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ENCAPSULATION OF NOELE FISSION PRODUCT GASES I N SOLID MEDIA 
PRIOR TO TRANSPORTATION AND STORAGE 

W. E. Clark R. E. Blanco 

ABSTRACT 

The encapsulation of fission product gases in various solid media 
is being considered at ORNL as a possible method for immobilizing 
these gases during interim storage, transportation, and ultimate sforoge. 
This type of immobilization would decrease the possibility of the un
controlled release of such materials. In the study reported here, three 
media — glais, plastics, and metals — were investigated for use in en
capsulation. The combination of known techniques and extrapolated 
tet* 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 reaccrs fueled 
with 2 3 9 r u ( L M F B R ) , 2 3 3 U (Ml BR), and 2 3 5 U (PWR-1) wero estimated. 
It was assumed that tritium and ioJine 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, 
iMSBR, and PWR-1, respectively. The volumes of xenon and krypton 
generated daily in a 5-me!r:c-ton-per-day reprocessing plant for 
LMFBR fuel represent about 8 1 % 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. 

Basic technology is already available for encapsulating 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 v a gas wan-ants the additional expense. 



BLANK PAGE 



2 

1. INTRODUCTION 

The growth of the nuclear 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 to either discharge 

low-level streams directly to the environment or to give them the minimum treatment 

necessary to decrease the activity belcw specified levels. With an increasing number 

o* nuclear power plants and the resulting fue! reprocessing facilities, more efficient 

removal of radioactive components from off-gas streams will be necessary to meet 

Federal and USAEC regulations end to prevent a buildup of the long-lived radionuclides 

in the environment. 

Normally, industrial gases are stored and transported 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 relence 

of pressure. Storage and transportation of highly radioactive gases in cylinders require 

secondary containment that is rugged enough to prevent the escape of these gases 

during the following sequential tests: 

(1) a 30-ft fall onto an unyielding surface, 

(2) c puncture test consisting 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, and 

(4) immersion in 3 ft or more of water for at least 24 hr. 

The purpose of our studies was to investigate the technical feasibility of either 

solidifying the fission product gases or of dispersing them in stable solid media as a 

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 accidental release 

during interim and final storage. This report summarizes the results of our scoping 
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tests, compares *he various proposed methods for secondary containment, and contains 

estimate? 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 radioactive isotopes found in gaseous waste streams from realtors 
129 7 3,, 

and nuclear fuel reprocessing plants— I ( r , /^ = 1.6 x 10 years), H ( t . / « -
85 

12.26 years), and Kr ( r . /« - 10.76 years) — are of primary interest. Since separation 

of stable and radioactive isotopes may not be economically attractive with present 

technology, the stable isotopes must be included in the volumes of gases to be treated 

and stored. All fission product isotopes of xenon are relatively short-lived ( t . /« = 

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 ano tritium must 

be separated from the noble gases and converted to stable solid compounds for storage. 
2-4 Xenori shoulc be separated from krypton and then eventually be released to the 

atmosphere after decay to an acceptably low !evel. 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, specifically krypton. 

Krypton is now separated from xenon and other off-gases at the Idaho Nuclear 
4 

Corporation Plant, where it is stored in conventional gas cylinders at pressures up 
5 

to 2000 psig at 70°F (21.1°C). The major fraction of the stored gas consists of stable 

isotopes. After a 1-day decay period, essentially all of the remaining activity is 

from Kr. 

We have assumed (1) that the separation of stable and radioactive isotopes of 

the same element will not be economically attractive in the near future and (2) that 
85 

Kr constitutes 7.76% of the total amount of krypton (LMFBR core). For purposes 
of comparison, we have defined a "standard gas cylinder"* (ICC-3A2000) as a 

*ICC regulations do not specify cylinder volumes. These vary appreciably even for 
the same general class of cylinder, In this report, we have assumed a cylinder having 
a nominal length of 51 in. (exclusive of valve and valve shield) and a nominal OO 
of 9-1 /8 in, This cylinder corresponds in size to that of a cylinder sometimes called 
a "K " cylinder. 6 
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Fig. 1. Decay of Xe and Kr After Shutdown (LMFBR Core). 
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cylinder having an absolute volume of 40 liters at 70°F (21.1°C). At the ra^d pres-
3 

sure of 2000 psig, this cylinder will contain 5089 liters (179.7 ft ) or 227g-moles of 

gas at STP. This approximates current storage conditions at the Idaho plant. The 
85 3 

inte-nal heat generated by Kr on removal from the reactor will be 2150.2 Btu/hrft ; * 
and the total absorbable radiation energy during complete decay will amount to 4.35 

18 
x 10 ergs. Of the radiation energy, all excepi 0.41% L attributable So the 0.67-Mev 

beta emission. The small gamma component has an energy of 0.52 Mev. More than 
> • i • 

W % ot the radiation wi l l , there tore, r*e absorbed inside the container. 

