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SUMMARY

Chemical Engineering Division
Semiannual Report

I. Compact Pyrochemical Processes (pages 21 to
106)

The first core loading of the EBR-II reactor will be
processed for recycle to the reactor by melt refining.
Development work on the melt refining process has
been completed, and processing of irradiated fuel by
this method has been started recently in the EBR-II
Fuel Cycle Facility.

Further investigations have been conducted on
halide slagging, a melt refining-type process in which
rare earth fission products in discharged uranium or
uranium-plutonium fuel alloys are preferentially oxi-
dized by an oxidizing agent such as MgCl, and ex-
tracted from the molten fuel alloy into an overlying
chloride flux. Potential advantages of halide slagging
are lower operating temperatures (~1150°C) than
those required for melt refining (~1400°C), short
liquation times (one hour or less), and high product
yields (~999%). To determine the behavior of fission
product zirconium during halide slagging, a uranium-
5 w/o fissium alloy containing 0.68 w/o zirconium and
0.45 w/0 cerium was contacted under statie conditions
with CaCly to which 1609 of the quantity of MgCl,
required to oxidize the cerium and zirconium had been
added. The system was liquated for one hour at
1200°C. No zirconium was removed from the alloy.
The cerium removal (979%) was in agreement with
carlier results.

The large-scale application of the halide slagging
process requires the availability of large beryllia cruci-
bles. The technology of fabricating large beryllia
crucibles by pressing and sintering has not been de-
veloped. Therefore, the concept of a beryllia-coated
crucible (beryllia plasma-sprayed on the inside sur-
faces) was explored. In a single test in a beryllia-
coated Alundum crucible, molten flux seeped into the
walls of the crucible. This approach, therefore, does
not appear promising.

Various materials, principally high melting point
carbides, borides, and nitrides, are being investigated
for containing uranium and its alloys at temperatures
from their melting points to several hundred degrees
above their melting points. Of the materials tested,

only HfC and NbN, which were not attacked in 24-
hour tests by uranium at 1400°C, appear promising,
as does the previously tested ZrB.. TiB,, CrB., TiC,
NbC, and TaC were severely attacked.

Work was continued on the purification of argon
from nitrogen by gettering the nitrogen on hot titanium
sponge. This purification procedure may be used in the
future for removing nitrogen from the argon atmos-
phere of the EBR-II Fuel Cycle Facility and could
also be used for the purification of glovebox atmos-
pheres. The kinetics of the nitrogen-titanium sponge
reaction at 900°C have been measured at nitrogen
concentrations in argon of 300, 1000, and 5000 ppm.
At these concentrations, the reaction apparently fol-
lows a modified exponential rate law. Operation of a
10-cfm pilot plant was also continued to provide in-
formation on the durability of components for large
volume purification systems. After 1000 hours of
trouble-free operation, the pilot plant was shut down
in order to charge fresh titanium. After 650 additional
hours of operation, operations were again stopped
when an oil leak developed in the gas blower. Seals in
the gas plower were found to have failed because of
inadequate lubrication. Modifications have been made
in the blower to insure adequate lubrication of the
seals and operation of the pilot plant was resumed in
late November.

Work was continued on an EBR-II fuel recovery
process which supplements melt refining. Known as
the skull reclamation process, it effects recovery and
purification of melt refining crucible residues. These
residues are first converted by controlled oxidation to
oxide powders which are poured from the crucible.
Reduction of the oxide and purification of the uranium
is then accomplished in a series of six process steps
conducted in molten metal (zinc-magnesium systems)
and molten halide salt media. These latter steps are
being conducted on a pilot plant scale of about 2 kg
of skull oxide per process batch, which compares to a
plant batch size of 7 kg of skull oxide. The pilot plant
equipment has been operated since startup in an open
glovebox, but this glovebox has now been closed up and
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operations are continuing in a dry-air (150 ppm H,0)
atmosphere,

The operation of the pilot plant equipment has
been improved steadily through the course of the runs.
Reliable operation of agitators and heated molten
salt and molten metal transfer lines has been achieved.
However, a problem in several runs has been foaming
of the flux. This has oceurred in the step in which mag-
nesium and zine are added to reduce uranium oxides
suspended in the molten flux. Foaming has been attrib-
uted to the hydrogen formed upon removal of residual
water of hydration by reaction of water with the mag-
nesium. It has been prevented in a recent run by
pretreatment of the flux with magnesium at 700°C.

The major remaining operational problems are (1)
reduction of the amounts of uranium precipitates
which are entrained in metal waste streams, (2) con-
trol of salt fumes, and (3) fabrication of reliable
tungsten crucibles. It is believed that the entrainment
of uranium precipitates can be reduced to satisfactory
levels by simply eliminating gas sparging of the
molten metal supernatants which results when the
transfer lines are back-flushed prior to transfer of the
supernatant solution. Fume traps containing calcium
metal turnings are effective in removing salt fumes,
but have been inadequately tested. When properly
used, pressed-and-sintered tungsten crucibles have
performed satisfactorily, but their bulkiness and heavy
weight are disadvantages. Therefore, relatively light
weight welded tungsten and spun tungsten crucibles
are being examined. A welded crucible failed by crack-
ing in and near a weld after the equivalent of three
pilot plant runs. Although a small (4-in. dia. by 6-in.
high) spun tungsten crucible stood up well under test
conditions, the larger spun crucible (10% in. OD by
18% in. high) has not yet been tested.

A number of uranium product solutions (about 10
w/0 uranium and 12 w/o magnesium in zinc), the
product of the pilot plant runs, have been retorted in
beryllia erucibles to produce uranium ingots. With the
possible exception of zirconium whose removal is on
the low side, fission product concentrations are satis-
factorily low and the product should be satisfactory
for returning to the main EBR-II fuel stream via the
melt refining operation.

