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ABSTRACT

The economics of adding a krypton and xenon recovery system
to a. nuclear fuels reprocessing plant were investigated.

The plant

reprocesses one tonne of irradiated uranium fuel per day exposed to
2 0?000 MWD/T.

The rare gas recovery system includes dissolver off-

gas clean-up equipment for removing the oxides of nitrogen and water
and a cryogenic distillation unit.
A cost analysis of the recovery system was carried out to
calculate the revenue that must be obtained from the sale of krypton
and xenon to receive a 20% return on investment.

This criterion results

in a price of $0,025 per curie for krypton-85 and $0,606 per liter for
xenon.

vii

CHAPTER I

INTRODUCTION

The. fission process in nuclear reactors produces over 40
elements including the inert, gaseous elements, krypton and xenon.
Many stable and radioactive isotopes of these elements are produced.
Of all radioactive xenon and krypton isotopes produced by fission,
only krypton-85 with a 10.76 year half life (Table 1) has a half life
greater than 12 days.

This radioactive isotope constitutes approxi^

mately 6% of the krypton produced by fission and can be considered the
^pnly g aseous ^radio.aa.t.ive .isotope .present .at the time of fuel reprocess
ing since other gases resulting from fission are in quite low concen
tration.

The gases evolved during reprocessing of the fuel will be

primarily stable xenon and krypton and the radioactive isotope
krypton-85.
Both krypton and xenon are inert gases and have several unique
uses.

The xenon recovered, which will be used as a non-radioactive

material, can be employed in scintillation devices, long lived, high
intensity light bulbs, and special electronic equipment.
esting possible use is as a surgical anesthetic.

Another inter

In this application

it is characterized by its short induction period and full recovery
within minutes.
Unlike xenon, the krypton recovered will have to be used as a
radionuclide because of the krypton-85 present.

Krypton-85, an almost

2

TABLE 1 - THERMAL NEUTRON FISSION YIELD FROM U-235

&
ISOTOPE

FISSION YIELD (%)
.544

Kr-83
Kr-84

1.00

Kr-85

.293

HALF - LIFE

REFERENCE

Stable

1

Stable

1

10.76.Years

1

Kr-85m

1.2

4.36 Hours

2

Kir-86

2.02

Stable

1

Kr-87

2.7

78 Minutes

2

Xe-131

2.93

Stable

1

Xe-132

4.38

Stable

1

Xe-133

6.62

5.3 Days

1

12 Days

2

Xe-133m
Xe-134

8.06

Stable

1

Xe-135

6.30

9.2 Hours

1

6.46

Stable

1

Xe 136

*

.

1.)

Bendixsen and Offutt^ 1969, p. 2

2.)

Steinberg and Glendenin, 1956, p. 6 & 7

:

'

..

v

;

;3::

pure beta emitter9 with a half life of 10*76 years, is chemically inert*
It is suitable for such things as self-luminescent light sources, leak
detectorss thickness gauges, and static eliminators *

Its use is

limited however because of the biological effect of its radiation.
Due to the radiation from krypton-85, it is a potential
environmental pollutant,

Krypton is essentially insoluble and thus

does not enter food chains*

Its hazard is related to exposure to a

body completely surrounded by krypton-85 in the atmosphere.

The maxi

mum permissible concentration of krypton-85 in the atmosphere is
3x10 7yc/m& (Code of Federal Regulations 1965, p * 72) one of the
highest allowable concentrations among all radioisotopes.
In considering the maximum permissible concentration of a
radionuclide in the atmosphere, it is important to bear in mind that
these levels are based on the assumption that the surrounding popula
tion is continuously exposed to this level of radiation averaged over
the year*

The hazard to the public is both being surrounded by and

breathing air containing the radionuclide, thus absorbing radiation*
To insure that the concentration of radionuclides is not too great, fuel
reprocessing plants dilute their effluents by releasing them from a
high stack*

Observation of dilution of gases from smoke stacks has

indicated that if the stack is at least 100 meters high the effluent
will be diluted by a factor of at least 100 by the time it reaches the
ground,, except under the most adverse weather conditions. (Mawson 1965,
p * 42).

At a distance of 20 stack heights, the average dilution down

wind will be at least 104 *

. 4
In practice the major potential hazard to the public by airborne
release of gases from reactor and processing plants is neither from
breathing nor external radiation.

The hazard lies in the incorporation

of radioactive iodine-131 in the thyroid from milk which was produced
by cattle that grazed on contaminated grass♦
‘On the basis of complete rapid and uniform mixing after
release to the atmosphere, krypton-85 radiation danger is not signifi
cant.

However krypton-85 contributes by far the most radioactivity of

all the isotopes released by a nuclear fuel reprocessing plant (Rohrman
1970, p. 12).

A one tonne per day fuel reprocessing plant recovering

fuel irradiated to 20,000 MWD/T generates 9200 curies of krypton-85
each day (Appendix A ) .
With the growth of the nuclear power industry there has
developed a great concern for the protection of the public from released
radiation and recovery of krypton-85 is becoming increasingly important.
Another interesting aspect of its recovery is its contribution to the
overall economics of nuclear fuels reprocessing.
There are several possible methods for the recovery of krypton
and xenon from their gas streams.

Since these gases are chemically

inert, all the separation processes are based on physical properties.
The three main processes are 1) selective absorption; 2) distillation;
and 3) selective adsorption (Merriman et al. 1970, p. 2).
distillation is the process selected for study here,

Recovery by

CHAPTER II

PROCESS DESCRIPTION

The three major processes for krypton and xenon recovery are
selective adsorption, selective absorption and distillation.

