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NCAPSULATION OF NCELE FISSION PRODUCT GASES IN SOLID MEDIA

PRIOR TO TRANSPORTATION AND STORAGE

W. E. Ciarx R. E. Blanco
ABRSTRACT

The encapsu:ation of fission product gases in various solid media
is being considered ot ORNL as a goassible method for immobilizing
these goses during interim storugz, transportation, and ultimate storoge.
This type of in-mobilization would decrease the possibiiity of the un-
controlled release of such materials. In the study reported here, three
media — glass, plastics, and metals — were investigated for use in en-
capsulation. The combination of known techniques ond extrapolated
te.t results showed that gas loadings of up to 50% of those currently
obtained in cylinder storage are obtainable by using either pressurized
steel bulbs or molecular sieves in a matrix of epoxy resin. Loadings of
up to at least 7.5% should be obtainable by direct dispersion of the
gases in glass. Other possible encapsulation methods were also con-
sidered, and the advantages and limitations of each are discussed.

The volumes of fission product gases produced in reacicrs fusiea
wiih 2%y (LMFBR), 233G (Mt BR), and 239U (PWR-1) wer: estimated.
It was assumed that tritium and icdine will be separated from the noble
gases and will be converted to stable solid compounds for permanent
storage. The combined volumes of krypton and xenon are considered
to be 25.0, 27.6, and 30.9 liters (STP) per 1000 Mwd for the LMFBR,
MSBR, and PWR-1, respectively. The volumes of xenon and krypton
generated daily in a 5~metric-ton-per—doy reprocessing plant for
LMFBR fue! represent about 81% of the capacity of a standard gas
cylinder. if the relatively short-lived xenon were separated from
krypton, the daily volume of krypton would occupy less than one-tenth
the volume of c standard gas cylinder.

Bosic techrology is already available for encepsulating radio-
active gas in solid matrices to yield a final product containing 25 to
50%, by volume, of the gaseous component. Engineering and economic
evaluations are needed to determine whether the added scfety factor
obtained by immobilizing suc’~ a gas wamrants the additional expense.







1. INTRODUCTION

The growth of the nucliear power industry has resulted in an increasing awareness
of the possible cumulative effects on the environment of the release of even very low
levels of long-lived radioisotopes. Whereas high-level radioactive wastes have always
been carefully stored under surveillance, it has been customary te either discharge
low-level streams directly to the environmert ar to give them the minimum treatment
necessary o decrease the activity below specified levels. With an increasing number
of nuclear power plants and the resultir.g fue! reprocessing facilities, more efficient
rermoval of radioactive components from off-gos streams will be necessary to meet
Federal and USAEC regulations cnd to prevent a buildup of the long-lived radionuclides

in the environment.

Ncrmally, industrial gases are stored and trarsported in steel cylinders under
pressures up to about 2600 psig at 70°F. The shipment and the handling of such
cylinders require precautions because of the potential for rupture and sudden release
of pressure. Storage and transporiation of highly radioactive gases in cylinders require
secondary containment that is rugged enough to prevent the escape of these gases
during the following sequentiai tests:‘

(1) a 0-ft fall onto an unyielding surface,

(2) ¢ puncture test comsisting of a 40-in. fall onto the end of an unyielding

vertical steel bar,
(3) exposure for 30 min to a temperature of 1375°F, ond
(4) immersion in 3 ft or more of water for ot least 24 nr.

The purpose of our studies was to investigate the rechnical feasibility of either
solidifying the fission product gases or of dispersing them in stable solid media as o
means of minimizing the hazards in case of an accident and/or reducing the size,
complexity, and cost of the secondary shipping container. Another advantage of
solidification or dispersion would be increased safety against acciderital release

during interim and final storage. This report summarizes the results of our scoping
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tests, compares the various proposed methods for secondarv containment, and contains
estimctes of the amounts of radioactive gases expected to be generated by the re-

processing of reactor fuels.
2. ASSUMPTIONS FOR SURVEY AND SAFETY CRITERIA

The long-lived radicactive isctopes found in gaseous waste streams from reators
]29 1 1ﬂ7 3| [ 4
]

and nuclear fuel reprocessing plants — i \r] /n= 1.6 x 10 years), H \i]/2 -

85

12.26 yearsj, and ~ Kr (f]/2 10.76 years) — are of primary interest. Since sepcration

of stable and radioactive isotcpes may not be economically attractive with present
technology, the stakle isotopes must be included in the voiumes of gases to be treated
and stored. All fission product isotopes of xenon are relatively short-lived (ti/?. E
12 days). Xenon can, therefore, be safely released after a holdup pe-iod of a few
months (Fig. 1). In order to obtain minimum storage volumes, iodine ana tritium must
be separated from the noble gases and converted to stable solid compounds for storage.
Xenc:i shoulc be separated from klypton?-4 and then eventually be released to the
atmospherz after decay to an acceptably low level. This leoves only krypton to be
stored as a gas for long periods. Our scoping studies were, therefore, primarily de-

signed to test the feasibility of encapsulating the noble gases, specificaily krypton.

Kryptcn is now separated from xenon and other off-gases at the Idaho Nuclear
4
Corporation Plant, ~ where it lS stored in conventional gas cylinders at pressures up
to 2000 psig at 70°F (21. l°C) The major fraction of the stored gas consists of staple
isotopes. After a 1-day decay period, essentially all of the remaining activity is
85

from  kr.

