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COMPLETION REPORT — EVALUATION OF THE USE OF PERMSELECTIVE
MEMBRANES IN THE NUCLEAR INDUSTRY FOR REMOVING RADIOACTIVE
XENON AND KRYPTON FROM VARIOUS OFF-GAS STREAMS

R. H. Rainey, W. L. Carter, and S. Blumkin*
ABSTRACT

The effective permeabilities and separation factors of krypton,
xenon, and several other gases were measured using sheets of thin sili=
cone rubber membrane having areas as large as 2 fr2; the pressure drop
across the membrane was varied from 25 to 150 psi. Processes using
such membranes were evaluated for removing the radioactive noble
gases from (1) the off~gas from a plant for recovering used nuclear fuels,
(2) a reactor containment building following a nuclear accident, and
(3) the cover gas of a liquid metal fast breeder reactor (LMFBR). Radia-
tion exposure of the membrane would not be o limiting factor in the
first two applications, but the LMFBR cover gas would have to be stored
to allow the short=lived gaseous nuclides to decay before it could be
processed in a membrane plant. The costs of removing the noble gases
from these systems were estimated.

1. INTRODUCTION

We have conducted a study of some of the parameters involved in removing the
radioactive noble gases from various off-gas streams by processes based on the use of
thin silicone rubber membranes. This study consisted of (1) laboratory measurements
of effective gas permeabilities and separqfion factors, (2) radiation stability measure-
ments of assembled permeability units, and (3) engineering calculations for process
optimization and estimated equipment costs. Methods were developed for supporting

the membrane when the pressure drop across the membrane was high.

At the present time, only o few, comparatively small, nuclear power reactors
are in operation. When long-cooled spent fuel elements from these reactors are dis=

solved for fuel recovery, the controlled venting of the off-gas up tall stacks constitutes

*Qak Ridge Gaseous Diffusion Plant.



only a minor problem. In some cases, the noble gases are adsorbed on charcoal beds
and temporarily retained until the short-lived isotopes have decayed; the long~lived
5Kr is subsequently discharged to the atmosphere. Studies have been made of the
effects of meteorological conditions and siting on the concentration of noble gases
that may be released from a reactor fuel processing plant. 1,2 The presently operating,
privately operated, fuel processing plant is authorized to release 3.3 x ]06 Ci of
radicactive noble guses per year under its certification. However, with the expected
rapid increase in the production of power by nuclear energy, the amount of 85Kr that

is formed (Table 1) will soon exceed this amount.

Table 1. Predicted Generation of Radicactive Krypton to the Year 2000

Calendar Year

1970 1980 2000

Installed nuclear capacity, 103 Mw (electrical) 6 150 940
Annual generation rate of 85Kr, 106 Ci 0.6 120 1500

The "tolerance level" for whole=body exposure of persons in nonrestricted areas
from all sources is 170 mrem per year. At present, individual exposures to released
noble gases are maintained at less than the tolerable level by the wide dispersal
of gases. Although these exposures are at present very low, it may be desirable to
develop reasonably priced processes which can essentially eliminate this exposure.
The AEC regulations are being modified to require that exposures be minimized
as much s is practical. Provisions for the isolation and subsequent permanent storage
of gaseous fission products may, therefore, need fo be made just as they are presently

made for nongaseous fission products.

At the end of a typical fuel cycle, a 1000-Mw (elecirical) reactor would con-
tain about 300 million Ci of radioactive krypton and about 400 million Ci of radio-
active xenon. However, each gas contains several short~lived components so that,
after a 24-hr decay period, only about one million Ci of krypton, chiefly 85Kr

33

- - - M ]
(1‘]/2 = 10.6 years),and 100 million Ci of xenon, chiefly Xe (f]/2 =5 days), would



remain. After about a month, the principal remaining activity would be due to the

85Kr.

The hazards associated with the release of noble gas fission products are rec-
ognized by the USAEC; consequently, several methods for decreasing the amounts
that are released to fhe atmosphere have been invesi“ig«:ﬂ'ed]'3 (Table 2). These
methods include: (1) adsorption on charcoal or molecular sieves at ambient temper-
ature, (2) adsorption on charcoal or molecular sieves at low temperature, (3) separafion
by cryogenic distillation, (4) extraction by hydrocarbons or chlorofluoromethanes,
(5) precipitation as clathrates or as fluorides, and (6) separation by permselective
membranes. Another alternative that has been considered is the injection of the

gases info porous underground media.

The adsorption of noble gases on charcoal or molecular sieves at ambient tem-
perature is the process that has been studied most exfensive!y.s This is a simple
method for delaying the release of the noble gases to the atmosphere in order to
allow the short=lived isotopes (primarily xenon) to decay. However, it has certain
disadvantages such as: (1) large beds of charcoal are required; (2) the charcoal
burns readily, and molecular sieves are subject to explosion as the result of local
heating of adsorbed gases by radioactive particles; and (3) the 85Kr is released to
the atmosphere instead of being concentrated for permanent storage. The fire and
explosion hazards may be eliminated or minimized by suitable design or operational

procedures.

Adsorption on charcoal or molecular sieves at low femperatures permits the use
of a smaller adsorption bed; however, the fire hazard remains. Additional dis~
advantages are the costs incurred in cooling the bed and the explosion hazards
associated with the adsorption of the ozone that is produced by the irradiation of
oxygen. Materials that would freeze or condense must be completely removed from
the gas prior to its injection info the bed in order to prevent plugging of the equip~

ment. One gas, NZO’ which has been particularly troublesome in this system, may



Table 2. Processes for Removing 83Kr from Off-Gas at o Fuel Reprocessing Plant®

% Kr
Process Removed Development Status Comments
Adsorption on ombient- 99 Pilot plant with reactors Simple operation; charcoal can
temperature charcoal or ignite. SKr released fo
molecular sieves atmosphere.
Adsorption on low=temperature 99 Pilot plant with reprocessing Smali bed volumes; charcoal
charcoal or silica gel plant can ignite.
Cryogenic distillation 99 Pilot=plant test with reprocessing  Smali equipment; ozone is
plant explosion hazard.
Extraction by hydrocarbons 99 Nonredioactive pilot=-plant tests Small equipment; hydrocarbons
or chloroflucromethanes can ignite.
Separation by permselective 99 Laboratory studies Small equipment; no fire
membranes hazard.
Precipitation as clathrates or  Unknown Laboratory studies Kr collected as solid; de=

as fluorides

graded by radiation; slow
precipitation, 150 atm.

GIVc:n’ying gas pretreatments required.

Minimum design values.



be removed with hydrogen and a palladium catalyst.