3. ESTIMATED VOLUMES OF FISSION PRODUCT GASES 

Estimates are made for gaseous wastes produced by the reprocessing of fuels from 

three types of reactors: the liquid metal-cooled fast breeder reactor (LMFBR), the 

molten salt breeder 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 available. !n the cases of the LMFBR and the MSBR, 

minimum amounts of gaseous impurities derived from the fuel are also estimated. How

ever, these estimated impurities may be negligible as compared with the impurities 

that will be present as a result of in-leakage. 

3.1 Case 1: The Liquid Metal-Cooled Fas4 Breeder Reactor (LMFBR) 

The amounts of xenon, krypton, and iodine expected to be present during the 

reprocessing of an LMFBR core after cooling times of 0 to 30 days (Fig. 2) were ca l 

culated using the RIBDOR code, based on the operation of the Atomics International 

reference LMFftR at an average specific power of 150 Mw(thermal)/metric ton for 
o 

540 days. The amount of tritium produced was calculated from the fission yields 
o** 

recommended by Dudey. The largest uncertainty among the individual constituents 

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

•Provision must, therefore, be made for heat dissipation. 
239 

**Tritium is generated by the thermal and fast fission of Pu (yield about 0.00024%) 
and 2 3 5 U (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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in the cladding and, in this respect, represents a minimum value. However, the 

contribution of tritium to the total amoi.nt of gases is negligible either with or with

out the product of the (n, £) reactions. 

The amounts of water, carbon dioxide, carbon, hydrocarbons, and nitrogen (see 

Table 1) estimated to be present during processing are based on the specifications 

suggested by Olsen for impurities in the fuel. It is assumed that the hydrocarbon 

fraction is in the form of methane (i .e. , the form that would give the maximum gas 

volume on oxidation) and that this is converted entirely to CO.. and KLO. It is 

assumed that all the carbon is converted to CO«. 

The volumes of xenon and krypton estimated to be generated per 10C0 Mwd are 

22.4 liters and 2.59 liters respectively; the estimated quantities of iodine and tritium 
- 2 - 3 

are 5.72 x 10 g-moles and 1.08 x 10 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 8 1 % of the volume of a standard gas cylinder (see Sect. 2) at 

2000 psig and 70°C. If the xenon were separated from krypton and were released to 

the atmosphere after holdup and only the krypton were stored, only about 9% of a 

standard gas cylinder 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 
3 933 

1461 ft of fuel salt of the nominal composition LiF-BeF 9-ThF.- UF, (71.7-16-12-
11 if 4 4 

0.3 mole % ) . the assumed power level is 2250 Mw(thermal), and the volume of 

volatile products is calculated 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 the resctor by a helium 

purge. Large quantities of other fission products (tellurium, noble metals, etc.) are 

*Triti«;m isjjrojuced by the Lifa, a n) H reaction and in smaller quantities by 
°L?( », a) H reaction. 



Table 1. Amounts of Gases and Potentially Volatile Materials Estimated to be Present During the 
Processing of LMFBRa Core 

Constituent 

Fission Product Gases 
at 30 Days Cooing 

Tritium, g-moles 
Krypton, lite^ (STP) 
Iodine, g-moles 
Xenon, liters (STP) 

b,.. 

Assumed Form 

HHO 
Kr 
>2 
Xe 

Helium (bonding), liters (STP) He 

Estimated Impurities, liters (STP) 

Water (50 ppm) 
Carbon (100 ppm) 
Hydrocarbons (50 ppm) 
Nitrogen (50 ppm) 

H 2 0 
co 2 

C H 4 - C 0 2 + 2 H 2 0 
N 2 

Dally Quantity 
From 5-Metric-Ton 
(U+ Pu)/doy P?-nt 

0.028 
85.4 
1.89 
739.2 

86.0 

70.7 
212.0 
238.5 
45.4 

Quantity par 
Metric Ton 

(U + Pu) 

429.8 

Quantity per 
1000 Mwd 

0.179 0.00108 
427.1 2.f9 
9.43 0.0.b72 
3696.1 22.40 

2.62 

353.3 2.14 
1060.0 6.42 
1192.5 7.23 
227.1 1.38 

Atomics International Reference Oxide LMFBR. 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. 