We hkave assumed (1) that the separation of stable and radicactive isotopes of
the same element will not be economically attractive in the near future and (2) that
85!(:' constitutes 7.76% of the total amount of krypton (LMFBR core). For purposes
of compariscn, we have defined a "standard gas cylinder"* (ICC-3A2000) os &

*ICC reguiations do not specify cylinder volumes. These vary appreciably even fer

the same general class oficylinderu In this report, we have assumed a cylinder having

a nominal {ength of 51 in. (exclusive of valve and va!ve shield) and a nominai OD

of 9-1/8 in. Thls cylincder corresponds in size to that of a cylinder somehmu. called
a "K" cylmder o
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cylinder having an absolute volume of 40 liters at 70°F (21.1°C). At the ratzd pres-
sure of 2000 psig, this cylinder will contain 5089 liters (179.7 ff3) or 227 g-moles of

gas at STP. This approximates current storage conditions at the Idaho plonf.s The

internal heat generated by 85Kr on removal from the reactor will be 2150.2 Bfu,/hr'ffB;*

ond the total absorbable radiation energy during complete decay will amount to 4.35

X 10]8 ergs. Of the radiation energy, all excepi 5.41% i. attributable io the 0.67-Mev

beta emission.7 The small gamma component has an energy of 0.52 Mev. More than

99% of the radiation wiii, therefore, he obsorbed inside the container.
3. ESTIMATED VOLUMES OF FISSION PRODUCT GASES

Estimates ara made for gaseous wastes produced by the reprocessing of fuels from
three tyoes of reactors: the liquid metal-cooled fast breeder reactor (LMFBR), the
molten salt breecer reactor (MSBR), and the pressurized water reactor (PWR=1). These
estimates are based upon recent computer calculations and are subject to change as
more exact information becomes avaiiable. In the cases of the LMFBR and the MSBR,
minimum amounts of jaseous impurities derived from the fuel are o!sc estimated. How-
ever, these estimatec inpurities may be negligible os compared with the impurities

that will be present as a resu!t of in-leak.oge.

3.1 Cose 1: The Liquid Metai-Cocled Fas* Breeder Reactor (LMFBR)

The anmcunts of xenon, krypton, and icdine expected ro be present during the
reprocessing of an LMFBR core after cooling times of 0 to 30 days (Fig. 2) were cal-
culated using the RIBDOR code, based on the operation of the Atomics Internaticnol
reference LMFB3R at an average specific power of 150 Mw(thermai)/metric ton for
540 days.8 The amount of tritium produced was calculated from the fission yields

o,

9
recommended by Dudey. The largest uncertainty among the individual constituents

is in the value for tritiurn, which does not include any allowance for (n, p) reactions

*Provision must, therefore, be made for heat dissipation.

**Tritium_is generated by the thermal and fast fission of 239Pu (yield about 0.00024%)

and 235y (yield about 0.00012%).
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Fig. 2. Change in Amounts of Fission Product Gases After Reactor Shutdown.

LMFBR core and blankets, 33,000 Mwd in 540 days.
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ir the clodding and, in this respect, repr2sents a minimum value. However, the
contribution of tritium to the total amcunt of gases is negligible either with or with-
out the product of the (n, p) reactions.

The amounts of ‘vater, carbon dioitide, carbon, hydrocarbons, and nitrogen (see
Table 1) estimated to be present during processing are based on the snecifications
suggested by Olsen for impurities in the fuel. 10 It is assumed that the hydrocarbon

'Frnrl»u\n 1c nn l"-\n ‘f\r"‘ n‘ mothn o ( e '&h

form that would give the maximum ga

volume on oxidation) and that this is converted entirely to C02 and H20. It is

assumed that all the carbon is converted to C02.

The volumes of xenon and krypton estimated to be generated per 10CO0 Mwd are

22.4 liters and 2.59 liters respectively; the estimated quantities of iodine and tritium

A A e maba

are 5.72 x 10-2 g-moles and 1.08 x 10'-3 g-moles, respectively. If both xenon and
krypton were stored or encapsulated, the output of a 5-metric-ton-per-day plant
would represent about 81% of the volume of a standard gas cylinder (see Sect. 2) at
2000 psig and 70°C. If the xenon were serarated from krypton and were released to
the atmosphere after holdup and only the krypton were stored, only about 9% of a

standard gas cvlinder would be required per day.

3.2 Case 2: The Molten Salt Breeder Reactor (MSBR)

The molten salt reactor considered here is a single=fluid breeder containing

2B, (71.7-16-12-
0.3 mole %). ]THe assumed power level is 2250 Mw(thermal), ond the volume of

1461 ft3 of fuel salt of the nominal composition LiF- Bt':c ThF

volatile p'cd“fs is caiculated both for one day's operation at the planned power
level of 2250 Mw and for 1000 Mwd (Tab'e 2). 2

Noble goses and tritium* are continuously removed from tha rezctor by a helium

purge. Largé quontiﬂesiof other fission products (tellurium, noble metals, etc.) are

Zritil :m |s3produred by the Ln(n, a n)3H reaction and in smaller quontities by the
Li(n, @)°H reaction. -
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Table 1. Amounts of Gases and Potentially Volatile Materials Estimated to be Present During the
Processing of LMFRAR® Core

Daily Quantity Quantity par
From S-Metric-Ton Metric Ton Quantity per
Constituent Assumed Form (U+ Pu)/day P!=nt (U + Pu) 1000 Mwd
Fission Product Gases
ot 30 Days Cooiing
Tritium, g-moles SHHO 0.028 0.179 0.00105
Krypton, lite:- (STP) Kr 85.4 427.1 2,59
lodine, g-moles I 1.89 9.43 0.0:72
- Xenon, liters (STP) Xe 739.2 3696.1 22.40
Helium (bonding),? liters (STP)  He 86.0 429.8 2.62
Estimated Impurifies,c liters (STP)
Water (50 ppm) H,O 70.7 353.3 2.14
Carbon (100 ppm) Céz 212.0 1060.0 6.42
Hydrocarbons (50 ppm) CH4 = COy + 2H,0 238.5 1192.5 7.23
Nitrogen (50 ppm) N, 45.4 227.1 1.38

%Atomics International Reference Oxide LMF&R. Burnup: core - 80,000 Mwd); axial blanket - 2500 Mwd; radial
blanket (undifferentiated) - 8100 Mwd. Fuel weight (in metric tons): core - 12.027; axial blanket - 7.318; radial
blanket (undifferentiated) - 26.564.

bFor core and axial blanket, the volume of helium is estimaied to be equal to the volume of the oxide fuel; for the
ra dial blanket, it is estimated to be equal to 0.05 of the volume of the oxide fuel (A. R. Irvine, ORNL, personal
communication, Nov. 20, 1968).