The

last two processes are well suited for continuous operation, while
selective adsorption is generally run batchwise (Merriman et al»
1970, p, 2),

Distillation and adsorption require large amounts of

refrigeration to run effectively.

The absorption system may have

difficulties due to the large amounts of organic solvent that may be
required (Steinberg and Manowitz 1959, p, 50),

The safety problem

involved in avoiding explosive gas mixtures is also a consideration
for each process.
With the technology available, none of these processes have a
clear advantage over the others.

For this reason and because of the

detailed information available on the distillation process, it was
chosen as the model for this thesis.

The distillation process and

(Figure 1) was modeled from that utilized at Idaho Falls by Idaho
Nuclear Corporation and described in IN-1221.

The model plant is to

handle fuel with a burnup of 20,000 MWD/T and a cooling time of 150 .
days.

The plant will operate 280 days per year processing one tonne of

uranium fuel elements per day.
To be effective in reducing krypton-85 release to the atmosphere
the efficiency of krypton and xenon recovery will be 99 to 99.9%,
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Compressor
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Figure 1.

Flow Sheet for Recovery of Krypton and Xenon
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During one day of operation approximately 9200 curies of krypton-85
and 433 liters of xenon will be recovered,

Dissolver Off-Gas System
The irradiated uranium alloy fuel is dissolved with nitric
acid resulting in the evolution of a hydrogen-lean gas mixture.

This

mixture includes krypton, xenon, nitric oxide, nitrous oxide, nitrogen
dioxide, water, nitrogen and oxygen.

According to Gresky (1952), of

the 4.5 moles of nitric acid required to dissolve a mole of uranium,
2 to 2.5 moles of the nitric acid can be recovered by reacting the
oxides of nitrogen in the off-gas with air.

The equation for this

reaction is (Gresky 1952, p. 11).
1.-55'

',85~*N0

2

4- 1T375 0

2

f 1.2H^0
z

> 2.4 HNO

3

The dissolver is under a slight vacuum so there will be air
inleakage here.

It is assumed that air will enter the dissolver at

approximately 10 SCFM and is the primary source of nitrogen and oxygen
present.

Also pure oxygen is added to the dissolver to insure there

is sufficient present to efficiently recover nitric acid.

After the

nitric acid recovery there are still small amounts of nitrogen oxides
present in the gas stream, however, the major components are nitrogen
and oxygen.

This mixture of gases is the feedstream to the rare gas

recovery plant.
The feed gas passes from the off-gas compressor at a pressure
of 20 to 40 psig to one of two tanks which act as a combination surge
and scrubbing vessel.

The remaining nitrogen dioxide is removed by

interaction with a caustic solution which is present both as a seal on

the pump and a spray in the surge tank.

After scrubbing, the gas con

sists mainly.of nitrogen and oxygen with a small amount of nitric
oxide.

The nitric oxide is eliminated by passing the gases through a

rhodium-catalyst bed at 1 000-1200°F where the nitric oxide is converted
to nitrogen.

Also any hydrogen present in the gas stream will react

with oxygen to produce water.

The efficiency of this unit is over 99%.

The gas stream is then passed through a condensor where the water,
oxides of nitrogen and any ammonia formed in the rhodium catalyst beds
are removed.

The effluent from the condenser consists of nitrogen,

oxygen, argon, krypton, and xenon.

The gas then moving at a flowrate

of approximately 11 SCFM continues through,a second compressor to a
demister and then a silica gel dryer.

The feed gas is now ready to

enter the cryogenic system for krypton and xenon recovery.

Krypton and Xenon Recovery System
The primary units in the cryogenic system are two regenerators,
a distillation column and a batch still.

The gas stream which is fed

to the primary column is alternated between the two regenerators, which
are essentially packed columns.

While the feed stream flows through

one, cold effluent gas from the distillation unit is flowing through the
other to cool the packing and maintain a regenerator midpoint tempera
ture of -150°F.

The feed gas mixture leaves the regenerator at -260°F

and enters the tenth of twenty sieve plates in the primary column.
Liquid nitrogen is fed into the top plate of the column and flows down
ward condensing and absorbing the higher boiling components in the feed
gas such as oxygen, krypton, argon, and xenon (Table 2).

These condensed

9

TABLE 2 - FREEZING AND BOILING POINTS OF COMPONENTS IN DISSOLVER
OFF-GAS AT ATMOSPHERIC PRESSURE*

COMPONENT

NO
CO

2
2

FREEZING POINT .
(°F)

BOILING POINT
(°F)

12
-109

-110

N 0
2

-131

Xe

-220

NO

-263

Kf.

-272

-244

Ar

-309

-303

N

-346

. -320

-361

-297

2

°2
H2
He

*Bell 1963, p. 73

-163 ,

-424
-452
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components move to the bottom of the column for further boiling and
rectification.

The gas discharged at the top of the column is primarily

nitrogen.
The nitrogen from the top of the primary column then cools the
batch still condenser at 25 psig and ~300°F.

It is then introduced to

the second regenerator to cool the packing and surge any contaminants
that may be present.

Frequent alternating use of the regenerators main

tains the necessary midpoint regenerator temperature of -150°F.

The

initial surge of gas leaving a regenerator at switchover is recycled to
prevent loss of residual feed gas.

Except for the initial surge, the

regenerator waste gas is vented to the atmosphere through a steam jet
exhaust.
The bottoms of the primary column, containing mostly liquid
nitrogen and oxygen along with the rare gases, are transferred several
times daily to the batch still.

Most of the nitrogen and oxygen are

distilled off after each transfer, concentrating the remaining liquid
rare gases.

Heat is supplied to the heating coils in the kettle of the

still by a nitrogen stream.

When the still is not distilling the nitro

gen and oxygen, it is kept cold by liquid nitrogen circulating in the
coil surrounding the kettle which is kept under pressure.