In the cryogenic separation, the noble gases and part of the air, or other carrier
gas, are first liquefied. Then the noble gases are separated from the bulk gases and
are concentrated by fractional distillation. This process has been demonstrated at a
gas flow rate equal to that of the off-gas from o 3~ton~per~day fuel processing plant,
but at about one~fifth the radioactivity Ievel.é As in all of the low~temperature
operations, water and other gases that would form solids must be essentially removed
prior to the treatment of the noble gases. Solids in the system cause physical dif-
ficulties, and the presence of liquid ozone, which is formed from the radiolysis of

oxygen, creates an explosion hazard.

The study of the separation of noble gases from air by absorption in (or extraction
by) chlorofluoromethanes (Freon) has progressed to the nonradioactive pilot-plant
sfoge.7'8 This is a very versatile system; since the operating temperature (~ 20°F)
is higher than that used in low-temperature charcoal bed adsorption or the cryogenic
distillation methods (=290°F), the concentration of condensable gases such as water
need not be extremely low. Operation at, or near, ambient temperature appears to be
possible and is, therefore, being investigated. Although degradation of the solvent
due to radiation is not expected to be limiting, it has not been investigated. Possible
carry-over of Freon or degradation products into reactor systems such as a sodium-

cooled or a molten-salt reactor could cause difficulty.

Precipitation of the noble gases as clcfhrqfes9 or as fluoride compounds ~ has
been proposed. Although this fype of process would yield a solid product, which
would simplify permanent storage, it is not efficient because of the very low concen-
trations of noble gases in the off-gas streams and hence does not appear to be
economically attractive. On the other hand, such a process may be quite useful for

solidifying concentrated gases for storage.

The separation of noble gases by the use of permselective membranes has been
proposed as an alternative to the processes described above, and was the subject of

our inves’rigoﬁon.” This process has a long history. More than 100 years ago,
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Mitchell """ observed that various gases penetrated natural membranes at different
rates. However, industrial separations of gases by this technique did not become
practicable until methods were developed for preparing very thin, hole~free sheets
of modern polymers. The range of the application of this technique to industrial
separations may be deduced from the papers presented at the Symposium on Membrane

Processes for Indusfry]4 held in Birmingham, Alabama, in 1966.

15-17

Although any polymer may be used for the separation of gases, silicone
rubbers have the highest permecbilities measured thus far; also, they yield high
gas separation Facfors.ls_z] Robb proposed the use of permselective membranes for
separating xenon and krypton from air,2] while Holmes22 proposed the use of such
membranes for removing noble gases in the atomic energy industry. Of course, the
use of these membranes in an industrial process would be dependent on the avail-
ability of large, very thin sheets that are free of holes and adequately supported to
withstand large pressure drops. Prior to our entry into this study, the General
Electric Research and Development Center at Schenectady, New York, had developed
methods for preparing 1~ by 2-ft sheets, about 1.7 mils thick, which were supported

so they could withstand a pressure of at least 150 psi.

The objective of our study was to investigate the effects of various parameters,
such as pressure drop across the membrane, percentage of gos passing through the
membrane, direction of flow of gas in a separations unit, and radiation and chemical
degradation of the membrane, on the permeabilities and the separation factors of
the gases. A mathematical model for the diffusion of gases in a separations unit based
on gas flow and diffusion equations was developed for comparison with experimental
observations. Several partially optimized cascade designs were developed for various

process applications, and costs of selected processes were estimated.

Many people contributed to this study. A. Dounoucas, H. D. Briggs, and D. G.
Willis of the General Electric Research and Development Center at Schenectady,
New York, developed and built the membrane test units that we used; in addition,

they very generously shared their techniques and experience. E. Von Halle of the



Odk Ridge Gaseous Diffusion Plant developed some of the mathematical relationships
used in this study; he also helped design and optimize membrane cascades and evaluate
data. D. E. Fain, also of the Oak Ridge Gaseous Diffusion Plant, measured the effect
of temperature on permeability reported in Sect. 4.4. Students from the School of
Chemical Engineering Practice, Massachusetts Institute of Technology, under the
direction of S. M. Fleming and H. D. Cochran, helped to collect and evaluate experi-
mental data. R. C. Lovelace, R. H. Shigley, C. L. Roggenkamp, T. E. Harmon, and

A. H. Confer conducted many of the experiments. L. M. Ferris reviewed the draft of
this report and made many helpful suggestions that have improved the clarity of our

presentation.

2. THEORY OF GAS SEPARATION BY PERMSELECTIVE MEMBRANES

The transport of a gas through a permselective membrane requires the following
steps: (1) contact of the gas with the high~-pressure surface of the membrane, (2)
dissolution of the gas in the membrane, (3) diffusion of the gas through the membrane,
and (4) evaporation of the gas from the low=pressure surface of the membrane. This
process is quite different from the transport of gases through a porous membrane (Fig. 1).
With porous membranes, the separation of gases is proportional to the ratio of the
square roots of their molecular weights. With a permselective membrane, the separation
is proportional to the ratio of the products of the solubilities in, and the diffusivities

through, the membrane.

Most gases in polymers have been found to obey Henry's law of solubility:

C.=Kp, , M
and Fick's Law for diffusion:
dCi
Ni :"ADi E;:‘_— ’ (2)

where
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Ci = concentration of gas i in the membrane,
K = Henry's law constant,
p. = partial pressure of gas i,

N‘ = flow rate of gas i through the membrane,
A = membrane areq,
Dl = diffusivity of gas i in the membrane material,

t* = distance into the membrane.

At a given ftemperature, if we assume that K is independent of the thickness of the

membrane, substituting Eq. (1) into Eq. (2) and solving the differential equation

yields
AKiDiApi
N = E ©
in which
bp, = the difference in the partial pressures of component i on the two sides
of the membrane,
t = thickness of the membrane.

If we define the permeability factor of a particular gas, P;, as

P, = K.D. , (4)

i [

substituting Eq. (4) into Eq. (3) and rearranging yields:

Nt
i

& " ABp, ©

The units used in our study were:

N = ml (STP)/sec,
t = cm,

A = cm2,

Ap. = cm Hg.
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Flow through a permselective membrane is accompanied by o pressure drop across
the membrane. [f this pressure drop is not extremely high (e.g., not more than several
hundred atmospheres), the permeability factor should be a constant for a given mem-

brane and gas.

The permeation of gases through a permselective membrane has been shown to be
- 23 - . .
related to the critical temperatures of the gases.” Thus it is possible to estimate
the permeability factor of a gas that has not previously been measured if the per-

meability factor of a similar gas and the respective critical temperatures are known.

Our test equipment was arranged as follows:

Feed = Raffinate
X
Extract = | |- Extract
(countercurrent) (cocurrent)

The gases to be separuted were fed to one side of the membrane at the upper
left of the unit. Fractions of the gases passed through the membrane (extract); the
remainder (raffinate) was removed from the upper right side of the unit. If both the
extract and the raffinate were removed from the same end of the unit, the gas flow
was designated as cocurrent. If the extract was removed from the same end of the

unit as the feed entered, the flow was designated as countercurrent.