CFU?’I specifications {ref, 10) state that the volume of gas evolved from the fuel on heating to 1800°C is less than 0.03
em~/g. This would include water, Ny, hydrocarbons, and all adsorbed or entrapped atmospheric gases. 1t does not
allow for oxic'ation of carbon or of hydrocaibons. Total impurities listed here are roughly ten times the specified
maximum "gas content,” which would be 56.8 !iters/metric ton (U + Pu).




Table 2. Amounts of Gases Estimated to be Present During the Continuous Processing
of MSBR Fuel Salt®

Power - 2250 Mw{thermal)
Salt Discard Cycle - 800 dove
Continuous helium sparge, 20 scfm

Amounts per Day

from the Reactor Amourt:
After a Holdup Time (@i 30 days)
tiement Assumed Form of 30 doys per 1000 Mwd
Fission Gases
Tritium, liters (STF)  “HH or SHF 0.132 0.059
Krypton, liters (STP) Kr 15.0 6.7
Xenon, liters (STP) Xe 47.1 20.9
lodine, g-moles , 0.134 0.05%94
Estimated lmpurifies,b liters (STP)
| Water (100 ppm) HF 48.2 21.4
E Sulfur (10 ppm) 1 atom/molecule 1.35 0.60
i =
Helium Sparge Gas, liters (STP) 8.16 x 107 3.63x 10°

~— — e

“Fuel salt has the nominal composition: LiF-Ber-ThF4-233UF4 (71.7-16-12-0.3
mole %).

bJ. H. Shaffer, ORNL, private cemmunication, Oct. 15, 1968. The amount: of

impurities listed here fall within the limits specified (i.e., water is 10% ot the
specified limit, and culfur is 40% of thz specified limit) for fuel components in
ref. 13. These amounts of impurities may decrease with recycle of the fuel.
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also removed by the purge gas, but are believed tc be in the form of entrained solids
rather than volatile compounds. Tellurium, in turn, decays to iodine. Most of the
iodine is retained in the fused fuel sa't and is released in the processing plant during
the fluorination step to recover urcn.um. A large percentage of the total volume of
noble gas is produced by the decay of these entrained elemeits. Minute amounts of
the fission product gases can be expected to appear at two or three poirts in the
various reprocessing side strears; however, their contribution tc the volume of the

gas to be processed will be negligible.

3.3 Case 3: Pressurized Water Reactor (PWR-1)

Fission product gas dafo8'9 for a PWR are listed in Table 3. No estimate was
mode of gases that would be produced from impurities ir this fuel. However, the
amounts of gases estimated to be produced by fuel impurities for the LMFBR (see
Table 1) are indicative of the order of mognitude of the amounts which can be ex-
pected for a PWR. A total of 30.9 liters of noble gases (Xe and Kr) is generated
per 1000 Mwd of burnup.

4. ALTERNATIVE METHODS FOR SECONDARY CONTAINMENT

4.1 General Considerations
Altemative secondary containment methods include:

1. Double containment by simple mechanical means. The containment cylinder
can be enclosed in.a secondary pressure vessel fabricated of metal or other
material. If warranted, a layer of shock-absorbing material can be placed

between the containers.

2. Enclosure »f gas in small containers (capsules) of metal, glass, etc., which
are then incorporated in a suitable matrix of glass, metal, plastic, concrete,
etc. Fracture of the exterior container would resulr in breakage of none, or

only a few, of these primary containers. The sfosdge of gas in zeolite



Table 3. Amounts of Gaies Estimated to be Present During the Reprocessing of PWR-1 Fuel

Basis = | metric ton uranium
Bumup - 20334.0 Mwd in 605 days

Amounts at Amounts (at 30 days)
Element Assumed Form 0 doys 30 days 1 year ‘per 1000 Mwd
Tritim, g=mole 3HH or SHHO 0.00138 0.00135 0.00132 0.00069
Krypton, liters (STP) Kr 65.0 65.0 64.7 3.20
Xenon, liters (STP) Xe 563.1 563.6 563.6 27.72
lodine, g-mole | (. 607 0.58 0.59 0.029

2

i

[ X
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strucfuresé' 14 or in ciathrates is considered to be a variation of this
method.

3. Dispersions of gas in a solid matrix (i.e. as bubblses in glass, metal, plastic,

etc.). In a very viscous mairix (e.g., molten glass), the release of activity

would be slow even ot high temperatures.

There are several reasons why the formation of compounds or adsorbates cannot

oresently be comsidered @ o mears of sforing noble gases. For exempie, none of the

known compounds of krypton are stable ot temperatures higher than about 50°C. 15
Moreover, adsorbates must always be in equi!ibrium with the free gas and the re-
quired pressure of the free gas rises rapidly with increasing temperoture. On the other
hand, there is o possibility that either compounds or adsorbates could prove useful as
intermediates in the formation of dispersions although, ot present, other methods of
generation appear to be more satisfactory in this respect. All methaods of containment

must make provision for the contimous removal of decay heat. An excessive risc in

temperature will, of course, result in a ropid rise in the pressure in the containe.r.

