will occur if
these poisons are removed entirely and if the void space
left in the glass became flooded. To explore this worst
hypothesized case, estimates were made of kj, for various
degrees of flooding in die void space.

ID. RESULTS

Computer analyses were conducted for 1%, 2%, and 3%
PuOj by weight in borosilicase glass. The computational
uncertainty was on the order of ±0.004.

For die 3% case, the boron and lithium content of die
glass was sufficient to suppress k^ to 0.115 for an intact
canister wall with dry tuff and a dry air gap. By flooding
the gap and saturating the surrounding volcanic tuff, the
multiplication factor dropped slightly to 0.088. Due to
computational uncertainty, this change was not significant
and indicated that air gap flooding caused very little
change in criticaiity. Assuming that the canister wall
corroded and was removed from the site over time, k*
increased slightly to 0.091 for fully flooded conditions.
The borosiiicate glass did an excellent job of suppressing
criticaiity under these conditions.

By assuming dust both die liduum and boron oxides
were removed from die vitrified waste, approximately
17.5% of the canister volume became available for water
intrusion. Simply removing the these important neutron
absorbers increased the multiplication factor to 0.S9.
Water added to die void fraction dramatically increased
k^ to 1.08 in die worst possible case. The results are
shown graphically in figure 2. As seen in die figure, the
point at which k*, exceeded die NRC limit of 0.9S
occurred when nearly all available void space was filled
with water. The data showed mat this limit was attained
when 12.2% of the original waste volume was filled with
water.

Figure 2 also includes results for 1% and 2% PuO:.
The value of k^ was 0.034 for 1% plutonium oxide under
dry conditicns with all neutron absorbers and the canister
wall intact By filling the gap widi water, only, k^
decreased to 0.015. Removal of the wall raised the value
to 0.032. Critical conditions were impossible to reach
with 1% PuO: in the available pore space in the absence
of die lithium and boron oxides.

For 2% PuO:, a completely dry canister produced a k^
of 0.080. A maximum value of 1.054 was reached for a
completely flooded glass (with lithium and boron oxides
removed), and the NRC limit of 0.95 was reached when

13.6% of the canister voids were flooded.

IV. CONCLUSIONS

The data demonstrated that critical conditions existed in
vitrified plutonium waste canisters only when all poisons
were removed from die waste and water filled a
considerable volume of the resulting void. A lthough this
situation would not likely occur in a geologic repository,
the addition of less water soluble neutron poisons would
ensure mat the effective neutron multiplication factor
never exceeds 0.95. This study suggests that the
mechanisms that might lead to die differential removal of
lithium, boron, and plutonium from die borosiiicate glass
should be further studied.

The test runs also showed dot sanitation of the toff and
flooding of die air gap surrounding die waste canister have
very little impact on die criticaiity of the vitrified wastes.
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NOMENCLATURE

B geometric buckling
kett effective neutron multiplication factor
k» infinite multiplication factor
M migration length
PKL non-leakage probability
R, extrapolated canister radius

z0 extrapolated canister height

£ , macroscopic absorption cross section
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Composition of Volcanic Tuff

Component

SiO,

AI3O3

Fe,O,

FeO

MgO

CaO

Na,0

K,0

others

Sum:

Percentage

i59.7

15.6

1.1

0.58

0.64

11.1

4.1

6.6

0.158

100.0

Density of Volcanic Tuff: 2.2gfanJ

Table 1
Composition of Volcanic Tuff (from Weren. et al1)

Borosilicate Glass: SRL-131

Components

BA

Fe,O,

1 * 0 ,

LijO

MgO

Na,0

SiO,

TiO,

ZrOj

Sum:

Percentage

12.6

14.3

0.4

4.9

1.7

15.2

49.6

0.9

0.4

100.0

Molecular Weight

69.62

159.69

325.84

29.88

40.32

61.98

60.09

79.90

123.22

S . (cm1)

1.852

0.00318

0.000148

0.1556

0.0000360

0.00176

0.00179

0.000885

0.00000792

Glass Density: 2.25 g/cm3

Cross sections are valid for 2200 m/s neutrons.

Table 2
Composition of SRL-131 Borosilicate Glass (from Schreiber, et al*)