For core and axial blanket, the volume of helium is estimated to be equal to the volume of the oxide fuel; for the 
radial 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). 

"Fuel specifications (ref. 10) state that the volume of gas evolved from the fuel on heating to 1800°C is less than 0.03 
cm / g . This would include water, N 2 , hydrocarbons, and all adsorbed or entrapped atmospheric gases. Ir does not 
allow for oxic'ration of carbon or of hydrocarbons. Total impurities listed here are roughly ten times the specified 
maximum "gas content," which would be 56.8 liters/metric ton (U+ Pu). 
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Table 2. Amounts of Gases Estimated to be Present During the Continuous Processing 
of MSBR Fuel Salt 0 

Power - 2250 Mw(thermal) 
Salt Discard Cycle - 900 dsys 

Continuous helium sparge, 20 scfm 

Element Assumed Form 

Amounts per Day 
from the Reactor 

After a Holdup Time 
of 30 days 

Amounts 
(or 30 days) 

per 1000 Mwd 

Fission Gases 

Tritium, liters (STP) 
Krypton, liters (STP) 
Xenon, liters (STP) 
Iodine, g-moles 

3 HH or 3HF 
Kr 
Xe 

0.132 
15.0 
47.1 
0.134 

0.059 
0.7 
20.9 
0.G594 

Estimated Impurities, liters (STP) 

Water (100 ppm) 
Sulfur (10 ppm) 

HF 
1 atom/molecule 

Helium Sparge Gas, liters (STP) 

48.2 
1.35 

8.16 x iOT 

21.4 
0.60 

3.63 x 10 f 

'Fuel salt has the nominal composition: L i F - B e F 2 - T h P 4 - 2 3 3 U F 4 (71.7-16-12-0.3 
mole % ) . 

J. H. Shaffer, ORNL, private communication, Oct . 15, 1968. The amount*.- of 
impurities listed here fall within the limits specified ( i .e. , water is 10% of the 
specified limit, and sulfur is 40% of the 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 ore believed to 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 uranium. A large percentage of the total volume of 

noble gas is produced by the decay of these entrained eiemt sits. Minute amounts of 

the fission product gases can be expected to appear at two or three points in the 

various reprocessing side streams; however, their contribution to the volume of the 

gas to be processed will be negligible. 

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

8 9 
Fission product gas data ' for a PWR are listed in Table 3. No estimate was 

made of gases that would be produced from impurities in 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 magnitude 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 

Alternative 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 of 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 result in breakage of none, or 

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



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

Element 

Basis - 1 metric ton uranium 
Burnup - 20334.0 Mwd in 605 days 

Assumed Form 

Tritium, g-mole 3 H H or 3 HHO 

Krypton, liters (STP) Kr 

Xenon, liters (STP) Xe 

Amounts at Amounts (at 30 days) 
0 days 30 days 1 year per 1000 Mwd 

0.00138 0.00136 0.00132 0.00069 

65.0 65.0 64.7 3.20 

563.1 563.6 563.6 27.72 

Iodine, g-mole I. 0.607 0.58 0.59 0.029 
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structures ' or in clathrates is considered to be a variation of this 

method. 

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

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

would be slow even at high temperatures. 

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

presently be considered as a means of storing noble gases. For example, none of the 

known compounds of krypton are stable at temperatures higher than about 50°C. 

Moreover, adsorbates must always be in equilibrium with the free gas and the re

quired pressure of the free gas rises rapidly with increasing temperature. On the other 

hand, there is a possibility that either compounds or adsorbates could prove useful as 

intermediates in the formation of dispersions although, at present, other methods of 

generation appear to be more satisfactory in this respect. AH methods of containment 

must make provision for the continuous removal of decay heat. An excessive r'-^c in 

temperature wi l l , of course, result in a rapid rise in the pressure in the contain* r. 

In estimating the amounts of gas that can be shipped or stored in various forms 

(Table 4) , we have assumed that the encapsulated gas within the matrix is stored in 

a container of the seme shape and size as that of our standard gas cylinder; that is, 

encapsulation is used only to increase the safety 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 ever.t that the 

secondary barrier is breached, a negligible amount of gas would be released ar low 

temperatures and only a slow release would occur at temperatures where the .nedium 

is molten. 