After a

sufficient quantity of krypton and xenon have accumulated in the batch
still a complete fractionation is performed.

Oxygen is the first to be

boiled off (Table 2) and is returned to the feed gas compressor to pre
vent the loss of any rare gas.

The next fraction off is krypton and

then xenon with each product being diverted to its own storage tank.

■

■

-
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The progress of the distillation is controlled by the temperature of
the product gases.
The individual equipment description for the rare gas recovery
system is given in Appendix B,

CHAPTER III

ECONOMIC ANALYSIS

The economic evaluation of the project was carried out on the
basis that the krypton and xenon recovery process would be included in
a proposed fuel reprocessing plant.

The addition of this recovery

system to a plant already constructed would be more costly than the
figures given below.

A 20% return on investment prior to taxes was

used.

Facility Cost Estimates
The equipment cost estimates were obtained using charts and
graphs from Dryden and Vilbrandt 1959 9 Aries and Newton 1955, and
Bauman 1964.

Since the basic prices listed in these references change

continually, the Engineering News Record (ENR) was used to update the
cost estimates.

The ENR reflects wage and material price trends and

gives a satisfactory current equipment cost approximation provided
there is no error introduced by technological advances

(ENR Index, 1969).

When the cost of a given unit was known and the cost of a
similar piece of equipment of different size or capacity was required,
the "six tenths factor" approximation was used.
is the mathematical form of this approximation:

The following equation

' 13
where
Y

= cost of the first unit
:
2

= cost of second unit

-

= capacity of second unit
= capacity of first unit
Several references listed delivered equipment costs only so it
was necessary to estimate the installed cost«

Included in the installed

costs are labor, platforms, foundations, supports and site preparation.
These costs are estimated using a percentage of the delivered equipment
costs (Appendix C ) .

The installed costs do not include piping and

instrumentation expenses.

The piping costs include valves, flanges,

piping and supports, and is assumed to be 86% of the delivered equip
ment cost.

The instrumentation costs are 10% of the delivered costs.

Each piece of equipment was priced separately and when possible
at least two cost estimates were obtained.

In most cases the estimates

on a piece of equipment agreed within 10% so an average of the estimates
was used as the cost of the item.

The total delivered equipment cost is

$78,750 while the total installed equipment cost including piping and
instrumentation is $177,535

(Table 3).

(See Appendix D for a sample

calculation of installed equipment cost estimate.)
The cost of the building was calculated in two w a y s .

The first

method involved multiplying the total delivered cost by 75% (Dryden and
Vilbrandt 1959, p. 466) which results in an estimate of $59,000.

The

second method approximated the floor space required which cost $25 per

14

TABLE 3 - INSTALLED EQUIPMENT COSTS*

I.

Dissolver Off-Gas Preparation Equipment
Dissolver Off-Gas Compressor
Dissolver Off-Gas Storage Tanks
Caustic Pumps
Preheaters
Rhodium Catalytic Converter
Cooler
Cryogenic System Compressor
Demister
Dryer
Vacuum Pump

9,680.00
44,400.00
1.770.00
500.00
1 .100.00
5 ,100.00
8 ,200.00
4.100.00
1.300.00
2.045.00
TOTAL

II.

-

Cryogenic System .
5,200i00
4.100.00
1.835.00
340.00
420.00
9.750.00

Regenerators
Primary Column
Batch Still
Nitrogen Separator
Product Compressor
Liquid Nitrogen Storage Tanks
TOTAL

III.

$78,195.00

Total Installed Equipment Cost

$21,645.00

$99,840.00

•k
.

Does not include piping and instrumentation costs, Costs may be
for more than one piece of equipment
Example: two dissolver offgas storage tanks @$2 2 ,200.

15
square foot (Dryden and Vilbrandt 19595 p. 336)•

This method gave a

figure of $56,300 which serves to confirm the first estimate.

.

In these

calculations it is assumed that all the equipment following the nitric
acid recovery unit can be placed outside of the main chemical reprocess
ing building.

This is possible because of the long cooling time (150

days minimum) of the fuels reprocessed which will provide time for
radioactive decay of short lived isotopes leaving only krypton-85 to
be shielded against.

This isotope decays with almost pure low energy

beta radiation so that shielding should not be too difficult.

Engineering and Construction Cost
The engineering design and the construction overhead are both
'10% of-the total equipment and 'buiTdi:ng costs.

The interest on con

struction is 20% and the contingencies are 10% of the fixed costs
(Table 4 ).

The total fixed costs amounted to $374,435.

The yearly expenses (Table 5 ) include liquid nitrogen supply,
labor, maintenance, and utilities.

Liquid nitrogen consumption amounts

to 2.9 x 105 liters per day (Appendix E ) .
nitrogen is maintained.

A two weeks supply of liquid

The labor to operate the rare gas recovery

system amounts to two man-years at $10,00.0 per man-year.

The maintenance

is 10% of the fixed costs and the electricity consumption is based on
i

.94 Kwhr per pound of product (Dryden and Vilbrandt 1959, p. 231) with
the cost.of the electricity being $.01 per Kwhr.
The fixed costs totaled $374,435, the yearly expenses were
$71,975, and the profit required for a 20% return on investment amounted

TABLE 4

- FIXED COST

FIXED COST
FACTORS

1)

2)
3)

Equipment

Building
Other Factors

ITEMS

COST

Delivered Equipment

$78,750

Equipment Installation®

$21,100

Instrumentation (10% of $99,850)^

$ 9,985

Piping (86% of $78,750)c

$67,700

Building (75% of $78,750)

$59,000

Engineering Design (10% of $236,535)

$23,650

Construction Overhead (10% of $236,535)

$23,650

Interest on Construction (20% of $283,835)

$56,600

Contingencies (10% of $.340,435)

$34,000

4) ' TOTAL FIXED COSTS

(a)

Includes labor, foundations, supports, platforms and site preparation

(b)

All percentages shown taken from Dryden and Vilbrandt (1959)

(c)

Includes labor, valves, fittings, pipe and supports.