Development work has continued on liquid metal
processes for the recovery of plutonium and uranium
from fast breeder reactor fuel alloys. The basic sepa-
rations in the current process concepts are accom-
plished through differences in the partition behavior
of the fuel constituents between liquid metal and
molten salt solvents.

Because mechanical decladding of highly irradiated
metallie reactor fuels may not be feasible, chemical

Summary

decladding procedures are under study. With a molten
chloride solvent of the proper composition to provide
the correct amount of complexing potential, it has
been found possible to separate vanadium-20 w/o
titanium eladding from uranium fuel alloy by treat-
ment with chlorine. The chlorination reaction causes
titanium and vanadium chlorides to be removed by
volatilization, whereas the uranium remains in the
salt as complexed UCl,. During the course of these
studies, regions of liquid immiscibility were found
in the systems KCl-CaCl,-BaCl,-UCly and NaCl-
KCI-CaCl,-UCl, . Initial studies indicate than an
alternative decladding procedure, in which the clad
fuel is hydrided, causing the cladding to split open,
and subsequent dehydriding and dissolution of the
fuel in liquid metal, may be feasible.

Further determinations of the distribution coeffi-
cients of plutonium, praseodymium, and lanthanum
between 30 m/o NaCl-20 m/o KCI-50 m/o MgCl, and
various liquid alloys of magnesium have been made.
Drastic variations in the distribution coefficients of
plutonium and rare earths are possible through changes
in the composition of the metal phase. Aluminum-
magnesium alloys, because they result in very low
distribution coefficients for rare earths, appear to be
useful for the removal of rare earth fission products
from recyeled salt streams. Copper-magnesium alloys
provide a plutonium-praseodymium separation factor
of at least 240, which may permit a single-stage ex-
traction for this separation in a liquid metal process.

In another distribution study, distribution coeffi-
cients of yttrium and californium between LiCl-MgCl.
salt mixtures and Zn-6 w o Mg alloy were measured.
The separation factor was small, about 8. This result
suggests the possibility of rare earth fission product
separations from transplutonium elements by multi-
stage liquid metal-molten salt extractions.

X-ray data have shown that delta-phase UsZn,; pre-
cipitated from U-Cd-Mg-Zn solutions undergoes sub-
stitution of cadmium and magnesium for the zine,
with a corresponding expansion of the unit cell.

Work was continued on a program to develop the
engineering technology required for the separation of
plutonium and uranium from fission products by
multistage extractions between molten metal and
molten salt phases. Preliminary batch extractions in-
dicate rapid transfer of uranium across metal-salt
interfaces. A conceptual design has been developed for
a prototype extraction facility, construction of which
may be started in the next year. A loop facility has
already been constructed for the purpose of testing

“components, e.g., valves, pumps, and flowmeters, re-
quired for the extraction facility.

Several steels (types 304 and 405 stainless steels,
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Croloy 2V4, and 1019 and 1020 carbon steel) have been
examined as potential materials of construction for
the prototype extraction facility. Type 405 stainless
steel was selected on the basis of: (1) superior cor-
rosion resistance to the metal and salt systems, (2)
good resistance to external air oxidation, and (3)
good stability of plutonium in Cd-Mg-Zn solutions
contained in crucibles fabricated of 405 stainless steel.

Improved performance of an eddy-current induction
probe for measuring the depth of liquid metals has
been achieved by winding the primary and secondary
coils of nichrome wire on a grooved alumina tube. The
probe is operated in a well similar to a thermocouple
well. One such probe has given reproducible readings
(equivalent to =4 in. of cadmium) over a 3-month
period; during this time it was at temperatures above
350°C for more than 300 hr and was eycled at least
thirty times between room temperature and 700°C.
Calibration data have been obtained for the output
signal strength as a function of cadmium liquid level
and temperature. The instrument should be easily
adaptable to remotely operated high-temperature
equipment since there are no moving parts.

The ternary system, LiCI-KCI-MgCl, , is of interest
as a potential flux to be used for the extraction of rare
earth fission products from liquid metal solutions of
uranium and plutonium. Liquidus temperatures of the
ternary system have been determined over the entire
composition range. To obtain satisfactory distribution
coefficients for process separations, the salt should
contain at least 50 m /o MgCl, and as much LiCl as
possible, A liquid region was found to exist below
500°C in a wide composition band extending from 29
to 60 m/o MgCl, on the KCI-MgCl, edge of a ternary
diagram to 23 to 55 m, /0 KCI on the LiCl-KCI edge.
A minimum liquidus temperature, 336°C, lies at about
40 m/o LiCl, 50 m/o KCI and 10 m /0 MgCl. . These
results indicate that suitable compositions which are
liquid at reasonable process temperatures are available
in the LiCI-KCI-MgCl, system.

The binary system Pu-Mg is being considered for
use in certain liquid metal processes for plutonium
fuel alloys. Although some information is available on
the solid phases in this system, a liquid immiscibility
curve has not been determined, nor have the liquidus
temperatures outside the miscibility region been firmly
established. Preliminary determinations of the misci-
bility gap by a two-phase sampling procedure show
liquid immiscibility from about 8.5 to 84 a ‘o mag-
nesium at 625°C, and a consolute temperature in the
vieinity of 975°C.

Scouting studies have indicated that it may be possi-
ble to remove certain cations from molten halide
solvents by ion exchange techniques. Barium ion was

extracted from a KBr-AlBr; melt (mole ratio 1:1) by
solid potassium hexatitanate with a distribution coeffi-
cient of 10* (K; = w/0 in solid / w /o in salt).