We assumed that there was no concentration gradient perpendicular to the
membrane since this distance was only about 3 mm and the unit contained screens
which mixed the gos. However, with gas mixtures, a concentration gradient did
exist along the membrane (in the "y" direction) because of the different rates of
transport of gases in the mixture through the membrane. This effect, along with the
effect of the membrane backing (support), precluded the direct determination of
permeability factors. At each set of experimental conditions an effective permeability
could be determined, using Eq. (5), from measured values of l\li and I, In cal-
culating Api, we assumed that the changes in gas concentrations along the membrane

were linear. For gas mixtures,in which one component was present at a concentration
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of less than 0.5%, the partial pressure of the minor component on the high-pressure
side of the membrane was taken as the average of its concentrations in the feed
and in the raffinate. The concentration of this component in the extract stream was

used as its partial pressure on the low=-pressure side of the membrane.

We defined "cut" as the flow rate of the extract multiplied by 100, divided by
the flow rate of the feed. At zero cut, there would be no flow through the membrane;

therefore, no concentration gradient would exist in the "y" direction.

The stage separation factor for a two~gas mixture is defined as:

E,/E
a=SF, = -2, 6)
1,2 R,‘7R2
where

E] = mole fraction of noble gas in gas that permeated the membrane,
E2 = mole fraction of carrier gas in gas that permeated the membrane,
R, = mole fraction of noble gas in gas that did not permeate the membrane,
R2 = mole fraction of carrier gas in gas that did not permeate the membrane.

In our system, the mole fraction of the carrier gas was greater than 0.99 in both the
exfract and the raffinate (E2 and RZ); therefore, the stage separation factor of the
noble gas was approximately equal to the ratio of the concentration of noble gas in
the extract to its concentration in the raffinate. With radioactive tracers, the
stage separation factor was assumed to be the ratio of the radioactivities of the two

exiting gas streams.

The stage separation factor of two gases af zero cut and zero pressure on the
low-pressure side of the membrane,(i.e., ao), may also be shown to be the ratio of

the permeability factors of the two gases:

P]
% = SF(zero) B ~I5-2- ’ @)
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Our system operated at approximately atmospheric pressure on the low-pressure side.

The effect of this back pressure on the separation factor has been shown by Blumkin

to be:
O‘o
oar = -—W]“FR(QO"]) r (8)

where R is the low pressure divided by the high pressure and a* is the separation

factor at zero cut.

S. H. Jury™™ developed a model for the fractionation of gas mixtures using perm~
selective membranes; this model takes into account (1) longitudinal diffusion in the
bulk gas streams and plumbing connections, (2) normal diffusion through the membrane
and its backings, (3) mixing effects due to turbulence-promoting screens inserted
in the bulk gas streams, and (4) the two possible modes of operation, cocurrent and
countercurrent flow. Analysis of the steady-state model leads to a set of ordinary
differential equations that must, subject to appropriate limiting conditions, be solved
simultaneously to evaluate experimental results or to design new equipment. A few
tests of the model were made using experimental data. These tests showed that
additional experimental data will be required before a detailed analysis of the

engineering parameters can be made.

Recently, Stern and Wczlawenderz6 published an "Analysis of Membrane Separation

Parameters,” which will be very valuable to future investigators in this field.
3. MATERIALS AND PROCEDURE

The membrane used in our study was prepared by the General Electric Company.

It had the following composition:

100 parts (by weight) methylphenyl polymer containing 5.3
mole %** pheny! groups and 0.1 mole %" vinyl groups;
specific gravity = 0.98.

44 parts (by weight) fumed silica.

** Calculated as the percentage of total substituent groups on the silica.
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Volume fraction of filler (calculated) =0.164.

It had been partially cured with 0.5% bis=2,4~dichlorobenzoy! peroxide and then
heated at 150°C for T hr in an oven. It was supplied in the form of 30~ by 60-cm
sheets that were about 4.6 x 10—3 cm thick and free of holes. In most of our work,
the membrane was bonded between two 0.01-cm~thick sheets of Dacron fibers.
However, some data were obtained with membrane supported by Dacron on only one
side (the low~pressure side). The membrane described above, with its backing, was
supported on polyester screens, which acted as gas turbulence promoters. The test
packages (i.e., the membrane, mats, and screens) were sealed around the edges with
a silicone rubber bonding material (RTV~11), which served to secure the package

between stainless steel plates. Gas inlets and/or outlets were fitted onto the plates.

The equipment for regulating the pressure and the flow of gas, determining and
recording the radioactivities of the gas streams, and recycling the used gas to the
feed vessel is shown in Figs. 2 and 3. The gases normally used in the experiments
were oxygen, nitrogen, or argon, either pure or mixed with less than 0.5 vol %

.. 85 133 . . .
krypton or xenon containing  Kror  Xe, respectively, as a radioactive tracer.

Carbon dioxide was used in a few experiments.

Each gaos under study was fed to the fest unit at a regulated pressure. The down-
stream side of the membrane was maintained at atmospheric pressure. The cut (i.e.,
the percentage of gas passing through the membrane) was varied by changing the

rate at which gas was removed from the high=pressure side of the membrane.

Both the extract and the raffinate sireams were continuously routed through
small duplicate vessels mounted over scintillation crystals in shielded containers.
The radioactivities of the two sireams were thus monitored during alternate 10-sec
infervals by using a modified 400-channel Victoreen analyzer, which was adjusted
to count only the energy of the principal gamma ray emitted by the tracer gas. The
accumulated counts were automatically printed out for evaluation. - This type of
experiment was continued until the radioactivity levels of the gas streams were con-

stant to within about 1%.
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Fig. 2. Photograph of Laboratory Equipment for Determining the Effective
Permeabilities and Separation Factors of Gases by Using a Permselective Membrane.
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On exiting from the counting chambers, the gases were accumulated in separate
Vol=U-Meters (Brooks Instrument Company, Inc.). An accurate flow rate for each
was determined by measuring the time required to collect a volume of the gas in
the appropriate calibrated collection cylinder. When the Vol-U-Meters were full,
the goses were transferred into a recycle tank containing a flexible plastic liner.
Each test gas could be repressurized by introducing nitrogen outside of the liner and
could then be returned to the feed tank. In this way, the feed gas could be main-

tained at a constant composition for a series of experiments.
4. LABORATORY MEASUREMENTS OF PERMEABILITY

4.1 Permeabilities of Pure Gases

The effective pemeabilities of nitrogen, oxygen, and argon were determined at
room temperature,and at about 30% cut, using membrane that was supported between
two sheets of Dacron mat. The data obtained are shown in Fig. 4; the values for
nitrogen and oxygen are about a factor of 2 lower than the permeability factors
obtained by Robb,2] who used a similar membrane; however, Robb's membrane was
not bonded to a support material. Robb obtained permeability factors of 28 x ]0_9,
60 x ]0_9, 98 x 10-9, and 203 x ]0-9 for nitrogen, oxygen, krypton, and xenon,
respectively. The results of the present study are in agreement with those of H. P.
Briggs,27 of the General Electric Company, in showing that the effect of the support
material generally is to make the effective permeadbility lower than the permeability

factor. Also, with a support material present, the effective permeability decreases

regularly with increasing pressure drop across the membrane (Fig. 4).