In estimating the amounts of gas that can be shipped or stored in various forms
(Tocle 4), we have assumed that the encapsulated gas within the matrix is stored in
a container of the sc me shape and size o= that of Gui sfandard gas cylinder; thot is,
encapsulation is used only to in:rease the sofety factor, not as a substitute for the
gas cylinder. Thus, the cylinder becomes the secondary containment barrier, while
the encapsulating medium becomes the primary barrier. In the evert that the
secondary barrier is breached, a neglijible amount of gas would be released aof low
temperotures and anly a slow release would occur at temperatures where the inedium

is molten.

4.2 Factors Affecting Choice of Matrix

Glaoss, plastics, and metals have been suggested as ratrices for encapsulating
' . ]6 [ d Ll [ . L
‘radioactive gases. ~ The ideal mcterial would be mechanically strong, exhibit

stability when exposed to heat and to radiation, and have a sufficiently high themal




Toble 4. Conditions for Storing or Shipping Encopsuloted Noble Gases

Sikcndord Litens

Encopsulation Encepsulation
Pressyre Tempercture of Gos per liter
Type of Storoge (psig) (°Q) of Storoge Volume Remorks
A. Cylinder Storage

1. Maximum 2640 211 167.7 ICC-3AA 2400 (or "T" cylinder
with 10% overlood pressure.

2. Acival 2000 21.1 127.2 Approximotes conditions ussd by
idahc Nuclear Corp. Plart.

B. Dispersions (“Fooms"™)
1. Inglos
25% by voiume 14.7 550 0.085 Experimenici; up o ZG%x n
polybutene; 23% in glass.
1469.6 550 8.35 Calculated.
50% by volume '469.6 550 16.6 Calculated; very speculative.
2. In epoxy resins
67% by volume 14.7 100 0.732 Experimental; top of resin only.
Limited by imrodiation - - 292 Colculoted; assuming o rodiation
dose of 2 x 10'0 roos.
C. Entrapment

1.  In molectiar sieves 62,500 350 168 Linde patent (pores need seol-
ing).

2. In clothrotes 294 95 £7.7 Experimental (iitercture);
probobly limited by heat ard
irradiation levels.

3.  Insteel bulbs encap-

suloted in resin, gloss,
or metol 1500 21. 538 Calculoted wsing commerciolly
avoildble gas bulbs of 29.5—cc
volume eoch.
D. Combination:

I. Molewlor sieve in glass

2. Molealor sieve in metal

3. Molecavlor sieve in resin

Not satisfactorily demonsirated.
40% of tropped gas apparertly
retained in one experiment.
Relative volumes, best gloss
compositions, ond annealing
cycles undetermined.

Essentially untried. One ex-
periment showed 1.8% of en-
trapped gas retoined ot atmms-
pheric pressure in Wood 's metal.

Negligible gos lost during en-
capsulation. Metal (e.g., Al)
filler proctical up to 50% by
volime of resin. Matol improves
thermal ~onduck vity, strength,
ond rodiotion resismance. Esti-
mated maximum volume of gas =
64 standord liters per liter of
storoge space; if limited fo o
maximun. rodiaotion dse of 2 x
1010 rod, the storage volume

2 13.9 stondord liters per liter

of storoge spoca.
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conductivity to allew rapid dissipation of deczy heat. If exposed to temperatures
greatly in excess of those designed for (see Sect. 1), it would be helpful if the material
melted to yield ¢ stable, viscous liquid from which the entropped gas would escape
only slowly, if ot all. It would also be convenient if the encapsulation process could

be carried out ot ambient temper-tures.

4.2.1 Glass

Glass is the outstanding candidate from the standpoint of fc:ming o viscous fluid
on melting. The mechanical strength of large blocks of it is high, and enclosure in ¢
steel cylinder would supply the necessary reinforcement to prevent widespread shat-
tering. However, the relief of the thermai stresses resulting from differentiol coef-
ficients of expansion of the glass and the contairer might be a problem. These stresses
can be minimized by the selection of giass with the proper combination of expansion
coefficient and annealing characteristics. Glasses that soften at almost any desired
temperature are available. Unfortunately, many of the types with iow melting points
contcin some material (e.g., water) that will decrease the radiation stability; also,
many show c rapid decrease in viscosity as the temperature is increcsed. This latver
property can be very helpful during the encapsulation process but will result in more
rapid loss of gas on remelting. Some glasses suffer failure on exposure to irradiction
because of the buildup of an electrical charge, which eventually resuits in a sudden,
severe cracking. Such failure can be avoided by using a glass that is a comparatively
good conductor of :iectricity. Asis evident from these considerations, the selection

of a glass with all of the desired characteris'ics may be difficult.

4.2.2 Plastics

The most obvious shortcoming of plastic as a matrix is its relatively poor resistance

to radiation and high temperatures. We can readily obtain plastics that exhibit satis-

factory mechanical propsities after absorbing total radiation doses as high as 2 x 1010

rods.]7']8

by a resin (density, 2.5) in contact with a 50% (by volume) dispersion of fission product

This is roughly an order of magnitude less than the calcuiated dose received
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krypton, assuming compiete decay and 100% absorstior of energy by the plastic.
Radiation damage alone would, therefore, rule out the dispersion of krypton directly
into plastics unless materials with greater radiation resistance become available. Tre

relatively pour thermal conductivity of plastics constitutes another limiting factor.