.CUMULATIVE
TOTALS

$ 99,850

$177,535
$236,535

$283,835

$374,435

/
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TABLE 5 - RARE GAS RECOVERY FACILITY MANUFACTURING COSTS PER YEAR

1)

Chemicals
Liquid Nitrogen

2)

3)

$ 8,350

Operating Costs
Labor (2 men @$10,10Q/yr.)

$20,000

Maintenance (10% of fixed costs)

$37,500

Electricity (.94

$ 6,125

'
@$.Q1/Kwhr)
lb pwd..

TOTAL MANUFACTURING COST

$71,975

18
to $74,800.

Thus the income from the sale of krypton and xenon

must amount to $146,800 per year.

Market
To obtain the minimum price at which the recovered krypton and
xenon could be sold it was assumed the income from the rare gas plant
was to be split evenly between the rare gases or $73,400 to be obtained
from each.

Under these conditions the cost of xenon is $.606 per liter

and krypton is $.025 per curie (Appendix F ) .

Xenon
The recovered krypton and xenon have a variety of possible
uses.

Xenon, which is the most abundant gas in the reprocessed fuel,

will be used strictly as a non-radioactive material.

Possibly the most

important use for xenon is as a substitute for argon in light bulbs.
Argon is used in tungsten filament light bulbs to depress the evapora
tion of the filament.

Since xenon has a higher atomic weight and lower

thermal conductivity than argon but is also chemically inert, it will
be even more effective in depressing tungsten evaporation promoting a
smaller bulb size with a brighter light and longer life.
Xenon is also used in making short-arc lamps which are discharge
tubes in which xenon is employed at pressures from 3 to 15 atmospheres.
A search light using a lamp of this type can project a beam of light
up to 50 miles

(Simpson 1969, p. 158).

This type of lamp is used

extensively by the military and also finds uses in motion picture pro
jection, street lighting and as high speed photographic flash bulbs
with brilliant light which can be reused several hundred times.

19
A surprising and unique use. for xenon is as an anesthetic
for surgery (Rohrman 1970, p. 6),

In 1951 it was first used as the

only anesthetic for a surgical operation on man,

Man was the only

species that could be anesthetized with xenon at-atmospheric pressures
while other animals required pressures from two to three atmospheres.
The xenon anesthetic is characterized by the unusually short induction
and emergence periods.

The gas mixture generally used consists of 18

to 22% oxygen with the remainder being xenon of high purity.

The com

position is similar to a synthetic air with the nitrogen replaced by.
xenon.

The anesthetic takes effect within minutes after application and

there is no excitement during the administration.

Full recovery from

the anesthesia is typically within two to five minutes.

Equivalent

mixtures of krypton and air are ineffective when administered to humans.

Krypton
The krypton recovered from nuclear fuels will probably have to
be used as a radioactive material because of the 6 to 8% krypton-85 it
contains.

The separation of krypton-85 is impractical in most cases

because of the expense involved.

K. H. Lin (1969) reports the enrich

ment cost of producing 45% krypton-85 from a 4% mixture will be at least
$4 per curie.

.

Krypton is a possible substitute for argon in light bulbs as
was xenon.

Although it is not as effective as xenon, it has been used

in Europe in this manner for years (Rohrman 1970, p. 5).

In 1968

Westinghouse started marketing 60 and 100 watt krypton filled light
bulbs with a price range of 55q to 65q and a rating of 1500 hours or an

20
increase of 50% over the regular bulb (Rubzic 1968, p. 49).

Also this

article reported that Westinghouse feels that within several years as
much as 30% of the gas used to fill bulbs will be krypton.

Both krypton

and xenon can be used to fill light bulbs but with xenonTs higher atomic
weight and lower thermal conductivity it is the.more attractive of the
two.

Also fission product krypton will have a radiation problem

because of the krypton-85 present which could significantly limit its
use in this area.

Howeverj this krypton gas mixture may find use in

self-luminous light sources which rely on the excitation of a phosphor
coating by the beta emission from krypton-85 (Flagg 1961, p. 102).
Krypton can be used in beta absorption thickness gauges
(Kohl, Zentner and Lukens 1961, p. 467) and is the preferred beta source
because of its high specific activity (large number of millicuries in a
small volume).

Also it is advantageous because it can be used in any ,

shaped container and it is dissipated in a harmless manner in case of a
source leak.

Because of their non-contaminating property, krypton-85

sources are not subject to as stringent leak testing requirements as
the Atomic Energy Commission applies to most other sources.
A useful radioisotope technique has been.developed to diagnose
defects within the heart.

Following inhalation of krypton-85, blood

samples are taken from heart cavities and their activity measured from
which the location and approximate size of any defects may be deter
mined.

This technique is remarkably successful in determining types of

heart malformations and the necessary corrective measures without the
risk of exploratory operations (Libby 1958, p. 84).

21
Other possible uses of krypton include underground tracing of
gas in oil fields (Wilson and Taylor 1958, p. 3), leak detection,
static eliminator, stabilization of breakdown voltages in discharge
tubes, and gas chromatography.

If the krypton-85 were enriched it

could also be used as a space power source and as an intense radiation
source in food processing.

Competition
. The major competing source of xenon and nonradioactive krypton
is liquid air plants.