4.2 Factors Affecting Choice of Matrix 

Gloss, plastics, and metals have been suggested as r.'iatrices for encapsulatino 

radioactive gases. The ideal material would be mechanically strong, exhibit 

stability when exposed to heat and to radiation, and have a sufficiently high thermal 
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Toble 4. Condition for Storing or Shipping Encapsulated Noble Gases 

Type of Storage 

Encapsulation 
Pressure 

Encepsu lotion 
TflffipBfQfUfC 

CO 

S tendon) Liters 
of Gas per liter 

of Storage Volume Remarks 

A . Cylinder Storage 

1. Maximum 2640 

2. Actual 2000 

ft. Dispersions (Toams^ 

1. In glass 

25% by volume 14.7 

1469.6 

50% by volume '<69.6 

2. In epoxy resins 

67% by volume 14.7 

Limited by irradiation — 

C. Entrapment 

1. In molecular sieves 62,500 

2. In clathrates 294 

3. In steel bulbs encap
sulated in resin, glass, 
or metal 1500 

D. Combination 

1. Molecular sieve in glass — 

21.1 

21.1 

167.7 

127.2 

33V 

550 

550 

100 

350 

95 

a. 30 

16.6 

0.732 

2.92 

168 

£7.7 

21.1 53.8 

2. Molecular sieve in metal — 

3. Molecular sieve in resin 

ICC-3AA 2400 (or "T" cylinder 
with 10% overload pressure. 

Approximates conditions us?d by 
Idaho Nuclear Corp. Plant. 

experimental; up ro ZOT* .n 
polybutene; 2 3 % in glass. 

Calculated. 

Calculated; very speculative. 

Experimental; top of resin only. 

Calculated; assuming a radiation 
dose of 2 x K ) , 0 r a o > -

Linde patent (oores need seal-
ing). 

Experimental (literature); 
probably limited by heat and 
irradiation levels. 

Calculated using commercially 
available gas bulbs of 20.5-cc 
volume each. 

Not satisfactorily demonstrated. 
4 0 % of trapped gas apparently 
retained in one experiment. 
Relative volumes, best glass 
compositions, and annealing 
cycles undetermined. 

Essentially untried. One ex 
periment showed 1.8% of e n 
trapped gas retained at at mm— 
pheric pressure in Wood's metal. 

Negligible gas lost during 
capsulation. Metal (e.g. , Al) 
f i l ler practical up to 5 0 % by 
volume of resin. Mt ta l improves 
thermal conductivity, strength, 
and radiation resistance. Esti
mated maximum volume of gas = 
64 standard liters per liter of 
storage space; if limited to a 
maximurr. radiation dote of 2 % 
1 0 1 " rod* the storage volume 
^ 13.9 standard liters per liter 
of storage space. 
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conductivity to allow rapid dissipation of decay 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 a stable, viscous liquid from which the entrapped gas would escape 

only slowly, if at a l l . It would also be convenient if the encapsulation process could 

be carried out at ambient temper jtures. 

4.2.1 Glass 

Glass is the outstanding candidate from the standpoint of forming a viscous fluid 

on melting. The mechanical strength of large blocks of it is high, and enclosure in c 

steel cylinder would supply the necessary reinforcement to prevent widespread shat

tering. However, the relief of the thermal stresses resulting from differential coef

ficients of expansion of the glass and the container might be a problem. These stresses 

can be minimized by the selection of glass 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 Sow melting points 

contcin some material (e.g., water) that will decrease the radiation stability; also, 

many show c rapid decrease in viscosity us the temperature is increased. This latter 

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 irradic+ion 

because of the buildup of an electrical charge, which eventually results in a sudden, 

severe cracking. Such failure can be avoided by using a glass that is a comparatively 

good conductor of 3iectr;c;fy. As is evident from these considerations, the selection 

of a glass with all of the desired characters' 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 properties after absorbing total radiation doses a*, high as 2 x 10 
17 jo 

rods. ' This is roixjhly an order of magnitude less than the calculated dose received 

by a resin (density, 2.5) in contact w'th a 50% (by volume) dispersion of fission product 
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krypton, assuming complete decay and 100% absorption 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. Tne 

relatively poor thermal conductivity of plastics constitutes another limiting factor. 
19 20 

Although some plastics have been reported to be useful at temperatures up to 50O-700°C, ' 

most of the proposed uses were of short duration. For storage purposes, the mater a I 

must have Jong-term stability and undergo very slight weight loss at storage temperatures. 

Eooxv resin svstems can be readilv developed to provide long-time service life at 
% a 9 f i t w 

temperatures up fo 150°C; special epaxy systems for use at temperatures up to 180°C 

have been developed. At temperatures in excess of 18G°C, service life is considerably 
. .21 

reduced. 