Although some plastics have been reported to be useful at temperatures up to 500-700°C, 7

most of the proposed uses were of short duration. Fer storage purposes, the mater’al

must have Icng-tem stability and undergo very slight weight loss at storage temperatures.
Epoxy resin systems can be readily developad to provide long-time service life ot
temperatures up to 150°C; special epoxy systems for use at temperatures up to 180°C
have been developed. At temperafures in excess of 18G°C, service life is considerably

red'uced.z]

The use of a metol-filled plastic matrix to contain gas entrapped in capsules or in
molecular sieves (see Sect. 4.3.2) is a very good possibility. For example, consider
two hypothetical cases in which 50% of the volume of a standard gas cylinder is filled
with matrix, the other 50% being fission product krypion contained (a) in pressurized
steel capsules with a wall ot least 14 mils thick and (b) in molecular sieve aggregates

of cyiindrical shope, 1/16 in. in diameter.

The beta radiation from 8SKr would be completely absorbed and degraded in the
steel capsule. The small gamma component plus bremsstrahlung genercted during
absorption of the beta radiation in iron would result in a toial radiation dose of 8.2 x
109 rads to a resin matrix assuming decay of all the 35Kr. This is well within the
radiation doses acceptable to a number of the plastic types on which radiation studies

have been reported. 17-21

The radiation dose to the matrix from p\‘SKr entrapped in the molecular sieve cannot
be calculated exactly since commercial aggregates contain a binder of undisclosed
nature and quantity. If one assumes that only the crystalline sieve material (density =
1.99) is present, about 63,5* of the beta energy is absorbed and degraded in the sieve
and the total dose to the matrix is about 1.6 x 10” rads, olmost an order of mognitude

*This estimation was made by a method described by E. D. Ainold, ORNL, in a
personal communication to W. E. Clark. |

2
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greater than the muximura dose admirnistered in the reported fests.‘e Obviously,
testing at higher ioses is needed. There is also some question as to the relevance

of the reporied tests to storage conditions. Changes in such mecnanical properties

as flexcural strength, clongaticn, and tengent modulus, which are some of the properties
commonly tested, are useful as indicators of radiation-induced changes in the siructure
of the matrix but these mechaniral tests are probabiy mere severe than those to which
the material will be subjected. !r seems possible thai a storage matrix might prove
tont to o sicer

L]
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Dissipation of internally generated heat poses no real problem. The maximum heat
genzration from the proposed 50% gas loading cases mentioned obove would amount to
about 1075 Btu/hr'ff3. If one assumes that the surface tempeicture of the cylinder is
100°F (~38°C), and that k for the matrix is 9.435 Btu/hrft**F as reported for epoxy
resin pluz 10% aluminum powder?] the centeriine temperature would be about 187°F
(86.1°C). The value of k can be increasea Yy ¢ factor of about 2-:1/2 by iacreasing
the content of aluminum powdar to 30%. Use of aluminum fibers instead of powder
increases the conductivity even more. In laboratory scouting studies, we found that
mixtures of cbout 33% (by volume) each of epoxy resin, aluminum powder, and mule-
cular sieves could be readily hand!ed and appeared qualitatively to have good
physical properties.

Fr.n the standpoint of fabiication, the 2noxy resins are attractive; however,
some otner classes of plastice (e.g., phenolics) are rated as more rasistant to radiation.
As compared with glass cnd meta! matrices, plastics wruld require onty low *> moderate

terperotures for encapsulation.

4.2.3 Metals

Metals are the most satisfactory materials available with respect to high therma!
corductivity and mechanical strength, The meiting temperature and other physical
propertias can be varied widely by alloying. On the other hand, most metals melt

T PP
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sharply ot well-defined temperatures, and moliten metals are generally much less
viscous than glasses. Metals are, therefore, not particularly attractive as media
for direct containrment of gos bubbles, but would ke very attractive as matrices for

secondary containment of capsules, molecular sieves, etc.

4.3 Cor:parison of Specific Methods

4.3.1 Cyiis

Conditions foi the storage of krypton in cylinders have already been discussed
(see Sect. 2). The current practice at the Idaho Nuclear Corporation Plant amounts
“0 storage of 127.2 standard liters of gas per liter of storage volume.5 By using the
higher-pressure "T" cylinder (ICC-3AA2400) with a 10% overload pressure, this
could be increased to 167.7 standard liters per liter of siorage volume6 (Table 4).

4.3.2 Incorporation of Loaded Capsules, Locaded Zeolites and Clathrates into
Stable Media

Capsules. — An carly suggestion for mechanical 2ncagsulation was to pressurize
gas in smali-bore glass tubes, which would be sealed off into sausage-like s=ctions.
These sactions would then be incorp: ated into a glass matrix. Using an internal
pressure of 2500 psig for a tube with on inside diometer of £.04 in. and 0.033-in.
walls, ard assuming on inside cy!inder length equect to the inside diometer of the
tube, the calculated value for storage wouid equal 6.94 standard liters per liter of

storage volume. The use of glass contdiners at such high pressures is doubtless un-

realistic.