Work is in progress on the determination of the
critical constants of alkali metals. The densities of
liquid and vapor phases are to be obtained from room
temperature to the critical temperature by measuring
the gamma radiation emanating from the vapor and
liquid regions of the alkali metal, which is held within
a small capsule. Preliminary runs made with irradi-
ated cesium indicate that it has a eritical temperature
near 1660°C.

In studies of the boiling of mercury, the surface tem-
perature of the mercury was measured using the
mercury itself as one leg of a thermocouple. This
thermocouple system involved the use of a single
chromel wire which penetrated the vaporizing surface
from above and formed a thermocouple with the mer-
cury. The effect of a step temperature difference at
various positions along the immersed portion of the
wire has been analyzed to indicate the magnitude of
the error in the surface temperature measurement
caused by a temperature gradient beneath the mercury
surface. It was determined that an error of +1°C in
surface temperature would result from a temperature
gradient of 165°C/in. across a 0.2-in. thick surface
layer. The gradient was the maximum found in the
mercury boiling studies,

A torsion-wire oscillating-cup viscometer has been
built for measurement of the viscosities of liquid
metals.

The construction of the EBR-1I Fuel Cycle Facility
in Idaho has been completed and the facility is in
operation, The Chemical Engineering Division at
Argonne, Illinois, continues to give technical assist-
ance in the repair and modification of equipment in
the EBR-II Fuel Cycle Facility. One of the current
modifications has been the installation of a Chemical
Engineering Division designed slip clutch on the hoist
drive of Air Cell and Argon Cell operating manipu-
lators. This slip clutch is needed to protect the hoist
mechanism and cables from damage resulting from
overloads. Four of the eight hoist drives have been
modified. Installation of the slip clutch and service
tests of the complete drive unit were carried out at
Argonne, Illinois, after which the drive unit was re-
turned to Idaho. By modifying two spare hoist units
first, it was possible to perform the required modifica-
tions without interrupting the use of in-cell manipu-
lators.

A slip clutch has been developed by the Chemical
Engineering Division which transmits a torque while
it is slipping that is nearly equal to the torque at
which it first starts to slip. The clutch consists of a
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driven steel cluteh dise that is enclosed in a tight-
fitting cylindrical housing. The housing is filled with
molybdenum disulfide powder and is attached to an
output shaft. This cluteh is very compact in design, is
economical to fabricate, and is expected to be highly
resistant to radiation.

As part of an argon atmosphere environmental sys-
tem for the testing of equipment and processes, a large,
purified argon enclosure, 24 ft long by 2 ft wide by 14
ft high, has been designed by and is being installed in
the Chemical Engineering Division (Building 310).
In this enclosure, plant-sized equipment for the skull
reclamation process will be tested and evaluated in
an atmosphere equivalent to that of the EBR-II Argon
Cell.

Construetion of the large enclosure is nearing com-
pletion. After installation of ancillary equipment is
completed, the enclosure will be leak-tested. Installa-
tion of prototype skull reclamation equipment will
then follow the leak tests. The argon purification and
circulation equipment and two smaller inert atmos-
phere glove box enclosures have already been installed.
The argon purification system and one glove box en-
closure are in operation.

Development of plant-scale equipment for the skull
reclamation process continues. A prototype M-2 skull
reclamation furnace is under construction. It will be
heated by resistance heaters which are mounted as
hinged half-cylinders surrounding the furnace shell.
The hinged construction permits the heaters to be
opened at appropriate times in the process to promote
cooling of the furnace. The crucible is of pressed and
sintered tungsten construction. Crucible contents will
be stirred by an agitator assembly mounted on the
furnace top. Since it is required that the furnace oper-
ate as a sealed unit, it was necessary to develop a
satisfactory seal and bearing assembly for the agitator
shaft that would be capable of withstanding the oper-
ating temperatures of the furnace (800°C), the dry
argon atmosphere, and corrosive metal or salt flux
fumes. An experimental seal and bearing assembly
has been developed and is under test.

A heated transfer line is used for the transfer of
molten metal and molten flux from the M-2 skull
reclamation furnace to a transfer receiver. A prototype
plant-size transfer line, fabricated of Mo-30 w/o W,
is undergoing operational tests. A transfer receiver of
an earlier design is being used for these tests until
fabrication of the prototype transfer receiver is com-
pleted. The design of the prototype plant transfer re-
ceiver provides means for purging the transfer line,
collecting the process fumes which accompany the
transferred material, and weighing the material trans-

ferred at cach process step to maintain precise control
of raw material charges for succeeding process steps.

Fifteen retorting and uranium consolidation opera-
tions have been conducted in a modified melt refining
furnace which is located in an inert atmosphere glove
box. The retorting and consolidation operations consti-
tute the final step in the present flowsheet for the skull
reclamation process. In this step, zine and magnesium
are distilled from an alloy having a nominal composi-
tion of Zn-12 w/o Mg-10 w/o U. After the Zn-Mg has
been distilled, the uranium remaining in the retorting
crucible is consolidated by melting to form a metallic
button. Two-liter beryllia erucibles have been used in
these runs; plant-scale operations will require crucibles
having a capacity of about 11 liters. Although beryllia
crucibles have the advantage of providing easy re-
moval of the metallic button from the crucible, they
are subjeet to eracking and are difficult to fabricate in
the size required for plant use. Therefore, a few ex-
ploratory experiments have been made to determine
whether a tungsten erucible could be used successfully
for the distillation operation. Since the uranium prod-
uct remaining in the crucible after the distillation
adheres to a tungsten crucible and makes removal of
the uranium difficult, hydriding of the uranium product
to convert it to a free-flowing, easily removable pow-
der is being tested. The hydrided powder could then
be transferred to a small, durable, readily available
beryllia crucible for vacuum melting to produce ura-
nium metal; the need for an 11-liter beryllia erucible
would thereby be eliminated. Preliminary hydriding
experiments have been successful, but further tests
are needed before a decision can be made regarding
the application of the hydriding step to the skull
reclamation process,

The installation, preliminary testing, and modifica-
tion to facilitate operation of equipment provided for
the EBR-IT Fuel Cycle Facility in Idaho was sub-
stantially completed and initial operations with ir-
radiated fuel were carried out. This facility provides
for the fully remote recovery and refabrication of fuel
discharged from the EBR-II reactor after a decay
cooling period as short as two weeks.