Formerly the supply from this source was minor

but since the large increase in concentrated oxygen production for use
in the open hearth steel industry, the capability of producing high
^orec^htrrn-tipns'^of ^krypton ^ n d ^ e n o n "is 'present.
gases in the air is indicated in Table 6 .

The abundance of these

The production of these rare

gases by.nuclear fuel reprocessing plants would be very competitive
with liquid air plants.

The recovery of xenon from a one tonne per day

reprocessing plant is more than twice that of a large 5000 ton per day
liquid air processing plant (Rohrman 1970, p. 1).

However the recovery

of krypton would be roughly five times greater for a liquid air plant.
The krypton recovered by the liquid air plant would not be radioactive
(no krypton-85 present) so it could not compete with the krypton recov
ered from fuel reprocessing which is used as a radioisotope.

Pricing and Profit
Presently the price of xenon is approximately $12 per liter for
large orders (1,000 liters) and $20 to $35 in liter and smaller quanti
ties (Rohrman 1970, p. 16).

The price of radioactive krypton is $22
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TABLE 6 -

THE COMPOSITION OF CLEAN DRY AIR.*

COMPONENT

VOLUME PERCENT

Nitrogen

78.084

Oxygen

20.9476

Argon

.934

Carbon Dioxide

.0314

Neon

.01818

Krypton

.000114

Xenon

.0000087

Simpson 1969, p. 130
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per curie from the AEG stocks„

These prices must be reduced in order

to sell all the krypton and xenon that could be recovered from nuclear
fuels per year.

Xenon must compete with argon for most of its possible

market and will have to have a lower price, probably between $150 to
$1.00 per liter.

In this price range, the total fuel reprocessing

industry could expect revenue from xenon to range from $500,000 to
$2,000,000 in 1980 (Rdhrman 1970, p. 7).

However if the use of xenon

as an anesthetic were developed and widely used, xenon could.be sold
for this purpose probably in a range of $1.50 to $3.50 per liter.
It is not known if all the krypton recovered from the nuclear
fuel reprocessing plant can be consumed by the uses given but with its
much reduced price the possibility is greatly enhanced.

It is extreme

ly doubtful that the present price of $22 per curie could be maintained
and have all the krypton recovered disposed of but if it were, the
expected revenue for the total reprocessing industry from krypton in
1980 could be $500,000,000

(Rohrman 1970, p. 17).

To make krypton-85

an attractive commodity it will have to sell for much less than $1 per
curie, perhaps as low as $.025 per curie (Rohrman 1970, p. 18).

CHAPTER IV

DISCUSSION

It appears that a recovery system for xenon and krypton would
be a very profitable addition to a reprocessing plant.

To obtain a

20% return on investment, the recovered krypton would be sold at $*025
per curie and the xenon would sell at $.606 per liter.

These prices

are considerably less than the present prices for krypton and xenon
which are $22 per curie and $12 per liter respectively.

The reduced

price is necessary however to order to find a market for all the krypton
/and ^ e n o n "that could "be recovered #rom-nuclear fuels .

In 1980, 2. 3x10^

curies of krypton could be recovered along with 2xl06 liters of xenon
(Rohrman 1970, p. 19).

The selling prices of these rare gases would

determine the application and the magnitude of their use.

It is also

possible for a large market for the recovered krypton and xenon to
develop and consequently the selling price of the rare gases could
increase giving a larger return on the investment.
The xenon recovered will have to compete with argon and krypton
obtained from liquid air plants if it is to be marketed as a tungsten
evaporation depressant in light bulbs.

The present prices for argon and

the nonradioactive krypton recovered from liquid air plants are approx
imately $1 per liter and $.50 per liter respectively (Rohrman 1970,
p. 16).

In this application xenon is superior because of its high atomic

weight and low thermal conductivity and can probably command a higher
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price but will have to stay below $1 per liter if all the xenon is
to be marketable«
If xenon can be marketed as an anesthetic it will probably be
sold in a higher price range because of its unique properties.

Rohrman

(1970) reports that this price could conceivably be as high as $1.50
to $3.50.
Since the krypton recovered from a nuclear plant contains from
6 to 8% krypton-85, its market may be more limited than xenon.

The

radioactivity of the recovered krypton will prevent it from general
public use.

It appears as though no single use of the radioactive

krypton mixture could consume all the krypton recovered in the future.
However, with a very attractive price such as $.025/curie for the krypton
it is conceivable that many more uses will develop and consume all the
recovered krypton.

•

The recovery of the fission gas krypton with its 6% krypton-85
will serve another and possibly more important function than improving
the economics of reprocessing.

It will diminish significantly the

radioactivity released to the atmosphere.

It will reduce the emission

of krypton-85 from 9200 curies per day to 100 to 10 curies per day.
The efficiency of the rare gas recovery plant in recovering
krypton and xenon is between 99 and 99.9% to insure the release of
krypton-85 is significantly)reduced.

Bendixsen (1971) reports that

the efficiencies achieved in the operation of the Idaho Falls pilot
plant were between 60 and 95% for the recovery of krypton.

The Idaho

Falls Plant has been designed as a pilot to demonstrate the •
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feasibility of recovering krypton and xenon by cryogenic distillation
and consequently the engineering and design were not as extensive as it
would be for a commercial plant.

It was found that the recovery effi

ciencies were highly dependent on the contaminant (oxides of nitrogen
and water) removal equipment located upstream from the cryogenic system.
The Idaho Falls system did not include any nitric acid recovery facil
ities so the amount of nitrogen oxides to be removed by the decontamina
tion equipment is significantly higher than if a recovery system were
employed.

The removal of the oxides is accomplished by caustic spray

and rhodium catalyst conversion.