Commercial glass ampules (volume =2 cc each) were encapsulated in giass
(Fig. 3) and in epoxy resin (Fig. 4) in our scoping studies. These ampules, which
were very thin-walled, were filled with air ot room temperature (~ 26°C) and
atmospheric pressure. They contoined between 32 and 35%, by volume, of the total
storage volume, or betveen 0.288 and 0.315 standard liter of air per liter of storage

volume.

e
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PHOTO 96394

Fig. 3. Commercial Glass Ampules Encapsulated in Glass. Cross section
obtained by sawing through stainless steel contuiner. The encopsuloﬂng gloss
was not melted fo sufficient fluidity to remove all voids.
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Fig. 4. Commercial Glass Ampules Encapsulated in Epoxy Resin.
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A few of the ampules cracked during encapsulation in clear epoxy. It is
probable that o larger number cracked during encapsulation in the glass ot about
600°C. Steel ampules would be much more practical then glass. particularly for
encapsulction in resin or in metel. Commercially available industrial gases are
sompressed tc 1500 psig (at 21°C) in steel pressure bulbs that may have void volumes
os small as 5.5 cc. Using a similar commercial bulb,* about 54 standard liters of
gas per liter of storage space could be readiiy obtained. ke of higher encapsulation

nrocciinac nnA/N |nmar hll"'i( hhnlA M-Iu 1N Ansco tha wwaliwma Af Ooe nar s e nb
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storage space to 50% of that obtained in current practice. These storage volumes
appear to be obtainable under much safer operating conditions than will apoly whe-

glass is used as the primary container.

Encapsulation of Gas Entrapped in Z2olite Structures and in Clathrates. — Certain

zeolitic molecular sieves have pore openings that expand when the material is heated,
thereby odmitting gas molecule. larger than those which are normaiiy aliowed to pass.
Cooling of the system, whiie maintaining the pressure, causes the gas to be physically
entrapped within the sieve. Heating of the entrapped gas to encapsulation temperature
under zero partial pressure will result in the eventual release of all of the gas. As

much argon or krypton con be encapsulated in these materials as is normally compressed
into corresponding standard gas cylindel's,é']4 provided a sufficiently high encapsulation
pressure is employed. The data in Table 4 assume a pressure of 62,500 psig ot 350°C.
Caia for argon indicate that coout $0% as much gas is encapsulated at S000 psig. sing
Type A Linde molecular sieve, some leakage of the encopsulated argon always occurred;
nowever, zero leakage of krypton is claimed during 30 doys' storoge of the krypton
encapsulated in a special sieve material hoving a K/Na atom ratic of 43/6C. 14 This
entrapment technique must not be confused with the more common use of molecular
sieves as adsorbents. Aciually, it corresporas more nearly to the behavior of a clathrate;
that is, once entrapment huas raken place, the gas in the structure is no longer in

equilibrium with extemal gos but is essentially in o micro-container. Although the

*Dart No. 237 manufuctured by Knapp~Monarch Co.; volume = 20 cc.
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entrapped gos is released upon heating to 350-400°C, the sieve structure is stable
to above 700°C. Therefore, we need to find ome way of sealing the pores at

temperatures up to those ot which the sieve structure is destroyed.

In our scoping studies, we entrappec betwzen 5.7 and 6.1 cc of argon per gram
of sieve by heating the sieve to 350°C under 1000 psig of argon for 1-1/2 to 2 hr
and allowing it to cool overnight under the pressurized argon. MNMolten Pemco 41G
glass (~ 600°C) was poured onto the unheated sieve in a stainless steel tube.
Analysis of the resulting ccrnglomerate showed that approximately 40% of the entrapped
argon had been retained in the mixture. Other experiments showed that the loaded
sieve is difficult to coat with glass because the sieve releases gas rapidly at these
‘emperctures. Encapsulation of the loaded sieve in Araildite epoxy resin produced
almost no bubbling, and the few bubbles that were produced were held by the matrix.
The epoxy penetrates the sieve material readily, and most of the gas remains effectively
entrapped during des*riction of the resin with solvents and subsequent treatment of
the sieve with hot water. Products containing about equal volumes of resin, aluminum

powder, and sieve were easily prepared.

Loaded sieve encapsulated in molten Wood's metal retained about 1.8% of the
entrapped gaos (Table 4).

A similar technique would involve the preparation of a clothrate of krypton,
which could then be encapsulated in o suitable matiix. For example, a recuning
suggestion is to encapsulate the well-characterized hydroquinone clathrate (up to
57 standard liters of gas per liter of clc.ithmte)22 in plastic. Although clathrates
are thermodynamically unstable at all temperatunes,23 the hydroquinone clathrate
structure decomposes only slowly below 172.5°C, the melting point of hydroquinone.
Gas is lost rather rapidly at temperatures of 130°C and higher. The hydroquinone
clathrate of krypton decomposes more slowly than its argon counterpart. The hydro-
quinore clathrate is surprisingly stable - i}radiation; argon was lost more slowly
from samples irradiated up to total doses of IO9 rads than from unirradiated samplezs.23

This radiation phenomenon has not been adequately investigated.

—t
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We prepared the hydroquinone clathrate of krypton, a random sampie of which,
on analysis, was found to contain 6.7%, by weight, of krypton. When we encapsulated
selected crystals of the clathrate in clear Araldite epexy i=sin, a very slight reaction
occurred between the resin and the hydrogi:inone. This soon cecsed. Only ¢
negligible amount of gas was released into the resin, and no appreciable changes were

notice:: in the shape or the structure of the clathrate crystals.

i i1 depend upon ihe deveiop-
ment of clorhrates exhibiting stability to a highly radioactive environment, to the
temperatures necessary for encapsulation, and toward the matrix used. The zeolitic
moleculaor sieves proposed for entropment approximate such a nioterial. It seems
possible that true inorganic clathrates with the necessary stability can be developed

if sufficient need exists. It also seems pcssible to use organic clathrctes as inter-

mediates in the formation of gas dispersions (see Sect. 4.3.3 below).

4.3.3 Direct Dispersions* of Gas in Stable Matrices

Dispersions of gas in liquid can be generated in a variety of ways; the following
methods are being considered in this program:

(1) Agitation of the interface between liquid and gas in such a monner that
the gas is dispersed into the liquid in smoll bubbles (e.g., "blending").