Modifications were made to the interbuilding fuel
transfer coffin. These included motorizing the sliding
top shield plug, and providing a mercury dump tank
for emergeney cooling, A fuel element removal machine
was installed on the assembly dismantler and its
operability was demonstrated. Tool bits of a new mate-
rial (steel containing cobalt) were provided for the
.fuvl clement decanner. The speed of the decanner was
reduced, after motion picture studies revealed an inter-
action between the decanner and the fuel chopper.
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A series of "] tracer experiments carried out on the
melt refining process (and related process steps)
showed that most of the iodine liberated on heating
was retained by the furnace (including the fume
trap) or the in-cell filter and that only a very small
fraction escaped to the off-gas system. The off-gas
delay tank was also found to be very effective in
retaining iodine. The skull oxidation furnace was in-
stalled and found to perform satisfactorily. In tests
with it, little or no iodine was found to volatilize dur-
ing oxidation. Similarly, little iodine was lost from the
uranium charge during injection casting.

An irradiated core subassembly which had attained
a maximum burnup of about 0.1 a/o in the EBR-II
reactor was placed in the interbuilding fuel transfer
coffin., While in the coffin, sodium adhering to the
subassembly was removed. The subassembly was then
transferred to the Air Cell where it was dismantled
without difficulty. In the Argon Cell, eighty fuel ele-
ments were decanned and melt refined along with
about one-half their weight of unirradiated alloy. The
ingot obtained had a weight equal to 92.7% of the
charge. Fission product decontamination (except for
higher than expected removal of zirconium) corre-
sponded closely with results of small-scale tests. The
skull remaining was oxidized satisfactorily, and the
skull oxide was dumped from the erucible into a zine
can,

In the area of fuel fabrication, the equipment for
injection casting, pin processing, welding, leak testing,
bonding, and final assembly was placed into operation
with some modifications. The use of an immersion
thermocouple and a disposable mold pallet was ef-
fected for injection casting. Because of difficulties in
feeding the pin processing machine automatically, the
demolder module was separated from the pin process-
ing machine and a master-slave manipulator was
provided for feeding. Modifications were made to the
welding operation to permit use of an argon shroud
gas. The bonding machine was modified by substituting
pneumatic actuation for electrical actuation. A new as-
sembly straightness checking machine was provided.

By the use of the fuel fabrication equipment, 75 kg
of unirradiated enriched fuel was cast to yield 418
acceptable castings. Assembly and recycle of this
material has not been completed, but over 250 accept-
able canned fuel elements have been obtained. Re-
bonding and retesting were carried out on 2500 fuel
elements which were obtained from the disassembly,
in Argonne, Illinois, of unirradiated subassemblies
intended for EBR-II dry and wet critical tests. Some
1800 additional elements were found suitable for re-
assembly (the serap will also be reclaimed). Twenty-

two subassemblies were fabricated from unirradiated
alloy. The single ingot of irradiated alloy was carried
through the injection casting and pin processing opera-
tions to yield 36 acceptable castings.

The Argon Cell atmosphere pressure control and
purification systems continued in satisfactory opera-
tion. Although it has been possible to reduce the oxy-
gen and water levels in the cell atmosphere to 8 and 5
ppm, respectively, the water and oxygen concentrations
are each being purposely maintained at 40 = 20 ppm.
The Argon Cell is being operated at the higher oxygen
and water concentrations because of high wear rates
of carbon bearings and motor brushes that were attrib-
uted to operation at the lower concentrations. The air
in-leakage rate to the cell has been maintained at
about 0.003 sefm at a negative cell pressure of 3 in. of
H.0.

Correction of minor difficulties with in-cell cranes
and manipulators has continued. A special tool was
devised for replacing crane bridge-drive units.

An area has been provided for on-site burial of
high-level-activity wastes, and 30 of the 2500 holes
(12 ft deep, steel-lined) planned for the area have been
dug. A bottom-dumping shielded cask and a special
trailer for transport of the cask have been provided.
A 6-ft long steel can of waste will be dropped in each
hole and covered with gravel, after which a eap will be
welded on the liner.

Experiments on the analysis of sodium for oxygen
by the fast neutron activation method are continuing.
Promising results for reducing the correction necessi-
tated by the oxygen content of the sample encapsula-
tion material were obtained by the use of 28 aluminum.

Two remctions have been compared for liberating
carbon dioxide from the Na.,O-Na,CO,; mixture pro-
duced by the dry oxidation method for analysis of
carbon in sodium. Liberation of carbon dioxide by
either the high temperature reaction with silica or the
room temperature reaction with aqueous sulfurie acid
have been shown to be equivalent.

The carbon content of liquid sodium which was in
contact with graphite and sampled through 5u-porosity
stainless steel filters was found to vary erratically.
This variation suggests that the carbon was present
as particulate matter capable of passing through the
Su-porosity filters.