These types of processes are also

employed in the proposed plant but the contaminants to be removed are
significantly reduced due to their reaction with air to form nitric acid.
Since the quantity of gas to be removed by the decontamination equipment
is reduced, the clean-up of the dissolver off-gas should be greatly
enhanced thus improving the krypton and xenon recovery efficiencies,
These efficiencies may also be improved by using a large primary column
where the krypton and xenon are liquified and recovered.
The primary column is designed to operate at a given feed gas
flow rate (10-15 SCFM) and if the flow should deviate from this the
column efficiency will drop.

Consequently it may be necessary to add

gas before the cryogenic system to maintain a constant feed rate and
maximum recovery efficiency.

The dissolver off-gas is evolved at a

fluctuating rate while the fuel is being dissolved.

Because of the

large fluctuations, the dissolver off-gas is compressed and sent to
storage tanks from which it is bled at a rate of 10 to 11 SCFM,

.1
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The Idaho Falls system adds air to the feed gas to the cryogenic
system to maintain a gas flow rate of 20 SCFM which means the addition
of up to 10 SCFM of air•

The addition of untreated air can add contami

nants to the cryogenic system which could reduce the efficiency of the
columns.

The flow in the proposed system is maintained at a rate of

10 to 11 SCFM which corresponds to the average dissolver off-gas flow
rate.

If any make-up gas is necessary it will be supplied by the nitro

gen effluent from the top of the primary column thus avoiding any
contaminants that may accompany the addition of air to the system.
It is assumed that the recovery equipment beyond the nitric acid
recovery step did not have to be within the well-shielded cells of the
main reprocessing building.

The fuels reprocessed will all have cooled

for at least 150 days so that the only radioactive isotope present
would be krypton-85.

Throughout the dissolver off-gas purification sys

tem and up to the primary column the concentration of krypton-85 will
be very small, approximately 70 ppm.

The cryogenic columns and the

product storage tanks would both require more extensive shielding than
the rest of the system due to the increased concentration of krypton-85
but in no area of the rare gas recovery system should shielding be a
real problem.

Since a leak in the system may develop it may be neces

sary to include an auxiliary system which can be operated in conjunc
tion with the rare gas recovery area ventilation system.

If the area

is properly ventilated, any leaking rare gas can be easily removed.
Also there is no requirement for expensive steel lined walls in the
(

area housing the rare gas recovery unit since there will be little prob
lem in decontamination if a leak should occur.
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Since the recovered krypton and xenon is to be sold for various
possible uses the purity of the recovered gases could be important.
The purity of the recovered krypton is not as significant as the xenon
because the krypton will be used as a radionuclide and any of the
contaminating gases, will not affect this property.

Possible gases

recovered with the krypton include oxygen, nitrogen,argon, and xenon
all of which will be stable.
The amount of krypton-85 that is contaminating the xenon
product is very critical and should be kept as low as possible.

The

possible uses of the recovered xenon require the use of the gas in
uncontrolled areas which means radiation must be kept to a minimum.

It

•is not clear at the present time what radiation level due to krypton-85
in the xenon is acceptable and further study of the tolerable dose rate
and the feasibility of further purification is required?"

Rohrman (1970)

reports an activity of 450 microcuries per liter (5 ppm krypton @ 6 %
krypton-85) may be tolerable and it should be possible to achieve con
tamination levels as low as 1 to 10 microcuries per liter of xenon.
Although this rare gas recovery system is designed to operate
in conjunction with a nuclear fuel reprocessing plant, it is possible to
use a similar cryogenic unit for rare gas recovery from a nuclear reac
tor.

The recovery of rare gases from a reactor is complicated because

of the greatly increased reactivity of the gas.

The amount of time

between the birth of the gases and their removal is very short so that
the quantity of radionuclides present is significantly increased.
According to Mawson (1965), one kilogram of fresh fuel from a reactor may
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contain 10,000 curies of gaseous fission products while, after 40 days
cooling all that would remain would be 10 curies, mostly krypton” 85 and
iodine-131,

The amount of radioactive gases to be handled is strongly

dependent on the time it takes the gas to escape from the reactor system
and be collected by the rare gas recovery system.

Also it is possible

to store the gas mixture to allow the short lived isotopes to decay.
There will be no oxides of nitrogen present in the gas to be treated
from a reactor as there is from the dissolution of fuel by nitric acid
in a reprocessing plant consequently it will not be necessary to provide
the oxide removal equipment in a reactor system.

The presence of

iodine-131 however will require the addition of equipment for its remov
al.

Since iodine-131 is a very hazardous radionuclide,its removal is

mandatory and there are several proven methods available.

Silverman

(1955) reports that passing the gas mixture at an elevated temperaturethrough a fibre glass filter in series with a tower packed with saddles
coated with silver nitrate, the iodine removal efficiencies were greater
than 99.99%.

Another possible method involves high efficiency filters

in series with a bed of activated charcoal (Morris and May

1958, p. 83) .

CHAPTER V

SUMMARY AND CONCLUSIONS

.

The recovery of krypton and xenon by cryogenic distillation
appears to be an extremely profitable process«

By selling the recovered

“ rare gases at $.025 per curie of krypton and $.606 for xenon it is
possible to obtain a 20% return on the recovery system investment.

The

major problem in the recovery of these rare gases is not in the tech
nology of the recovery process but in selling the rare gases once they
are recovered.

It appears as though the market for the gases at present

,.,,i&..not,..nearly .large enough to,absorb all the .fission product rare gases
that could be recovered but at the much reduced prices the existing mar
kets should expand and possibly several new uses may develop.
The recovery of krypton-85 will greatly reduce the radioactivity
emitted by a nuclear fuels reprocessing plant.