Briggs™ and his co-workers have shown that about 40% of the loss in effective
permmeability at a pressure drop of 150 psi may be recovered by bonding the membrane
to a properly selected mat on only the low-pressure side and by proper selection of
support and turbulence promoting screens. They tested numerous backing materials
and supporting screens in order o select a combination of materials that would give

the lowest flow resistance in the directions nomal and parallel to the membrane.
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The tests consisted in measuring the permeation of oxygen under pressure drops
ranging from 15 to 150 psi for each support combination. Using similar membrane
samples, some backing materials exhibited low pemmeation rates, whereas other
samples of the same materials, but having different thicknesses and weights, exhibited
higher permeation rates. Also, some of the samples were found to have a satisfactory
porosity normal to their surfaces under low pressure drops but were relatively non-
porous (i.e., showed a decrease in the permeation rate) as the pressure drop across
the membrane increased to 150 psi. In many of the tests, the membrane showed
evidence of being depressed, or deformed, by the openings in the supporting screen.
The effective permeabilities obtained when these supporting materials were used were
generally lower than those obtained with the other materials, and they decreased

as the pressure increased. Deformation of the support mat info the openings in the
screen tends to reduce the cross-sectional volume of the screen that is available for
gas flow; it also creates many points of high stress. Therefore, the fibers of the sup~
port mat must have sufficient strength to span the openings in the screen, as well as
exhibit high resistance to compression. However, the fibers must not puncture the

membrane.

The most favorable permeability data reported by Bri99527 were obtained with a
0.018~cm~thick mat, weighing 30 g/m2, that was composed of polyester fibers and a
polyvinyl binder. The effective permeability of oxygen with this material was 56.5
X ]0—9, as compared with the permeability factor of 60 x ]0--9 obtained with an
unbonded membrane. No decrease in permeability occurred as the pressure drop

across the membrane was increased to 150 psi.

Briggs" and his co-workers conducted a similar study to choose the most effective
screen support. They investigated screens made of polyester monofilament or stain-
less wire having various diameters and sizes of mesh openings. They found that fwo
screens on the low-pressure side of the membrane provided the most satisfactory
arrangement. A polyester screen (0.028-cm threads, 60 threads/cm, 0.081-cm mesh
opening, 55% open area) was positioned adjacent to the support mat, and a stainless

steel screen (0.019-cm wire, 61 wires/cm, 0.087=cm mesh openings, 67.2% open area)
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was placed behind the plastic screen. These two screens had similar fiber spacings,
but the stainless steel wire was smaller than the plastic filament, thereby resulting
in a larger open area. The stainless steel screen could not be used immediately
adjacent to the mat because it contained sharp wire points that would puncture the
membrane. Also, it had a tendency to buckle under high stress conditions to form

sharp ridges, which would also puncture the membrane.

A polyester screen (0.114~cm threads, 44.5 threads/cm, 0.114~cm mesh opening,
58% open area) was included on the high=pressure side of the membrane to induce
turbulent flow. The large, smooth fibers of this screen exhibited o negligible

tendency to puncture the unprotected rubber membrane.

4.2 Effective Permeabilities of Component Gases in a Mixture

The effective pemedbility of each gas in mixtures composed of low concentrations
of krypton and xenon in air or other gases such as helium or argon was of particular
interest in this work. Consequently, laboratory studies were carried out in which we
measured the effective permeability of each gas in mixtures containing less than
0.5% xenon or krypton in nitrogen or oxygen. Data were obtained using a membrane
supported on both sides by Dacron mats and also with a membrane supported by
Dacron only on the low=pressure side. Since only the feed stream and the exit streams
from the membrane unit could be analyzed, the composition of the gas on the high-
pressure side of the membrane was assumed to be the average of the feed and raffinate
streams, and the composition of the gas on the low~pressure side was assumed to be
that of the extract stream. Since there was such a small change in the concentration
of carrier gas flowing through the unit, we could not measure changes in its effective
pemeability due to the presence of xenon or krypton. In contrast, the calculated
effective permeabilities for xenon and krypton varied with pressure drop across the
membrane, the percentage of the gas permeating the membrane (cut), and the identity

of the carrier gos.
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4.2.1 Experiments with Membrane Supported on Both Sides

In these experiments, the low~pressure side of the membrane was at atmospheric
pressure, the pressure on the high=pressure side was varied from about 25 to 150 psi,
and approximately 40% of the gas was allowed to pass through the membrane. The
effective permeabilities of xenon in oxygen were much greater than those obtained
using nitrogen as the carrier gas (Fig. 5). Moreover, over a wide range of pressure
drops, the effective permeability of xenon at about 40% cut was proportional to the

effective permeability of the carrier gas (Fig. 6).

Extrapolation of plots of the effective permeability of a component of a gas
mixture vs cut fo zero cut (i.e., to zero flow of gas through the membrane) eliminates
the effect of the carrier gas. Data obtained with krypton-oxygen and krypton-
nitrogen mixtures are shown in Figs. 7 and 8. At zero cut, the effective permeabilities
of krypton in oxygen were about 54 x 10—9 at 25 psi and 48 x 10—9 at 100 psi
(Fig. 7); in nitrogen, the corresponding values were approximately 56 x 10_9 and
48 x ]0“9 (Fig. 8). The decrease in effective permeability with increase in pressure
drop across the membrane is due to the presence of the support material. As seen
in Figs. 7 and 8, no significant differences in the effective permeabilities were

produced by changing from cocurrent to countercurrent flow conditions.

4.2.2 Experiments with Membrane Supported Only on the Low-Pressure Side

The effective permeabilities of krypton, using nitrogen as the carrier gas (Fig. 9),
were higher when the membrane was supported only on the low=pressure side than
when the membrane was supported on both sides (Fig. 8); the effective permecbilities
also were less sensitive to pressure drop across the membrane. Use of countercurrent,
rather than cocurrent, flow resulted in significant differences in the effective permea-

bilities, especially when the pressure drop across the membrane was only 25 psi (Fig. 9).