The reaction of liquid sodium with trace quantities
of gaseous contaminants in helium is being studied to
appraise their significance with respect to the operation
of nuclear reactors. Helium containing oxygen, nitro-
gen, carbon dioxide, carbon monoxide, hydrogen and
methane was circulated through liquid sodium at
temperatures in the range 190 to 455°C. Oxygen and
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carbon dioxide were rapidly and completely con-
sumed. Carbon monoxide probably reacted completely,
whereas nitrogen was probably unaffected. Hydrogen
reacted partially and methane reacted only at the
highest temperature.

Thermodynamic properties of the intermetallic
compound NdCd,;; have been studied by the emf
method. The standard free energy of formation at
400°C is —37.6 keal/mole.

Thermodynamic properties of binary liquid sodium-
potassium alloys have been determined using an ab-
sorption spectrophotometrie method. The results indi-
cate positive departures from Raoult’'s Law. The
system also deviates from regular solution behavior
(ASee 20,

The eutectic temperatures in the LnCd-Ln fields of
lanthanon-cadmium systems have been measured for
Ln = La, Ce, Pr, Nd, Sm, Eu, Gd and Yb. The ob-
served eutectic temperatures were used with the ideal
freezing point lowering equation to derive an average
mole fraction of Ln = 0.650 = 0.033 at the eutectic
in the pseudobinary system LnCd-Ln. Conversely, this
value was used to estimate each of the eutectic tem-
peratures for LnCd-Ln fields where Ln = Th, Dy, Ho,
Er, Tm, Lu and Y.

Refractory compounds of the actinide elements
show promise as reactor fuels capable of withstanding
high temperatures and large burnups. Methods are
being investigated for the preparation of refractory
fuels. The more promising methods are being used to
prepare sufficient quantities of these refractory fuels
for use in fuel element fabrication and irradiation
tests.

The liquid-metal precipitation process for the prepa-
ration of uranium monocarbide (UC) has produced a
product with good pressing and sintering properties.
This process involves the addition of carbon to ura-
nium dissolved in a zinc-magnesium solution, reacting
the mixture for 8 to 19 hr at 800°C, removal of most
of the supernatant zinc-magnesium solution through
a transfer tube, and retorting of the precipitated UC
to remove residual zine and magnesium. Since the last
report period, two runs on a 500-g scale have been
completed using fully enriched uranium metal. The
oxygen content of the UC product has been reduced to
about 0.2 w/o0 during the series of runs, and the total
carbon content of the UC products has been consist-
ently near or below the maximum of 5.2 w/o desired
by the Metallurgy Division for fuel element fabrica-
tion and irradiation studies. A significant increase in
product yield (61.6% to 83.5%) in recent runs has
been obtained by increasing the reaction and settling
times and by changing the configuration of the trans-
fer tube so that less UC product has been entrained in

the zinc-magnesium supernatant during its removal
from the UC product through the transfer tube.

A fluid-bed method for the preparation of UC from
powdered uranium metal and a hydrocarbon gas is
being studied. In this method uranium metal particles
are fluidized with propane and hydrogen at 500 to
700°C to form the monocarbide. Several successful
preparations of UC have been made. The total carbon
content of the UC product varies with the hydrogen
and propane concentrations of the fluidizing gas. In
runs at 600°C, with a run time of 5 to 6 hr and at a
fluidizing velocity of 0.25 ft/sec, the total carbon
content gradually decreased from 6.5 w/o to 5.3 w/o
when the hydrogen concentration was increased from
10 v/0 to 70 v/o. Above 70 v/o H., the total carbon
content decreased sharply; at 80 v/o H, with a run
time of 5 hr at 600°C, the total carbon content of the
TUC was 3.2 w/o. At 700°C the reaction rate was some-
what higher than at 600°C. At 700°C and at a hydro-
gen concentration of 80 v/o, the total carbon content
was 5.4 w/o after 3 hr, whereas at 600°C, it was 3.2
w/o after 5 hr at the same hydrogen concentration.
Current effort is being focused on defining the condi-
tions to produce stoichiometric UC and decrease the
oxygen contamination of the product.

Work on the precipitation of uranium monocarbide-
plutonium monocarbide solid solutions from fused
salts containing UCly, PuCly; and Mg.Cy has been
suspended. X-ray diffraction analysis indicated the
presence of sesquicarbide phases when the plutonium
content of the carbide precipitate approached 10 w/o
plutonium. The precipitated carbide product was
therefore heterogeneous instead of the desired homo-
gencous solid solution of uranium and plutonium
monocarbides. The presence in the carbide product of
free carbon, probably produced by the precipitation
reaction, and the difficulty of preparing pure Mg.Cs
also discouraged further interest in this procedure.

A preliminary evaluation of potential mobile blanket
fuels for fast breeder reactors indicates that a paste
of UN in sodium is an attractive choice. Accordingly,
experimentation in preparation and testing of UN-
sodium pastes has begun. Uranium mononitride of
high bulk density, 8.0 g/ce, was prepared by reaction
of uranium with nitrogen at 200 to 400 mm Hg pres-
sure at a temperature which was varied from 1050°C
at the beginning of nitriding to 1300°C at the con-
clusion. Analysis of the product for nitrogen by com-
bustion to UyOg and correction for the 0.095% oxygen
content of the sample yielded a nitrogen content of
5.60% as compared to the nitrogen content of stoichio-
‘metric UN of 5.557%. Sessile drop studies of the
wetting of UN, US, UP, and UC by molten sodium at
about 250°C indicated contact angles of about the same
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magnitude as reported in the literature for UO, . For
the above ceramics. quite large angles were observed
(130° to 157°).