As the nuclear power

industry expands there will be more and more concern for the gas effluent
radiation level from these reprocessing plants and eventually, if for no
other reason than public relations, it will be necessary to recover
these fission product rare gases.

A cryogenic recovery system having

an efficiency ranging from 99 to 99.9% will reduce the radioactive efflu
ent levels by factors of 102 to 103 and provide the necessary public
protection.
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APPENDIX A

DETERMINATION OF ISOTOPIC CONCENTRATIONS IN
IRRADIATED URANIUM FUEL

I.

Symbols Used
X = Decay Constant (sec
B = Burnup (MWD/T)
Y = Fission Yield (atoms of nuclide and precursors/atom
fissioned)
t = Cooling Time (sec.)
N = Mass Number
MW = Megawatt

II.

Conversion From MWD/T to Fissions/gm U
an

MWD

;

= (106W)

(8.64x10^ sec.)

T

106 gm
= 8.64xl04 W-- S - f - C gm U

B)

Assume 3.AxlO10 fissions/sec/watt

C)

1 ^

T

= (8.64x10“ ltl££)
gm

(3.4x1010 (^s l o n s
W-sec

III. Atoms Isotope/gm U Fissioned
(B)

IV.

z 2.94xl015 fission/gm U x ZxrN , -XtN
— } (Y) (e
)
( --------- S d T t —

Uranium Lost by Fission
A)

Weight lost = (B)

(2.94x1015)

= B (1.15X1Q-6)
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(

235
g° °
fissioned
gm U initial

(

235 gm ^
gm mole
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B)

Assume Burnup (B) =20 ,000
Weight lost = .023

MWD/T

gm/gm U initial

or ^ .98 gins U remain/gm U initial
V.

Grams Isotope/Gram Uranium Processed
(.98)-

or

(B)

(Y)

(2.94x1015)

BYN (4.8xl0-9)

V I . Sample Calculation:
A)

B = 20,000

( ^ l ^ e i S —

)( -

^

)

(e"Xt)
Amount of Krypton 85 Produced

MWD/T

Y = .00293 (Table I)
N = 85
X = 2 .02x10 4 days 1
t = 150 days
B)

gm Kr^~Vgm U processed

grams i
Kr 85
----------- = BYN (4.8x10
grams U

) (e

= (20,000,) (.00293)

)
(85) (4.Sxl0"9) (e"2 *02x10

= 4.66 x10 5 grams K ^ " V g m U

processed

‘*(150))

APPENDIX B

DESCRIPTION OF RARE GAS RECOVERY EQUIPMENT
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NAME

NUMBER ,
REQUIRED

CONSTRUCTION
MATERIAL

Demister

1

347 S.S.

Dryer

4

Carbon Steel

CAPACITY

12.5 ft3

24" ODx48", cylin
drical vertical with
dished heads

One SCFM of Water
Vapor from 30 SCFM
Gas Stream @27°C

Silica Gel
4" ODxll.5', Packed
Column with 1/4" Berl
Saddles, 75 PSIG,
-300°F

Regenerator

2

304 S'.S.

Primary Column '

1

Copper

4.600 Curies
Krypton 85/day

1

Copper

4.600 Curies
krypton 85/day

: Batch Still

DESCRIPTION

overall height 86"
20 trays + 5 liter
kettle with internal
heating coil, 75 PSIG
-300°F

■.
'

overall height 59" 5
liter kettle with external heating coil
reflex condenser, 75
PSIG, 300°F .
:

NAME

Nitrogen Separator

Cryogenic System
Compressor

NUMBER *
REQUIRED,

1

CONSTRUCTION
MATERIAL*'

Copper

347 S.S.

Liquid Nitrogen
Storage Tank
Dissolver Off-Gas
Compressor

CAPACITY

DESCRIPTION

4 1/8" 0Dx26", cylin
drical vertical with
dished heads

30 SCFM

Suction: 0 PSIG
Discharge:
30 PSIG

1800 gal.

347 S.'S.

40 SCFM

Suction:
Discharge:

Caustic Pump

Vacuum Pump

Product Compressor

Carbon Steel

12 gpm

15.2 CFM at
*
suction pressure

.35 CFM

20" HgO
60 PSIG

1 Stage Centrifugal
Discharge:
101 PSIG
Suction:
2x10 ^ mm
Hg, 2 stage vacuum
pump
Diaphragm Compressor
Suction: 0 PSIG
Discharge:
1000 PSIG

8

NUMBER
REQUIRED

CONSTRUCTION
MATERIAL ,

Dissolver Off-Gas
Storage Tanks

2

347 S.S.

337 ft3

4 * ODx26r vertical
cylindrical with
dished heads

Rhodium Catalytic
Converter’4

2

347 S.S.

500 CFH

5" ODx30" L, vertical
cylindrical with
dished heads

Preheaters

2

347 S.S.

4,100 BTU/hr

Chromalox steam pre
heater (1500 watts)

Cooler

1

25,000 BTU/hr

6" 0D x 9 o 5 t vertical
cylindrical with
flanged and dished
heads, 88 tubes: 3/8"
0Dx7

NAME

'

347 S.S.

CAPACITY

DESCRIPTION

APPENDIX C

.-EQUIPMENT .COST -.ESTIMATIONS
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COMPONENT

NUMBER
REQUIRED

DELIVERED
COST PER
COMPONENT

: TOTAL
DELIVERED
COST

PERCENT FOR
INSTALLED
COST*

TOTAL
INSTALLED
COST*

Demis ter

1

$ 3,400

$3 , 4 0 0

Dryer

4

$

250

$ 1,000

30%

$ 1,300

Regenerators

2

$ 1,300

$ 2,600

100%

$ 5,200

Primary Column

1

$ 1,780

$ 1,780

120%

$ 4,100

Batch Still

1

$

835

120%

$ 1,835

Cryogenic System
Compressor

2

$ 3,400

$ 6,800

20%

$ 8,200

Nitrogen Separator

1

$

$

280

20%

$

Liquid Nitrogen
Storage Tank

1

$ 7,800

$ 7,800

25%

$ 9,750

Dissolver OffGas Compressor

2

$ 4,030

$ 8,060

20% ,

$ 9,680

Caustic Pump

3

$

$ 1,545

15%

$ 1,770

.$

835

280

515

20%

.