One type of nuclear power reactor fuel is made by dispersing fissionable and
fertile materials in graphite. A proposed process for recovering this used fuel in-

volves burning of the graphite. Since the noble gases would be expected to be
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released during burning, a few experiments were conducted to determine the effect
of CO2 on the permeability of krypton. Results obtained by using a mixture of

nitrogen, krypton, and 1.5% CO,, showed that the permeability of the krypton was

2
within the limit of error of the data at pressure drops across the membrane of 50 and
100 psi (Figs. 10 and 11). However, when the CO2 concentration was increased to
15%, the effective permeability of the krypton increased. The CO2 was more per-

meable than either nifrogen or krypton and concentrated with the krypton.

4.3 Parameters Affecting Stage Separation Factors

In addition to the effective permeability, the stage separation factor is an

important parameter in the design of a membrane cascade for noble gas removal.

The permeability of the membrane determines the membrane area required to obtain
a given flow through a single stage, and the separation factor determines the number
of stages required to obtain a given separation and concentration of the noble gas.
In the case of gas mixtures containing only a few tenths of a percent of xenon or
krypton together with their respective radioactive tracer (]33Xe or 85Kr), the stage
separation factor (0) is essentially equal to the ratio of the radioactivity in the gas

passing through the membrane to the radioactivity in the gas which leaves the stage

without passing through the membrane (see Sect. 2).

Stage separation factors were measured using krypton-nitrogen and krypton=-
oxygen mixfures. The effects of varying the cut, the type of flow (countercurrent vs
cocurrent), the manner in which the membrane was supported, and the pressure drop
across the membrane were determined. The pressure on the low=pressure side of the
membrane was always 1 atm. Data obtained for the krypton-nitrogen system at 25°C,
using a membrane that was supported on both sides, are shown in Fig. 12. Similar
data for the krypton-oxygen system are shown in Fig. 13. The values of a*, the
separation factor at zero cut for a given pressure on the high-pressure side and a

I-atm back pressure, were computed from the permeability factors reported by

Robb,zl using Eq. (8):
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1+R(ozo-l)

The values of o for krypton in nitrogen (3.50) and in oxygen (1.63) are about a factor
of 2 lower than those for xenon in nitrogen (7.25) and in oxygen (3.38). In each system,
the stage separation factors increased both with cut and with the pressure (25 or 100
psi) on the high-pressure side of the membrane. However, the separation factors
increased more rapidly with cut when the pressure on the high-pressure side of the
membrane was at 100 psi (Figs. 12 and 13). When the pressure on the high-pressure
side of the membrane was 100 psi and the cut was greater than 30% with nitrogen
carrier gos, or 20% with oxygen carrier gas, the stage separation factors were greater
than o . The stage separation factors were always less than o when the high-pressure
side was at 25 psi. Cocurrent and countercurrent flow gave similar results (Figs. 12
and 13). This is contrary to theory, which indicates that countercurrent flow should

result in increased separation factors.

Figure 14 gives krypton-nitrogen separation factors measured ot 25°C using
membrane that was supported only on the low=pressure side. As shown, the factors
obtained with countercurrent flow increased more rapidly with increasing cut than
those obtained with cocurrent flow. At cuts greater than about 40%, the separation

factors were higher than those obtained with membrane supported on both sides.

A few experiments were conducted to determine the effect of the presence of
C02 on the krypton=nitrogen separation factor at 25°C. Membrane that was supported
only on the low-pressure side was used in these studies; the pressure on the high-
pressure side was either 50 psi or 100 psi. Under each set of experimental conditions,

the separation factor decreased regularly as the CO_ concentration in the gas mixture

2
was increased from O to 15% (Figs. 15 and 16),
4.4 Effect of Temperature on Permeability Factors**

Permeability factors for several gases were measured over the temperature range

of 25 to 80°C, using a single membrane sample for each experiment. As has been

“*Data obtained by D. E. Fain and co~workers at the Ouk Ridge Gaseous Diffusion Plant,
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%,

shown in other studies, plots of the logarithm of the permeability factor vs
1/T(°K) are linear (Fig. 17). Due to the uncertainty in the thickness of the membrane,
the values of the permeability factors plotted in Fig. 17 are probably accurate to only

+ 20% -

4.5 Effect of Irradiation on Gas Permeation and Separation

A membrane unit being used to remove radioactive noble gases from off-gas streams
would be subjected to constant irradiation. To test for irradiation effects, we con-
ducted five experiments with membrane units (membrane, backing material, screens,
and sealant) having 25 in.2 of exposed membrane areq; the units were mounted in
steel holders. Each unit was exposed in a 60Co source calculated to give a dose of
8.6 x 106 rads per day at the membrane surface. Separation factors among oxygen,
nitrogen, and CO2 were determined periodically during each experiment. Each unit
failed after irradiation to between 1.4 x 108 and 1.7 x ]08 rads. In every case, failure
was caused by the formation of small holes in the membrane and resulted in o sudden
increase in gas flow through the membrane and corresponding decreases in the separa-
tion factors. Since the separation factors had remained practically constant throughout
the irradiation until failure occurred, the use of a value of ]08 rads should result in a
conservative estimate of the life of a membrane in a system used for separating radio-

active species.

Several studies of the effect of irradiation on silicone rubber have been reported
in the literature. In most of these studies, measurements were made of the changes in
such physical properties as hardness and elosticity, or of the yield of gaseous fragments

29,30 The results of these studies indicate that the physical

such as H,, CH,, etc.
2 4 8
properties of the membrane should be safisfactory to at least 107 rads, especially when
the membrane is held firmly in a separations unit so that very little flexing due to
2 . .s
pressure surges occurs. Robb ] reported that irradiation of silicone rubber membranes
to 107 to 108 rads caused a 10 to 20% decrease in the nitrogen, oxygen, and CO2

permeabilities, but also produced a 2 to 20% increase in separation factors. There

are two reasons why Robb's data may not be applicable to the type of separations unit
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that we are considering. First, in our system the membrane would be bonded to mats
and screens, and silicone rubber bonding materials would be used to seal these
materials to a steel holder; any deterioration or change in size of these materials
would affect the flow through the membrane. Second, the membrane in our system
would be under stress because it would have been stretched about 20% before being
bonded to the backing. Limited studies with elastomeric materials under stress have

shown that irradiation tends to relieve the stress.
5. DESIGN OF ENGINEERING~-SCALE MEMBRANE UNIT

A subcontract was let for a ]0--yc|2 multimembrane single-stage unit containing
45 sheets of 1- by 2-ft membrane to be prepared by the General Electric Company
for evaluation by the Ock Ridge National Laboratory. A 6- by 6~in. unit that had
satisfactory operating characteristics was fabricated. It contained a membrane surface
equivalent to about 500 ff2 per cubic foot of active volume. Design calculations
given in this report (Sect. 6) are based on the assumption that full=size engineering
membrane packages would have the same operating characteristics as the single
membrane units used in our laboratory studies. A membrane unit wos assumed to

contain 500 ff2 of membrane per cubic foot of volume.