II. Fuel Cycle Applications of Volatility and Fluidi-
zation Techniques (pages 107 to 164)

Laboratory-scale fluid-bed fluorinations of mixtures
of uranium, plutonium, and fission product element
oxides are being performed in support of the fluid-bed
fluoride volatility process. This laboratory work is being
performed to determine the optimum reaction condi-
tions under which the retention of plutonium in the
inert fluid bed material (alumina) is minimized, and to
obtain general information applicable to the operation
of the pilot plant.

Experiments were performed to determine the
feasibility of reusing an alumina bed for several addi-
tion-fluorinations of a UjOx-PuO,-fission product mix-
ture. In these experiments about 300 g of the solid re-
action mixture was fed into an alumina bed at 450°C
and fluorinated using 20 v/o fluorine in nitrogen. This
step wasfollowed by recycle-fluorination periodsof 5hrat
450°C, 5 hr at 500°C, and 10 hr at 550°C, using 100 %
fluorine. In one series of experiments in which the
fission product mixture did not contain MoO;, the
plutonium level in the alumina bed after the second
addition-fluorination cycle (0.0036 w /o) corresponded
to volatilization of 99% of the plutonium. After the
seventh addition-fluorination eycle, the plutonium level
was 0.0088 w/o, corresponding to volatilization of
99.4 % of the plutonium. An eighth addition-fluorina-
tion cycle was performed by adding as much plutonium
as in the previous seven cycles; the plutonium concen-
tration of the alumina at the end of the cycle was 0.025
w/0, corresponding to cumulative volatilization of
09.2% of the plutonium. For a comparable series in
which MoO; was present in the fission product mixture,
it was found that about seven cycles would be necessary
before 99% of the plutonium would be volatilized.

The fluoride content and surface area of the alumina
bed were measured after each addition-fluorination
cycle for one of the series of reuse experiments. It was
observed that the fluoride content of the alumina was
1.4 w/o after one addition-fluorination cycle, and in-
creased by increments of 0.5 w/o for each additional
cycle. The surface area of the alumina bed increased by
about 0.06 m*/g (the initial surface area of the 120
mesh alumina was 0.011 m?/g) per addition-fluorina-
tion eyele for the first three cycles and then remained
relatively constant at about 0.19 m*/g for the final two

cycles. These data indicate that fluorination and attri-
tion of the alumina would not be significant on reuse of
the bed material.

The use of a nonfluidized, static bed fluorination
procedure was explored. In these experiments only
PuO: and fission products were fluorinated, using three
recycle-fluorination periods. The alumina beds for two
experiments contained an average of 0.075 w/o plu-
tonium after fluorination, indicating that the use of a
static bed under these conditions would not result in
adequate removal of plutonium.

An investigation was made of the effect of gas flow
rate during the recycle-fluorination periods on plu-
tonium retention in the alumina bed. For these ex-
periments only PuO. and fission product oxides were
fluorinated in a 115-in. dia. reactor, using 100 % fluorine
and three recycle-fluorination periods. Gas flow rates
of 4, 6,7, and 8 liters 'min were used. The results showed
that a gas flow rate of less than 6 liters/min is not
sufficient to insure a satisfactorily low plutonium
concentration in the alumina bed of 0.004 w/o or less.

The decladding scheme being considered at the
present time will involve the HF-promoted oxidation
of stainless steel. This chemical decladding operation
will leave a mixture of uranium and plutonium fluorides
and oxyfluorides, fission product fluorides, and iron
oxides in the alumina bed for the subsequent fluorina-
tion step. An investigation was therefore started to
determine the effect of the presence of iron oxides in
the reaction mixture upon plutonium retention in the
alumina bed. In these studies, the mixture of uranium,
plutonium and decladding products was in the alumina
bed at the start of the fluorination reaction. This proce-
dure diffefed from previous studies wherein the uranium
and plutonium were admitted to the fluorination reactor
over a period of several hours. Experiments were per-
formed using a solid reaction mixture containing
UO.F., PuFy, fission product fluorides, iron oxides
prepared by the reaction of an HF-O: mixture with 304
stainless steel, and sintered (Alcoa type T-61) alumina.
The experiments were performed using three fluorina-
tion periods at a gas flow rate of 8 liters/min. In the
first fluorination period at 450°C, the initial fluorine
concentration in the gas phase was increased from 5 to
20 v/o in nitrogen over a period of about one hour as
the major part of the uranium was fluorinated. This
was followed by recycle-fluorination periods of 4 hr at
450°C, 5 hr at 500°C and 10 hr at 550°C using 100 %
fluorine. In two of the experiments single batches of
feed were fluorinated, while in the third experiment,
reuse of the alumina bed material was evaluated.

The results of these experiments showed that the
plutonium concentration in the alumina bed was not
significantly increased either by the presence of iron


http://reu.se
http://pha.se

8 Summary

oxides in the reaction mixture, or by the presence of the
entire solid reaction mixture in the reactor at the start
of the fluorination. For the two experiments which
involved the fluorination of single batches of the feed
mixture, the plutonium concentrations in the alumina
were 0.0087 and 0.010 w/o, respectively. In an experi-
ment to demonstrate the reuse of alumina bed material,
the final alumina bed from the second test was used as
the starting bed for the fluorination of an additional
batch of the same feed material. The final plutonium
concentration in the bed after fluorination of this
additional batch of feed was 0.014 w/o. If this pluto-
nium level is maintained for seven addition-fluorination
cycles, a recovery of 99% of the plutonium fed to the
reaction system as Pul’s can be achieved from feed
material containing stainless steel decladding products.