(2) Introduction of the gas into the liquid in the form of bubbles that are
sufficiently small to form a stable dispersion. The two-fluid nozzle is

ote method of forming these small bubbles.

(3) Incorporation of gas-bearing materials (e.g., compounds, clathrates,
adsorbates, etc.) into a matrix, followeo by treatment to produce gas

evolution in place. Commercial foam glass is made in this manner.

*The word "disperﬁion" is considered more suitable here than "foam". Foam is
defined (Meriam-Webster, 1966) as a "light, frothy mass of fine bubbles...."
and connotes meqhanical weqkness.
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(4)  Incorporaticn of very small capsules of gas into a matrix in which the
copsule walls dissolve or otherwise lose their identity. The use of very
small glass capeules in a glass matrix would be an example of this type

of generation.

We have investigated method (1), in some detail, using Newtonian fluids
(polybutenes)* as matrices instead of materials (=.g., glass) that weuld suosequently
solidify. Our experimental arrangements inciuded ordinary laboratory stirre.s,
commercial blenders (Waring Blendor), and specially designed equipment comisting
of impeliers that were carefully machined to give accurate angles of blode pitch

and are driven from below like those of the blender.

Dispersions containing a meximum of about 25% of gas, by volume, were obtained
in both flowing and static systems. These maximum loadings were achieved only at
impeller speeds equal to, or greater than, about 5000 rpm. The maximum loading of
about 25% seems to represent the point at which the rate of bubble coalescence and
escupe becomes equal to the rate of bubbie formation in t!e systems studied {Fig. 5).
At loodings below the maximum, the loading rate increased as thz rate of power input
into the system increased (Fig. 6). Gas could be convenientiy fed into the blender
from abave (i.e., through the vortex}; bubbiing the gas through the liquid increased
the rate of loading only s!ightly and ai4 not affect moximum loading. Formation of
an open vortex reaching from the gas-liquid interface to the impeller was a critical
process. The loading rate increased instantaneously when such a vortex was formed.
The pitch of the impeller blodes was important primarily as it offected vortex formation
and power input; that is, maximum looding was independent of impeller blode pitr!
(Fig. 7), but ¢ high angle of pitct: resulted in a more rapid transfer of powzr to the

liquid and, consequently, in a more rapid attainment of maxiraum loading.

*Obtained from the Oronite Division, Chevre~ Chemical Co. The gradzs that were
studied had absolute viscosities ranging from about 1,000 to about 24,000 cenripoises
at 100°F (37.8°C). However, only the least-viscous grode wos studied at length.
More ctudies are needed to define adequately the effect of changing viscosity.
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There were indications that higher loadings might be possible with the more
viscous grades of polybutene, hut the effeci, if real, tended to be cbscured by the
decrease in viscosity ccused by the temperature rise accompanying the rapid transfer
of energy to the fluid. Additional work needs to be done to define the effect of

viscosity on gas loading.

The disoersions produced were quite stable for periods of time sufficient to
allow pouring, measurement of viscosity, etc. The dispersions were also Newtoniar

in behavior. Further details of the polybutene work are reported elsewhere.24'25

Similar experiments in which air was dispersed in lead borate glass,* using a
|laboratory-type stirrer-impeller attached to a high-speed,varicble-speed (max =
20,000 rpm) motor at temperatures between 500 and 700°C, resuited in products
that contained a maximum of 23% gas, by volume, aofter cooling. Much more sophis-
ti cated equipment must be used if closely controlled experiments are to be done with
gloss. Attempts at producing a disperrion in Wood's metal were unsuccessful; «
maximum of only about 3%, by volume, of gas was obtained. In Araldite epoxy resin,
uniform dispersions were inifially obtained using a blender; Fowever, the bubbles
portially coalesced and rose to the top of the samples, resulting in sharply defined
bubble layers representing about % of the total resin-gas volume. Within these
layers, the gas accounted for about 67% of the volume; on the cther hand, the lower
paits of the samples were almost free frem gas. Attempts were made to circumvent
this phenomenon and produce a uniform dispersion by postponing the blénding step
until immediately before the resin underwent its initial "set." Under these circum-

stances, however, nearly all of the gas was rejected before the resin hardened.

The generation of stable dispersions of gas in glass is certainly possible by the
use of blending techniques. The application of this method to the encapsuiaiion of
radioactive gas on a practical scale will involve the solution of difficult engineering
problems resultirg from the simultaneous use of high temperatures, high impeller

speeds, and moderately high pressures. The glass used in cur experiments was selected

*Pemco 41G manufactured by the Glidden Co.




because of its relatively low softening temperature and rapid decrease in viscosity
with incieasing temperatures. For routine use in a practical process, other churacter

istics would alsc need to be considered (sea Sect. 4.2.1).

As noted cbove, gases con be dispersed in pias*ics and resins. However, the dis-
persions that we prepared did not have the necessary stobility in the particular plastic
em; loyed. It is almost certain that plastics with the required physical properties and
hardening characterisiics are commercially avoilable. The use of unreinforced piastic
matrices will be limited by their stability to heat and to radiatic.s as discussed in

Sect. 4.2.2.

The experiments with Wood's metal demonstrcied the difficulty of obtaining high
gos lvadings in relorively nonviscous molien metals. Although better metal candidates
than Wocd 's metal can be found, the operational problems listed for glass apply generally

to metuls.