The use of a metal-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 krypton contained (a) in pressurized 

steel capsules with a wall at least 14 mils thick and (b) in molecular sieve aggregates 

of cylindrical shape, 1/16 in. in diameter. 

The beta radiation from Kr would be completely absorbed and degraded in the 

steel capsule. The small gamrna component plus bremsstrahlung gen ere fed during 

absorption of the beta radiation in iron would result in a total radiation dose of 8.2 x 
9 35 

10 rods to a resin matrix assuming decay of all the Kr. This is well within the 
radiation doses acceptable to a number of the plastic types on which radiation studies 

have been reported. 

85 
The radiation dose to the matrix from Kr 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 63vj* of the beta energy is absorbed and degraded in the sieve 
11 

and the total dose to the matrix is about 1.6 x 10' rods, almost an order of magnitude 

*Th?s estimation was made by a method described by E. D. Arnold, ORNL, in a 
personal communication to W. E. Clark. 
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18 greater than the max'.num dose administered in the reported tests. Obviously, 

testing at higher loses is needed. There is also some question as to the relevance 

of the reported *ests to storage conditions. Changes in such mecnanical properties 

as flexural strength, elongation, and tangent modulus, which are iome of the properties 

commonly tested, are useful as indirators of radiation-induced changes in the structure 

of the matrix but these mechan'cal tests ore probably m^re severe than those to which 

the material will be subjected. !r seems possible that a storage matrix might prove 

resistant to ci TsiciercKy higher deses based upon '-ests of gas permeability an6 the 

generation of off-gas from degradation of the resin. 

Dissipation ot internally generated heat poses no real problem. The maximum heat 

generation from the proposed 5C% gas loading cases mentioned above wotM amount to 
3 

about 1075 Btu/hrft . If one assumes that the surface temperature of the cylinder is 

100°F (~38°C), and that k for the matrix is 0.435 Btu/hr f f °F as reported for epoxy 
21 

resin plus 10% aluminum powder, the cerrten!ne temperature would be about 1C7°F 

(86.1°C). The value of k can be increased by c factor of about 2-1/2 by increasing 

the content of aluminum powder to 30%. Use of aluminum fibers instead of powder 

increases the conductivity even more. In laboratory scouting studies, we found that 

mixtures of about 33% (by volume) each of epoxy resin, aluminum powder, and mole

cular sieves could be readily handled and appeared qualitatively to have good 

physical properties. 

Frr.n the standpoint of fabrication, the epoxy resins are attractive; however, 

some other classes of plastics (e.g., phenolics) are rated as more resistant to radiation. 

As compared wi;h glass end meta! matrices, plastics w u l d require only low ^̂  moderate 

tenperttf-ures for encapsulation. 

4.2.3 Metals 

Metals are the most satisfactory materials available with respect to high thermal 

conductivity and mechanical strength. The melting temperature and other physical 

properties can be varied widely by alloying. On the other hand, most metals melt 
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sharply at well-defined temperatures, and molten metals are generally much less 

viscous than glosses. Metals are, therefore, not particularly attractive as media 

for direct containment of gas bubbles, but would be very attractive as matrices for 

secondary containment of capsules, molecular sieves, etc. 

4.3 Comparison of Specific Methods 

4,3,1 Cylinder Storage 

Conditions for the storage of krypton in cylinders have already been discussed 

(see Sect. 2). The current practice at the Idaho Nuclear Corporation Plant amounts 
5 

"O storage of 127.2 standard liters of gas per liter of storage volume. 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 storage volume (Table 4) . 

4.3-2 Incorporation of Loaded Capsules., Loaded Zeolites and ClatHrate* into 
STable Media" 

Capsules. — An aarly suggestion for mechanical encapsulation was to pressurize 

gas in small-bore glass tubes, which would be sealed off into sausage-like sections. 

These sections would then be incorp: nted into a glass sriarrix. Using an internal 

pressure of 2500 psig for a tube with an infide diameter of 0.04 in. and 0.033-in. 

walls, ar.d assuming an inside cylinder length equal to the inside diameter of the 

tube, the calculated value for storage would equal 6.94 standard liters per liter of 

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

realistic. 