The retention of plutonium by Alcoa Type T-61
alumina was determined. One experiment was per-
formed using a solid reaction charge containing Pu0O, ,
fission product oxides, and T-61 alumina. The reaction
procedure employed the usual three recycle-fluorination
periods and a gas phase of 100 % fluorine. The alumina
bed after this fluorination contained 0.0026 w/o plu-
tonium. This result is similar to results obtained, under
the same reaction conditions, in experiments using the
high purity Type RR alumina.

A 2-in. dia. fluidized bed reactor has been constructed
to investigate the fluoride-promoted oxidative-de-
cladding of clad UO,-PuO. pellets with mixtures of
hydrogen fluoride in oxygen and the fluorination of
these pellets with elemental fluorine. Experimental
work with this unit will be carried out in support of the
fluid-bed fluoride volatility pilot plant. Two prelimi-
nary runs with unclad UO. pellets have been carried
out in order to check out all equipment items. The
equipment was found to perform satisfactorily.

Experimental studies of solid-liquid equilibria in the
system UFg-Puls are to be carried out. The results will
be useful in the choice of conditions for the separation
of Uy and Pul in the fluid-bed fluoride volatility
process. Construction of all of the apparatus necessary
for these experimental studies is complete; the appara-
tus has been installed in a glovebox and is presently
being tested with pure UIy. A study of the vapor-
liquid equilibria in the system Pul's-UFg has been
started to provide information useful in the choice of
process conditions for the separation of UFg and Puly ,
as well as data of more fundamental interest. Con-
struction of the apparatus has been completed and the
testing of the equipment with mixtures of ethanol-water
has been performed. Ul'y has been introduced into the
system, and the experimental procedures planned for
Puls-Ul'g mixtures are being checked out.

Studies of the chemical behavior of Pul’y are con-

tinuing with an investigation of the Puls sorption
capacity of caleium fluoride (Cal'y), lithium fluoride
(LiF), and sodium fluoride (NaF). The Pulg reten-
tion by NaF, LiF, and CaF, at 100°C is low. The
Pul’y/Nal’ mole ratios were 0.0057 and 0.014 at 25
and 100°C, respectively. A PulF,/Lil® mole ratio of
0.024 was found for a 96-hr exposure of Lil at 25°C
to 125 mm of PuFg, followed by a 1-hr exposure at
100°C. Calcium fluoride (0.109 mole) at 100°C was
exposed to 4.4 g of Pul’y for 0.75 hr in a flow system.
A Pul's/Cal’y mole ratio of 2.1 X 10~° was found in
the product. Further work on these systems is planned,
but with emphasis on preparing the Puls-metal fluo-
ride complexes.

Studies of the decomposition of gaseous Puly to
fluorine and Pul’y by alpha radiation were continued
with a series of short-duration PuFg decomposition
experiments. The experiments were carried out in
127-cc prefluorinated nickel vessels. At the end of
each experiment, the fluorine and undecomposed PuF;
were removed, by pumping, from the Pul’y . To prepare
the PuF, for determination of plutonium by alpha
counting, the spheres, after removal of the valves,
were dissolved in nitric acid-aluminum nitrate solu-
tions. The valves were separately washed with an acid
solution which was added to the solution used for
dissolution of the spheres. Separate analysis of a valve
wash solution indicated that plutonium equivalent to
1.98 mg Pul’y had been deposited on the exposed
valve components during emptying and filling of the
vessels. The deposition of PuFy within the valve has
been attributed to corrosion of the phosphor-bronze
bellows by PuFg. On the basis of this finding, a cor-
rection of 1.98 mg Pul’y was made to the amount of
Pul’s initially put into the vessels and to the total
plutonium found in the nitrate solution. The rate of
Pul’s decomposition was then calculated.

The rate of Pul's decomposition was found to be
high for short durations but decreased rapidly with
increasing storage times. For 100 mm of PuF; stored
at 26 4 2°C, the average decomposition rates and
their standard deviations were (in % per day) 2.20 &
0.50 (0.5 day), 1.12 + 0.28 (1.0 day), 0.92 + 0.24
(2.0 days), 0.50 + 0.12 (5.0 days), 0.35 =+ 0.06 (8.0
days), 0.29 4 0.03 (12 days) and 0.27 & 0.10 (16.0
days). The fact that PulF; decomposition rate de-
creases rapidly with time and earlier reported observa-
tion that the decomposition rate is affected by the
extent of exposed surface suggest the Pul'g interacts
with the prefluorinated surfaces of the nickel vessel.

_Either the chemical reaction is essentially complete
after eight days or it proceeds thereafter at a rate which
changes with time too slowly to be detected by use of
the present techniques. However, the available data
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are not sufficient to determine the relative contribution
of this chemical reaction and of the back reaction
(PuFy + F2 — PuFy) which has a small influence on
results in short-term experiments,

Studies of gas-phase alpha-induced decomposition of
PuF; have been hampered by the inability to isolate
alpha-induced decomposition from other modes of
decomposition, such as chemical reaction with the
vessels and thermal decomposition. These studies have
shown, however, that reuse of the vessel would result
in less PuF decomposition and that part of the plu-
tonium remains deposited in the equipment used to
handle Puls until the plutonium is removed by fluori-
nation. No further experiments on the alpha decom-
position of Pul are planned at the present time.

A corrosion program in support of the fluid-bed fluo-
ride volatility process has been initiated. Two types
of experiments are planned at temperatures up to 550°C
to determine the rate of corrosion of nickel-200: (a)
small-scale static runs conducted in a tube furnace
wherein nickel coupons will be exposed to volatile
fission product fluorides, and (b) exposure of nickel
coupons to the gaseous atmospheres of the 2-in. dia.
fluid-bed reactor under actual operating conditions.
A survey of the unclassified literature concerning the
corrosion of nickel and Monel by UIg, Puls, and
fluorine is included.