At the conclusion of this program, the General Electric Company had not been
able to fabricate a ]0--yc|2 unit that would withstand 150 psi of pressure (i.e., the

pressure stipulated in the design).

6. CALCULATIONS OF THE COSTS OF MEMBRANE PLANTS FOR
NUCLEAR INDUSTRY APPLICATIONS

Preliminary designs were made and capital costs were estimated for permselective
membrane plants as applied to the nuclear industry. These estimates were made on the
basis of data obtained with membrane supported on both sides (see Sect. 4.2.1) and

were not updated to take advantage of the approximately 30% higher effective
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permecbilities obtained with membrane supported only on one side. About one~half
of the costs in these estimates is related to the effective permeability of the membrane

unit.

The continuing improvement in membrane fabrication techniques will obviously
decrease the cost of a membrane cascade. In June 1969, a new type of membrane,
which gave a good nitrogen-oxygen separation factor and had a permeability about
five times that of the silicone rubber membrane used in our experiments was under
consideration at General Electric. General Electric anticipates that this new mem~-
brane will cost less to fabricate than the membrane we used and that it will soon be
available for testing. There is, however, a limit to the decrease in the cost of a
plant which can be obtained by improving the membrane. A large fraction of the
cost is associated with the compressor-cooler, piping, and instrumentation required
for each operating stage. This cost would remain constant regardless of the cost of
the membrane; of course, a membrane material that resulted in an increased separation

per stage would decrease the number of stages required.

The membrane cost used in these estimates wes $]0/yd2. This was General
Electric's early estimate for the cost of membrane mounted in separation units when
the construction of these units reached routine production scale. After our cost
estimates had been completed, General Electric informed us that the cost of mounted
membrane would probably be closer to $]8/yd2 than to $]0/yd2. Thus, the estimated
costs reported here are probably about 20% low, assuming that the cost of the
membrane is about 25% of the cost of a separations plant. Because of these un-
certainties and the fact that no engineering-scale experiments have been conducted
to provide a basis for plant optimization, the costs given below are only rough
approximations. Our estimates do indicate, however, that the removal of noble gases
from the off-gas from several types of nuclear facilities would not be prohibitively
high. The plant designs and cost estimates were also valuable in planning the ex-

perimental program.

The three applications that were considered were the removal and concentration

of the xenon and krypton from: (1) the cover gas that would blanket the molten
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sodium of an LMFBR, (2) the gas from a reactor containment building following an
accidental release of fission products, and (3) the off-gas from a nuclear fuel processing
plant. In each of these applications, the assumption was mode that in previous steps
the radioactive iodine, particulates, and reactive gases such as sodium vapor, nitrogen
oxides, etc., would have been removed from the gas. Thus the cost of removing these

materials was not included in the estimates presented here.

6.1 Cost of Removing Xenon and Krypton from an LMFBR Cover Gas

For this study, the 1000-Mw (electrical) liquid~metal ~cooled fast breeder reactor
(LMFBR) designed by Babcock and Wilcox Company was usecl.a2 The space above the
sodium coolant in the reactor vesse! will be filled with 25,000 Ft3 of argon gas
(Fig. 18). Since the fuel rods are to be vented to prevent increases in pressure, the
inert fission product goses will accumulate in this cover gas. In order to decrease the
hazard to operating personnel in case of accidental release of the gus, continuous
removal of the fission product gases using a membrane separations plant has been con=
sidered. We assumed that the membrane plant would remove essentially all of the
xenon and about 99% of the krypton from a stream of cover gas flowing at 10 scfm
and would concentrate the radioactive gases by factors of 10, 100, or 500 for per-

manent storage.

The equilibrium activity of the cover gas is a function of the processing rate; data
are given in Table 3 for gas feed rates (to the membrane plant) of 10, 1.0, and 0.01
scfm. The total activity of the gas would increase from 5.5 x 106 to 3.1 x 10" curies
in the 25,000~F1'3 gas space as the replacement rote decreased from 10 to 0.01 scfm.

Xenon=133 would account for 80 to 95% of the total activity.

The data in Table 4 show the performance, size, and cost of membrane coscades
for operation at a gas feed rate of 10 scfm and three concentrated gas withdrawal
rates. The first, second, and third columns of the table give the results for recycling
or venting 90, 99, and 99.8%, respectively, of the feed; the remaining gas would

contain the concentrated noble gases. In each case, the activity of the decontaminated



40

OCRMNL DWG 68-3577 R3
MEMBRANE

P =1 atm; T = 800°F
Vol. = 25,000 13 Ar containing Kr + Xe

HOLDUP FOR gESxEMED

DECAY OF COMPRESSOR

SHORT-LIVED EES‘E’RMEATED AND COOLER
ARGON COVER GAS ISOTOPES

CASCADE INTERSTAGE FLOW

Y

MEMBRANE PRODUCT GAS ,
CASCADE - Kr + Xe CONC. IN ARGON
\ Na COOLANT DECONTAMINATED ARGON
_«— TO STACK OR RECYCLE GAS STORAGE CYLINDER
2200 psig

- A —»  EXHAUST TO STACK

COVER GAS ;
0

RECYCLE 5000 uCi/sec TOTAL (Kr + Xe)

5000 uCi/sec TOTAL (Kr + Xe)

Fig. 18. Schematic Diagram for Removing Xenon and Krypton from the Argon
Cover Gas of a 1000~-Mw (electrical) Sodium=-Cooled Fast Reactor.



Table 3. Calculated Concentrations of Noble Gases Above the Sodium Coolant in the

1000-Mw (electrical) Reactor Designed by the Babcock and Wilcox Company

3

Blanket gas volume = 25,000 ft

Average Gos Feed Rate to Membrane Cascade (scfm)

0
Ci afoms/ffs Ci cfoms/ft3 Ci atoms/ff?’
83my, 9,800 0.140 x 1013 10,600 0.151 x 1013 10,700 0.153 % 1012
85my, 39,800 0.134 x 1016 46,500 0.157 x 1016 47,300 0.160 x 1016
85k, 43 0.311 x 1017 418 0.302 x 1018 4,310 0.312 x 10}9
87Kr 70,000 0.681 x 1015 73,600 0.716 x 101° 74,000 0.720 x 1012
88k, 108,000  0.232x 1016 119,000 0.256 x 1016 121,000 0.260 x 101°
89K+ 9,660 0.396 x 1013 9,680 0.397 x 1013 9,680 0.397 x 1013
131mye 16,300 0.360 x 1017 97,500 0.215x 1018 216,000 0.478 x 1018
133mye 89,400 0.379 x 1017 245,000 0.104 x 1018 302,000 0.128 x 1018
133y¢ 4,470,000 0.434 x 1019 18,800,000 0.182 x 1020 29,000,000 0.281 x 1020
135mxe 62,200 0.127 x 1015 66,800 0.136 x 1019 66,900 0.137 x 1013
135xe 356,000 0.251 x 1017 479,000 0.338 x 10V 498,000 0.352 x 1017
137%e 33,900 0.182 x 1014 34,000 0.182 x 1014 34,000 0.182 x 1014
138y 258,000 0.562 x 1015 261,000 0.568 x 1012 261,000 0.568 x 1015
41 A 2,200 0.309 x 1014 2,200 0.309 x 1014 2,200 0.309 x 1014
Total Ci