Commercial glass ampules (volume — 2 cc each) were encapsulated in gias* 

(Fig. 3) and in epoxy resin (Fig. 4) in our scoping studies. These ampules, which 

were very thin-walled, were filled with air af room temperature (~ 26°C) and 

atmospheric pressure. They contoined between 32 and 35%, by volun*e,of the total 

storage volume, or between 0.288 and 0.315 standard liter of air per liter of storage 

volume. 
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PHOTO 96394 

Fig. 3. Commercial Glass Ampules Encapsulated in Glass. Cross section 
obtained by sawing through stainless steel container. The encapsulating glass 
was not melted to sufficient fluidity to remove ail voids. 
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PHOTO 96393 

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 a larger number cracked during encapsulation in the glass at about 

600°C. Steel ampules would be much more practical then glass, particularly fcr 

encapsulation in resin or in metal. Commercially available industrial gases are 

compressed to 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 readily obtained. Use of higher encapsulation 

n r A c c u m c n r v i / A r 1 / i m A p K l l i r K r*f\itlri Asvei I w i n i ^ n a n c A f n A %jtf\itwvtA s* f r*+%* *%^w \*+%\ n *±( 
**?• **nv+v%+w w « # * • • *^«y **• • * » • > * * * • — —' - —•—' ****** •**• **•**>*• • w • • **m • ***m^+* t • w%* v ^ « w « l f % » %*• ***** V W l *%*• %*w*w%* %+1 

storage space to 50% of that obtained in current practice. These storage volumes 

appear to be obtainable under much safer operating conditions than will apply whe r 

glass is used as the primary container. 

encapsulation of Gas Entrapped in Zeolite Structures and in Clathrates. — Certain 

zeolitic molecular sieves have pore openings that expand when the material is heated, 

thereby admitting gas molecule^ larger than those which are norma My allowed to pass. 

Cooling of the system, while 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 can be encapsulated in these materials as is normally compressed 

into corresponding standard gas cylinders, ' provided a sufficiently high encapsulation 

pressure is employed. The data in Table 4 assume a pressure of 62,500 psig at 350°C. 

DQSQ for argon indicate that cioout 50% as much gas is encapsulated at 5000 psig. Using 

Type A Linde molecular sieve, some leakage of the encapsulated argon always occurred; 

however, zero leakage of krypton is claimed during 30 days' storage of the krypton 
14 encapsulated in a special sieve material having a K /Na atom ratio of 40/60. This 

entrapment technique must not be confused with the more common use of molecular 

sieves as adsorbents. Actually, it corresporas more nearly to the behavior of a clathrate; 

that is, once entrapment has raken place, the gas in the structure is no longer in 

equilibrium with external gas but is essentially in a micro-container. Although the 

*Part No. 237 manufactured by Knapp-Monarch Co.; volume = 20 cc. 
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entrapped gas is released upon heating to 350-400°C, the sieve structure is stable 

to above 700°C. Therefore, we need to find some way of sealing the pores it 

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

In our scopinq studies, we entrapped between 5.7 and 6.1 cc of argon per gram 

of sieve by heading 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. Molten Pemco 41G 

glass (~ 600°C) was poured onto the un heated sieve in a stainless steel tube. 

Analysis of the resulting conglomerate 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 

lemperctures. Encapsulation of the loaded sieve in Araldite 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 destruction 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 gas (Table 4). 

A similar technique would involve the preparation of a clathrate of krypton, 

which could then be encapsulated in a suitable matrix. For example, a recurrng 

suggestion is to encapsulate the well-characterized hydroquinone clathrate (up to 
22 . 

57 standard liters of gas per liter of clathrate) in plastic. Although clathrates 
23 

are thermodynam'cally unstable at all temperatures, 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

quinone clathrate is surprisingly stable h irradiation; argon was lost more slowly 
9 23 

from samples irradiated up to total doses of 10 rods than from unirradiated samples. 
This radiation phenomenon has not been adequately investigated. 



22 

We prepared the hydroquinone clathrate of krypton, a random sample of which, 

on analysis, was found to contain 6.7%, by weight, of krypton. Mien we encapsulated 

selected crystals of the clathrate in clear Araldite epoxy resin, a very slight reaction 

occurred between the resin and rhe hydroq'jinone. This soon ceased. Only c 

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. 

Encapsulation wimcut vjestructicn Oi tue ciumrufe WJSI uepenu upon fne develop

ment of cloirhrates exhibiting stability to a highly radioactive environment, to the 

temperatures necessary for encapsulation, and toward the matrix used. The zeolitic 

molecular sieves proposed for entrapment approximate such a i..c ferial. It seems 

possible that true inorganic c lath rates with the necessary stability can be developed 

if sufficient need exists. It also seems possible 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 manner that 

the gas is dispersed into the liquid in small 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 

one method of forming these small bubbles. 