$ 4,100

'

340

w

COMPONENT

NUMBER
REQUIRED

DELIVERED
COST PER
COMPONENT

t TOTAL
S livered
; cost

PERCENT FOR
INSTALLED
. COST* .

TOTAL
INSTALLED
COST*

Vacuum Pump

1

$ 1,860

$ 1,860

10%

$ 2,045

Product Compressor

1

$

$

360

20%

$

Dissolver Off-Gas
Storage Tanks

2

$18,500

$37,000

20%

$44,400

Rhodium Catalytic
Converters

2

$

465

$

930

20%

$ 1,110

Preheaters

2

$

200

$

400

25%

$

Cooler

1

$ 4,110

$ 4,110

25%

$ 5,100

360

420

500

*

TOTAL INSTALLED COST:

$99,850

Includes supports, foundations, and labor but does not include piping and instrumentation
and the corresponding labor.

APPENDIX D
SAMPLE CALCULATION OF EQUIPMENT COST
DISSOLVER OFF-GAS COMPRESSOR

I.

Specifications:
Material:

347 Stainless Steel

Design Pressure:

60 PSIG Discharge

Design Temperature:
Capacity:

II.

Ambient

40 SCFM

From Aries & Newton 1955:
A)

For a 100 CFM compressor the delivered price (p. 25)
= $3,400.

B ) Installed Cost
Installation Cost
C)

=

207% Delivered Cost (p.76)

Correction for Capacity
Installed Cost = $4,030 ^

^

= $2,350
D)

Correction for Material and

Labor Cost Increase

a.

Engineering News Record Index = 628 in 1955

b.

Engineering News Record Index = 1290 in 1970

c.

Installed Cost = $2,350

1290
— 528

INSTALLED COST* (1970) = $4,840

*

Does not include piping and instrumentation costs
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APPENDIX E

LIQUID NITROGEN REQUIREMENTS

Data:

A)

Heat Capacities3
Nitrogen

6.8 BTU/lb mole °F

Feed Gas (assume
B)

air)

6.8 BTU/lb mole °F

Heat of Vaporization^
Nitrogen

1.333 Kcal/gm mole

Oxygen

1.630

"

Krypton

2.310

"

Xenon

3.110

"

C)

Feed Gas Flowrate = 10.8 SCFM

D)

Oxygen present in process gas = 3420 ft

E)

General equation used:

3

where

Q = n C At
P
Q = BTU/hr
n = moles
C

P

= BTU/mole °F

At =

I.

F

Cooling Required for Feed Gas
A)

n = (10.8 ft3/min)

(60

(24
7

n = 43.3 lb moles/day
a)
b)

Himmelblau 1962, p. 224
Himmelblau 1962, pp. 410-412
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(1 lb m°3e)
359 ft
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B)

Gas cooled from 80°F to -300°F

C)

Q .= n C AT

= ( ^ . 3 ^ 1 1 )

(6.8

(3 8 0 -F )

Q = 112,000 BTU/day
II.

Cooling Required to Condense Oxygen
A)

n = (3420 ft3/day)

( -1- 1-b--mo^e) = 9.52 lb moles
359 ft

B)

Q=

(1630

(9.52 i t m d e s)

( J

^

)

(

Q = 28,000 BTU/day
III.

Cooling Required to Condense Krypton
A)

n =

7.4 gm mole

n = .00815 lb moles
B)

IV.

Since there is such a small
present, it can be ignored.

quantity of krypton and xenon

Heat Absorbed by Vaporization 'of Nitrogen
A)

AHv ■ <1333
AHv = 2.41 x 103 BTU/lb mole

B)
V.

Q = 2410 n

Heat Absorbed by Heating Nitrogen from -310 to 60°F
A)

At = 370°F

B)

Q = n CpAt
Q = n (6.8 BTU/lb mole°F)
Q = n 2510 BTU

(370°F)

43
VI.

Overall Energy Balance

^feed gas + ^condensation

^vaporization + ^nitrogen

1.12 x 105 BTU/day + 2.8 x 104 BTU/day = 2410 n + 2510 n
n = 28.5 lb moles
= 797 lbs N^/day
= 2.9 x 10~*
VII.

I / d a y

Cost of Liquid Nitrogen Per Year

<io5Tii) <ii>
= $8,350/year

APPENDIX F

RETURN ON INVESTMENT AND PRODUCT PRICE*

1)

Return on Investment =

Fixed Cost

Return on Investment = 20%
Fixed Costs

,

Profit =

= $3.74 x 105

AmmjjuLiol)

= $7.48 x 104
2)

Annual Expenses = $7.20 x 104 (see section II)

3)

Income = Expenses + Profit
= $14,68 x 104

4)

Product Price
Assume that the income is to be split evenly between
krypton and xenon sales or $7.34 x 104 from each.

A)

Xenon
($7.34 x 104/yr)
(7.3 x 105gms/yr)

B)

(135 grams/gram mole)
(22.4 liters/gm mole)

Krypton

'frJsiVloS curias7yr

*

Dryden and Vilbrandt 1959, p. 253
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=

•°25 /curie

^

.
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