Kr 237,303 259,798 266,990

Xe 5,285,800 19,983,300 30,377,900

5,523,103 20,243,098 30,644,890

E-N



42

Table 4. Performance, Size, and Cost of Several Cascades of Permselective
Membranes for Separating Krypton and Xenon from the Cover Gas of a
Sodium~Cooled, 1000-Mw (electrical) Reactor

Gas feed rafe to cascade = 10 scfm

Concentrated Gas Withdrawal Rate

1 scfm 0.1 scfm 0.02 scfm
Cascade
Number of enriching stages 9 15 20
Number of sh’ippingz stages 19 23 24
Membrane area, yd 4630 5020 5140
Cascade volume, ft ~9 ~10 ~11
Power requirement, kw 126 136 140
Largest compressor, hp 9.2 7.9 7.7
High-pressure side of membrane,
psi 150 150 150
Low~-pressure side of membrane,
psi 0 0 0
Feed Gas
Kr concentration, at. % 0.004 0.004 0.004
Xe concentration, at. % 0.136 0.136 0.136
Kr activity, Ci/ft3 24.4 24.4 24.4
Xe activity, Ci/fiS 542.6 542.6 542.6
Recycle (or Vented) Gaos
Kr concentration, at. % 0.47 x 1075 0.49x 107> 0.46 x 1075
Xe concentration, at. % 0.53x 10=7  0.51x 1010 0,25 10-10
Kr + Xe activity, Ci/ft3 0.029 0.030 0.028
Kr + Xe activity, uCi/sec 4350 4950 4657
Product Gas®
Kr concentration, at. % 0.04 0.4 2
Xe concentration, at. % 1.4 14 68
Ar concentration, at. % 98.6 85.0 30
Kr activity, Ci/ft3 244 2440 12,200
Xe activity, Ci/ft3 5426 54,260 271,300
Concentration factor, product/feed 10 100 500
Number of storage cylinders per
week 50 5 1
Installed cost, dollars 289,000 342,000 366,000

o be stored.

Standard N, cylinders at a pressure of 2200 psi.
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gas stream would be reduced to slightly less than 5000 uCi/sec, a level that is
acceptable for discharge to the atmosphere at the present time. However, it is
likely that the decontaminated cover gas would be recycled to the reactor to elim-

inate the release of radioactive gases to the environment.

It is significant to note that the concentrated product may be stored in a very
small volume. The number of conventional gas cylinders (at 2200 psi) required per
week would be 50, 5, and 1, respectively, for the three product gas rates (1, 0.1,
and 0.02 scfm) considered. The gas from one week's operation would produce about
3.2x 104 w of heat. Blomeke and Perona,33 who have studied the cost of shipment
and storage of cylinders of concentrated radioactive noble gases, have concluded

that this method would be practical to at least the year 2000.

3
The costs of the various membrane plants do not differ widely.” ~ For example,
a plant for concentrating the original volume of gas by a factor of 10 would cost
$289,000, as compared with $366,000 for a plant providing a concentration factor

of 500. This is due to the small equipment at the concentrating end of the cascade.

Qur data on the effect of irradiation on membrane life (Sect. 4.5) indicate that
the membrane in a plant such as that described in Table 4 would have only a very
short life if the cover gas from an LMFBR were fed directly to the separations plant.
Most of the activity in the gas would be the result of short-lived isotopes of xenon
and krypton; consequently, the activity of the gas would decrease rapidly with time.
If the cover gas were retained for 20 days (either in o storage tank or on absorbents),
the life of the membrane in the last concentrating stage of the cascade would be
about 110 days, assuming that the membrane received a cumulative dose of ]08 rads
prior to failure (Fig. 19). Retention of the cover gos for 30 days would increase the
membrane life to about 6 years. Further economic studies will be required before
the optimum balance between the cost of replacing membrane units and the cost of
retaining the cover gas can be determined. When this balance is determined, the

total cost of gas retention and the separations plant can be estimated.
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Fig. 19. Variation of Membrane Life with Holdup Time of Cover Gas from a
Sodium=~Cooled Power Reactor. Basis: lrradiation of membrane to 10° rads.
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6.2 Cost of Removing Noble Gases from a Reactor Containment Building

In order to estimate the costs of membrane plants for removing radioactive noble
gases following o nuclear accident, we selected a maximum credible loss-of-coolant

accident involving on advanced water-cooled reactor with the following characteristics:

Power, Mw
Thermal 3200
Electrical 1000
-2 =1 3
Flux, neutrons cm “ sec 3x 10
Fuel loading
Metiric tons of uranium 100
Grams of uranium 10

Fuel enrichment

235U, % 2.3
moles 104
afoms 6 x ]027
Containment shell volume, f’r3 3x 106
Time to accident (at end of fuel life)
Days 625
Seconds 5.4 x 107

Fuel irrodiation, Mwd/metric ton 20,000

Under these conditions, the concentrations of krypton and xenon in the containment
shell immediately after the accidental release would be about 100 and 650 ppm,
respectively. Since most of the xenon and krypton would be nonradioactive, these
concentrations would not decrease appreciably with time. After a period of 1

day, the activity of the xenon would be about 150 times that of the krypton, and
the total activity in the containment shell would be more than 2 x 108 i (3.5 x
]05 w). However, because of the relatively short half-life of the xenon (the half-
life of the most abundant radioisotope, ]33Xe, is 5 days) and the long half-life of
much of the krypton (10~year 85Kr), the total activity would decrease rapidly until,
after about 45 days, the 85Kr would become the limiting radioactive isotope. The
activity level (due to krypton) would remain at about the ]06-Ci level for several

years. Analyses have shown that, because of the more rapid decay and more
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effective removal of xenon, the decontamination of the gas is always limited by

3
the activity of the krypton it contains.

A system for removing the noble gases from the reactor containment building has
been designed by Blumkin.36 In this system, the gases are continuously cycled through
a membrane plant, effecting the removal of a fraction of the noble gases on each
cycle. After 7 days, nearly all of the xenon and 99% of the krypton would be re-
moved, and the activity in the containment building would be reduced to a level
acceptable for discharges to the atmosphere. This process would require 27,840 yd2
of membrane in eight stages; the estimated capital cost is about $1,100,000. Lafer
considerations have indicated that there would be little incentive for removing the
noble gases from the reactor building so rapidly. A smaller plant that would remove

the noble gases within 35 days would have to be only one-fifth as large as the plant
just discussed and would cost about $300,000.