N-:merous attempts were made to produce dispersions through the use of the two-
fluid nozzle [method (2) listed in Sect. 4.3.3; see also Fig. 8] in which the gas was
introduced via a hypodermic needle into a small tube through which the matrix fluid
flowed. Uksing glycerin, polybutenes, aid freshly mixed Araldite epoxy resin as matrix
fluids, we were never able to obtain a dispersion that approached uniformity. By using
the nozzie in a downflow position, it was possible to deposit bubbles on a cooled
sizrface in such a manner that foam which must locally have centained up to 50% gas,
by volume, was formed. However, bubble coalescence and escape occurred at
temperatures ranging from ambient to those obtained when dry i-e mixtures were used
as coolants. Significant volumes of the foam wire never obtaiied. Upflow experiments
were equally unsatisfactory. The operction of the two-fluid nozzle is strongly dependent
upon the flow ratio of gas to fluid. Maintaining the proper flow ratio becomes increasingly
difficult as the viscosity of the fluid increases. In principla, it should be possibie to
operate a iarg2 number of such devices in a manifold which could be used to fill a
steel cv!inder by beginning at th 2 bottom and slowiy withdrawing 1he manifold ns the
cylinder is filled. However, the operstional problems appear to be vary sevare for a

high-temperature process i 1 which glass is the matrix materie|.
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We have nct attempted to produce dispersions by interml generation of gases
from the dispersion of solid compounds, adsorbates, or encapsulates of gas in matrix
materials. However, our experiments aimed at the encapsulation of gas-loaded
molecular sieves (see above) indicate that the encopsuloted gas-bearing material
must be very finely divided if the bubbles are 1o be small and evenly distributed.

In glass, for example, much of the 2ntrapped argon escaped in the form of relatively
large bubbles. In epoxy resin, where the rate of gas evolution was much slower,
bubble cize was corresnondingly smollar. Enconsulation of the original goc-bearing

material ir. the matrix appears 1o be generally more desirable than the generation

of a dispession.

We briefly tested atomization as @ method for producing dispersions. Qualitatively.
the product that was furmed f-om glycero! anc air apnecred to be as satisfactory as
that produced in the blender. The technique seems impractical for scale-up, parti-

culorly with gloss or metai matricas.,

5. DISCUSSION, CONCLUSIONS, AND RECOMMENDATIONS

These initial studies serve ro outline the possibilities ond to define the probleins
that will be involved in the development of practical processes for encopsulating
fission product gases in solid media. A large number of processes were screened;
none were studied intensively. No particular olternative process is clearly superior
to the others. Tf the processes considered (Table 4), the encopsulation cf steel bulbs
containing pressurized krypton in metal-filled plastic (e.g., epoxy) appears to be the
most immediately amenable to practical use. Development of new technology will
not be nacessary. The temperature required for encapsulation would be relatively
low and ecsily controlied. The radiation resistance of commercial plcstics is odequate
in instances where beta is the chief type of emitted radiation; this type of radiation
will be obsorbed by copsule containers. However, the radiation resistance of such
plasiics is probably not adequate to permi? direct dispersion of gas into them. En-

trapment in molecular sieves is or intriguing and potentially useful method of storage,
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provided that an effective method of sealing the sieve pore. can be developed and
demonstrated on a practical scale. Relatively high pressures a-e required, although
lower loadings at lower pressures may be acceptable. 1he encapsulation of the
loaded sieve in the matrix would not require high pressure. The slow rate ot which
the process proceeds may be a disadventoge; for example, the pressurized gas requires
1 to 2 hr (minimum) at 350 to 400°C to fil! the interior of the sieve, and the pressure
must be maintained whiie the loaded sieve is cooled.

Ti& produciion of a dispersion containing practical amounts of gas also requires
operation at fairly high pressures. Whenr o high-relting matrix (e.g., glass) is used,
relatively iess gas will enter the dispersion than would be true ot lower temperatures.
Regardless of the method used for preparation of the dispersion, the mechenical ond
materiais probiems v+ili muitiply os the operationcl temperoture and pressure increase.
Dispersions in highly viscous glasses should pussess very desirable safety properties,
but their preparation is difficult.

Moatrices of metal (e.g., aluminum) approach the ideal mediur for encapsulation
in terms of mechanicai strangth, the-mal conductivity, and resistance to radiation
domage. Ovur few experiments with low-meiring alloys have shown less promise than

those with either glass or epoxy resins.

Stable inongenic clathrates would also epproach the ideal vehicle for long-term
storage in every respect except possibly that of thermal conductivity. If they were
stable at high remperatures, they might not require secondary containment. Un-
fortunately, such highly stable inorganic clathrates are unkmown ot presont.

Future wo should be directed toword the solution of specific probiems that
would allow early testing of the encapsulation concept on an engineering scale.

Suggested studies are listed below in order of nrobable importance.

1. For plostic-resin systems, determine which specific resins have the
most desirable characteristics of compatibility with metals and with
meclecular sieves, stability to irradiation ot ievels greater ihon 2 x ‘JOIO

rods ot temperatures up to 150°C, and operational properties that wor.'d
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make encapsulation of either loaded molecular sieve or pressurized
steel capsules in a plastic-metal matrix feasible. The thermal con-
ductivity of the encapsulate should be measured, and the efficiency
with which the matrix seals the pores of the molecular sieve should
be detemined.

2.  For glass systems, cietermine (on a loboratory cale) the feasibility of
preparing dispersions containing 20% or more, by volume, of gas in
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them to give small-scale prototypes of the proposed shipping-storage
contairers. The studies would involve selection of the most suitable

type of glass, based on the expansion coefficients of glass and con-
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pession, and the nature of the viscosity-vs-temperature curve for the
glass. They should clso yield data for use in designing scaled-up
equipment for generating dispersions and in predicting the lifetime

of such equipment. This would involve corrosion/erosion and metallo-
graphic studies of the materials of construction of the generator equipment
as a function of operating time.

3.  For metal systems, determine the feasibility of encopsulating pressurized

steel copsules in aluminum or in other svitable metal matrices.
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