(3) Incorporation of gas-bearing materials (e.g., compounds, c lath rates, 

adsorbares, etc.) into a matrix, followed by treatment to produce gas 

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

*The word "dispersion" is considered more suitable here than "foam". Foam is 
defined (Meriam-Webster, 1966) as a "light, frothy mass of fine bubbles...." 
and connotes mechanical weakness. 
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(4) Incorporation of very small capsules of gas into a matrix in which the 

capsule walls dissolve or otherwise lose their identity. The use of very 

small glass capsules 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 (e.g., glass) that would subsequently 

solidify. Our experimental arrangements included ordinary laboratory stirrer, 

commercial blenders (Waring Blendor), and specially designed equipment consisting 

of impellers that were carefully machined to give accurate angles of blade pitch 

and are driven from below like those of the blender. 

Dispersions containing a maximum of about 25% of gas, by volume were obtained 

in both flowing and static systems. Thew 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 

escope becomes equal to the rate of bubble formation in t!<e systems studied (Fig. 5). 

At loadings below the maximum, the loading rate increased as the rate of power input 

into the system increased (Fig. 6). Gas could be conveniently fed into the blender 

from above ( i .e. , through the vortex); bubbling the gas through the liquid increased 

the rafe of loading only slightly and did not affect maximum 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 blades was important primarily as it affected vortex formation 

and power input; that is, maximum loading was independent of impeller blade pitcli 

(Fig. 7), but c high angle of pitch resulted in a more rapid transfer of powor to the 

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

*Obta?ned from the Oronite Division, Chevrr" Chemical Co. The gracbs that were 
studied had absolute viscosities ranging from about 1,000 to about 24,000 cen*ipoises 
at I00°F (37.8°C). However, only the least-viscous grade was studied at length. 
More studies 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, but the effecr, if real, tended to be obscured by the 

decrease in viscosity caused 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 dispersions produced were quite stable for periods of time sufficient to 

allow pouring, measurement of viscosity, etc. The dispersions were also Newtonian 
24 25 

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

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, resulted in products 

that contained a maximum of 23% gas, by volume, after cooling. Much more sophis

ticated equipment must be used if closely controlled experiments are t-o be done with 

glass. Attempts at producing a dispeirion in Wood's metal were unsuccessful; a 

maximum of only about 3%, by volume, of gas was obtained. In Araidite epoxy resin, 

uniform dispersions were initially obtained using a blender; however, the bubbles 

partial!y coalesced and rose to the top of the samples, resulting in sharply defined 

bubble layers representing about 30% of the total resin-gas volume. Within these 

layers, the gas accounted for about 67% of the volume; on the other hand, the lower 

parts of the samples were almost free frcm gas. Attempts were made to circumvent 

this phenomenon and produce a uniform dispersion by postponing the bfending 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 encapsulation of 

radioactive gas on a practical scale will involve the solution of difficult engineering 

problems resulting 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. 



28 

beccijse of its relatively low softening temperature and rapid decrease in viscosity 

with increasing temperatures. For routine use in a practical process, other character

istics would also need to be considered (see Sect. 4.2.1). 

.4s noted above, gases can be dispersed in pias'ics and resins. However, the dis

persions that we prepared did not have The necessary stability in the particular plastic 

employed. It is almost certain that plastics with the required physical properties and 

hardening character! srics are commercially available. The use of unreinforced plastic 

matrices will be limited by their stability to heat and to radiation as discussed in 

Sect. 4.2.2. 

The experiments with Wood's metal demonstrated the difficulty of obtaining high 

gas loadings in relatively nonviscous molten metals. Although better metal candidates 

than Wood's metal can be found, the operational problems listed for glass apply generally 

to metals. 

Numerous attempts were made to produce dispersions through th» 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. Using glycerin, polybutenes, and freshly mixed Aral dire epoxy resin as matrix 

fluids, we were never able to obtain a dispersion that approached uniformity. By using 

the nozzle in a downflow position, it was possible to deposit bubbles on a cooled 

surface in such a manner that foam wrvch must locally have contained up to 50% gas, 

by volume, was formed. However, bubble coalescence and escape occurred at 

temperatures ranging from ambient to those obtained when dry ice mixtures were used 

as coolants. Significant volumes of the foam w^re never obtair^d. Inflow experiments 

were equally unsatisfactory. The operation of the two-fluid nozzle is strongly dependent 

upon the flow ratio of gas to fluid. Maintaining the proper flow ratio bccorries increasingly 

difficult as the viscosity of the fluid increases. In principle, it should be possible to 

operate a iarge number of such devices in a manifold which could be used to fill a 

steel cylinder by beginning at thi bottom and slowly withdrawing the manifold as the 

cylinder is filled. However, the operational problems appear to be vsry severe for a 

high-temperature process i i which glass is ihe matrix maVenV-l. 
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We have net attempted to produce dispersions by internal 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 encapsulated gas-bearing material 

must be very finely divided if the bubbles are to be small and evenly distributed. 