The exposure of the membrane in the last concentrating stage of a cascade for
removing noble gases from the reactor containment building waos calculated as a
function of decay time before processing (Table 5). If the gases in the containment
shell were allowed to decay for 30 days and were subsequently removed by a membrane
plant during the next 7 days, the integrated exposure to the last stage would be about
1.2 x 107 rads. After a decay of 60 days, the exposure would be only about one~tenth
of this value. Since the radiation exposure is nearly directly proportional to the
processing time, the exposure would be only about 6 x 107 rads if a 35-day processing

period was used.

These calculations indicate that irradiation would not appreciably affect the
membrane during the removal of the noble gases from a reactor containment building
at the processing schedules considered. Considerably shorter decay times and longer
processing periods would be acceptable from the point of view of the irradiation of

the membrane.
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Table 5. Noble Gas Activity in the Shell, and Irradiation Exposure? of the
Membrane in the Last Concentrating Stage During Removal of Noble Gases

Basis:

from Nuclear Containment Shell

Size -~ 3200 Mw (thermal)

Flux = 3 x 1013 neutrons em” sec
Fuel life - 625 days

Fuel load - 100 metric tons

Fuel enrichment - 2.3% 235U

Fuel irradiation = 20,000 Mwd/ton

-1

Containment volume = 3 x 10° ft

Decay Time Before Processing

30 days 60 days 120 days

e e s . 5 5 5

Kr activity in shell, Ci ?.0x 10 8.95x 10 8.86x 10

e . . 7 5 3

Xe activity in shell, Ci 2.0x 10 8.0x 10 1.0x 10

Initial Kr dose rate to membrane, rads/min 2.78 x 102 2.78 x 102 271 x 102
Initial Xe dose rate to membrane, rads/min 972 x 103 3.82 x ]02 4,79 x IO—M]
Initial total dose rate, rads/min 9.99x 10°  6.59x 10 2.71 x 10°
Integrated dose during a 7-day processing 7 6 5

period, rads 1.22x 10 1.07 x 10 5.89x 10

“Calculated for the last stage of the cascade, where the noble gas concentration is

100 times higher than the feed.
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6.3 Cost of a Permselective Membrane Plant for Processing Off-Gas
from a Fuel Reprocessing Plant
In the aqueous processing of reactor fuels, the fuel is usually dissolved in nitric

acid. Therefore, the dissolver off-gas contains nitrogen, oxygen, water vapor, nitrogen
oxides, xenon, and krypton. If the water vapor, nitrogen oxides, and other chemically
active gases were removed, the remaining gases could be treated in a cascade of perm~
selective membrane stages to markedly reduce the concentration of radioactive noble
gases and thereby make discharge of the cleaned gas to the atmosphere practical.

The concentrated noble gases could be collected and stored indefinitely.

The curves in Fig. 20 show the relationship between cost and plant size as deter-
mined by the volume of dissolver off-gas to be treated per minute. These data were
calculated using the costs for the two applications reported above rather than from a
plant designed for this particular application. A 5-metric ton/day plant was assumed
to generate about 100 scfm of off-gas (see Table ). Costs (Fig. 20) are given for
achieving off-gas decontamination factors (DF's) of 10, 100, and 1000; all values are
based on a concentration factor (CF) of 100 for the recovered noble gases. For com=
parison, the estimated costs for a plant for adsorbing noble gases in chlorofluoromethanes
are included.37 These costs are for fully equipped, operable plants but do not include
allowances for building space or for head-end treatment facilities to remove nitrogen

oxides, water, efc.

Because of the delay between the discharge of fuel from the reactor and re~
processing, DF's greater than 100 are probably unnecessary, using present-day release
standards; for longer-cooled fuel (more than 60 days), DF's of 10 may be sufficient.
Under these conditions, the cost of a gas-separation system for a 5-metric ton/day
reprocessing plant is in the range $280,000 to $420,000. A plant to reduce the level
of activity in the off-gas by a factor of 1000 would cost about $620,000.

Calculations have been made of the irradiation exposure that would be received
by a membrane cascade used to remove the noble gases from the off-gas from a LMFBR

fuel reprocessing plant. Exposures received during the processing of 30-day-cooled
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Fig. 20. Estimated Capital Costs for Removing Noble Gases from Off-Gas of
a 5-metric ton/day Reactor Fuel Processing Plant.



50

Table 6. Noble Gas Activity in the Off-Gas from a Fuel Reprocessing Plant,38
and Exposure of the Membrane

Basis: Reactor Fuel

LMFBR (Atomics International

oxide reactor9)
Burnup ~ 80,000 Mwd/metric ton
Irrodiation time = 540 days
Composition - mixed core and

blanket

Processing Plant

Rate = 5 metric tons of fuel per day

Decay time - 30 days

Off-gas flow - 100 Fts/min

Reactor Fuel

30-day~-cooled

60~day~cooled

85Kr, Ci/ton fuel

]3]mXe, Ci/ton fuel

] 33mXe, Ci/ton fuel

]33Xe, Ci/ton fuel

Off~gas, scfm

Concentration factor, top stage
Concentration factor, second stage

Membrane exposure, top stage, rads/day

Membrane exposure, second stage, rads/day

3.395 x 107
1,477 x 10*
2.958 x 10*
1.935 x 10°
100

100

43.5

3.99 x 10°
1.74 x 10°

2.383 x 10*
3.134 x 10°
3.503 x 10™
3742 x 10°
100

100

43.5

5.74x 10°
2.50 x 10°
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fuel would be the most stringent requirements expected for a fuel reprocessing plant
in the near future. Under the proposed operating conditions, if the membrane were
replaced after receiving a radiation dose of 1 x 108 rads, the 7 yd2 of membrane in
the last concentrating stage would need to be replaced about every 58 days; other
stages would need to be replaced at longer intervals. About 50 years would be
required to give the membrone at the feed stage an equivalent exposure. Only the
lost five stages would be needed to be replaced, due to irradiation exposure, at
intervals of less than two years. The total membrone replaced in these stages over
a period of two years would be about 630 yd2 and would cost about $3150 per year.
If the only cause of failure was irradiation, the prorated cost of replacing the mem-

brane in the feed stage plus all concentrating stages would be about $10,000 annually.

If the fue! were allowed to decay for 60 days prior to processing, the irradiation
exposures would be only about one~seventh of those encountered with 30~day~cooled
fuel. In this case, the replacement cycle for the top stage of the concentrating

section would be longer than one year.
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