In glass, for example, much of the entrapped argon escaped in the form of relatively 

large bubbles. In epoxy resin, where the rate of gas evolution was much slower, 

hiihhl* «I7A uun< rnrrfKTknnrlirvili/ «mn!!«»r Fnrnrvciiln+Is\n nf f i t* /trtnirwni /trie— rirtr% 

material in the matrix appears to be generally more desirable than the generation 

of a dispei'sion. 

We briefly tested atomization as a method for producing dispersions. Qualitatively 

the product that was termed f *om glycerol and a i ' appeared to be as satisfactory as 

that produced in the blender. The technique seems impractical for scale-up, parti

cularly with gloss o* metai matrices. 

5. DISCUSSION, CONCLUSIONS, AND RECOMMENDATIONS 

These initial studies serve ro outline the possibilities and to define the problems 

that will be involved in the development of practical processes for encapsulating 

fission product gases in solid media. A large number of processes were screened; 

none were studied intensively. No particular alternative process is clearly superior 

to the other*. O f the processes considered (Table 4) , the encapsulation of steel bulbs 

containinn, 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 necessary. The temperature required for encapsulation would be relatively 

low and easily controlled. The radiation resistance of commercial plcstics is adequate 

in instances where beta is the chief type of emitted radiation; this type of radiation 

will be absorbed by capsule containers. However, the radiation resistance of such 

plastics is probably not adequate to permit direct dispersion of gas into them. En

trapment in molecular sieves is ar 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, ihe encapsulation of the 

loaded sieve in the matrix would not require high pressure. The slow rate at which 

the process proceeds may be a disadvantage; for example, the pressurized gas requires 

1 to 2 hr (minimum) at 350 to 400°C to f i l ! the interior of the sieve, and the pressure 

must be maintained whii* the loaded sieve is cooled. 

7?<e production of a dispersion containing practical amounts of gas also requires 

operation at fairly high pressures. When a high-rnelting matrix (e.g., glass) is used, 

relatively less gas will enter the dispersion than would be true at lower temperatures. 

Regardless of the method used for preparation of the dispersion, the mechanical and 

materials problems v i l l multiply as the operational temperature and pres&ure increase. 

Dispersions in highly viscous glasses should possess very desirable safety properties, 

but their preparation is difficult. 

Matrices of metal (e.g., aluminum) approach the ideal mediurr for encapsulation 

in terms of mechanical strength, thermal conductivity, and resistance to radiation 

damage. Our few experiments with low-meiHng alloys have shown less promise than 

those with either glass or epoxy resins. 

Stable inorganic clathrates would also approach the ideal vehicle for long-term 

storage in every respect except possibly that of thermal conductivity. If they were 

stable at high temperatures, they might not require secondary containment. Un

fortunately, such highly stable inorganic clathrates are unknown at present. 

Future wo-k should be directed toward the solution of specific problems thai 

would allow early testing of the encapsulation concept on on engineering scale. 

Suggested studies ore listed below in order of probable importance. 

1. For plastic-resin $y%tem, determine which specific resins have the 

most desirable characteristics of compatibility with metals and with 

molecular sieves, stability to irradiation at levels greater rhan 2 x 10 

rods at temperatures up to 150°C, and operational properties that wo» d 
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make encapsulation of either loaded molecular sieve or p'essurized 

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 determined. 

2. For glass systems, determine (on a laboratory £cale) the feasibility of 

preparing dispersions containing 20% or more, by volume, of gas in 

^ • w * * , wi t s w w i i i i ^ • ••«**«» wi»p«* ia i \s io i m v * J I C V I w / i i i u i i v i i ; UIK.< u i U I I I I C V I I M I ^ 

them to give small-scale prototypes of the proposed shipping-storage 

containers. The studies would involve selection of the most suitable 

type of glass, based on the expansion coefficients of glass and con-
»_:__- ^^.*—:- i _ • — ^ i : — ~i «.^^>«.:«. ~r u.« - I ~~J ~t *L~ J : . _ 

persion, and the nature of the viscosity-vs-temperature curve for the 

glass. They should also 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 metal Io-

grophic studies of the materials of construction of the generator equipment 

as a function of operating time. 

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

steel capsules in aluminum or in other suitable metal matrices. 
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