At the request of the Rocky Ilats Division of the
Dow Chemical Company, an examination of a direct
fluorination technique for the recovery of plutonium
from waste stream materials has been completed.
Interest on the part of Rocky Flats stemmed from the
potential savings which may be attained by using a
simple, direct method of plutonium removal from a
variety of waste materials. Elemental fluorine, at a flow
rate of 200 ml/min for either 5 or 10 hr, was used to
produce PuFg from three types of waste samples in
boat reaction vessels at 500 or 530°C. The materials
used, together with the corresponding plutonium analy-
ses (by Rocky Flats) are (1) skull oxide, 87.13 w o Pu;
(2) incinerator ash, 11.6 w o Pu; (3) sweepings, 58.8
w/0 Pu. The plutonium removal was 99 % or better in
all tests except those which involved processing of
incinerator ash. In these tests, plutonium removals of
82.2% and 98.4 % were obtained. Reaction rates were
obtained at two temperatures (500 and 550°C) for one
type of waste material, an impure PuO. (the skull
oxide). Plutonium removal from skull oxide was ob-
served to proceed at a low rate during the initial
fluorination period, which is attributed to the conver-
sion of PuOs, to PuF, . Impurity content of the collected
Pul’s was not measured.

Fluorination of these waste samples containing
plutonium resulted in removal of essentially all of the

contained plutonium by conversion of plutonium to the
hexafluoride and subsequent volatilization. Both tem-
peratures and rates of reaction appear relatively favor-
able for process application.

A study of the chemistry of NpFg has been initiated,
which involves the preparation of neptunium hexa-
fluoride and characterization of the solid residues.
This will be followed by spectral studies of the hexa-
fluoride and the solid-vapor equilibrium in the system
NpFg-NpF-F:. The apparatus has been constructed.
Information in the literature on neptunium fluorides
has been reviewed.

The results of tests in which MoO; was reacted with
mixtures of fluorine and nitrogen (and or oxygen)
revealed that under the conditions of the experiments
(450°C, tube reactor), only a small fraction (3 to 5%
of the molybdenum was converted to MoFs. The re-
mainder of the molybdenum was probably in the form
of MoOF; or possibly MoF;. In another test, it was
found that MoF; does not react with oxygen at 450°C.
Treatment of MoO; with a mixture of HF, oxygen,
and nitrogen at 550°C resulted in formation of a slightly
volatile compound of molybdenum, probably MoO.F, .
Treatment of MoO. with mixtures of fluorine, nitrogen
and oxygen at 450°C resulted in formation of a slightly
volatile compound, probably MoO.F.. In all these
reactions, little or no Mol was formed.

Engineering-scale development work is in progress
on the fluid-bed fluoride volatility process for the
recovery of uranium and plutonium from spent uranium
dioxide fuels. The main steps in this process will be
studied with unirradiated sintered UO.-PuO. pellets
in an engineering-scale alpha facility that is now in
the final stages of installation. A fluorination pilot
plant for processing batches of fuel to a mixed UF,-
PuFs product and a converter system for converting
the hexafluoride mixture to dense mixed particles
have been installed in the facility. The converter unit
will also be used in the study of the thermal decompo-
sition of PuF, to PuF, as a means of separating plu-
tonium from uranium. It is also planned to install a
distillation unit in the facility which will provide
design information on mixed uranium-plutonium hexa-
fluoride systems.

Shakedown work with UO. pellets was started in the
fluorinator using the two-zone oxidation-fluorination
procedure. A charge of 2.2 kg of UO, pellets (3-in.
bed depth) was processed in a 24-in. deep bed of alu-
mina. Final bed analyses showed that more than 99.9
w0 of the uranium had been removed from the alumina
bed. A material balance determined by weight of ma-
terial collected in the main product condenser and in
the sodium fluoride backup trap accounted for 99.97 %
of the charge. The quantity of UFs transferred from
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the product condenser to the final product receiver
corresponded to 97.4% of the charge. Overall results
and performance of all the main equipment components
were satisfactory.

Installation of the converter system is essentially
complete. The 2-in. dia. reactor and auxiliary equip-
ment are described.

Performance tests of the main alpha facility systems,
such as scrubbers and ventilation controls, and de-
velopment of special operating procedures, such as the
procedure for vertically bagging large equipment in
and out of the boxes, were nearly completed. Safety
procedures are being given a final evaluation. Instal-
lation of windows has started. Upon completion of this
work, a short period of shakedown testing with UFs
will follow and then work with plutonium will begin.

Development work on the decladding and fluorina-
tion of UO, fuels was continued. Initial studies were
carried out on the processing of stainless steel-clad
U0, with HF-O, mixtures in fluidized beds of alumina.
An investigation conducted in a bench-scale reactor
(113-in. dia.) showed that the destructive oxidation
of stainless steel occurred readily at 550°C using a
40 v/o HF-oxygen mixture (up to 20 v/o nitrogen
diluent). Respective penetration rates for types 304
and 347 stainless steels were 30 and 13 mils/hr. The
penetration rates ranged from 2 to 33 mils/hr over the
temperature range 500 to 600°C.

The complete processing of a simulated fuel bundle
was demonstrated in a pilot-scale facility (3-in. dia.
reactor). The fuel bundle, six 3-ft long type 304 stain-
less steel tubes (0.43-in. 1D, 0.020-in. wall thickness)
containing a total of 4.5 kg of cylindrical UO, pellets,
was completely reacted in a 3-hr period at 550°C with
a 40 v/o HF-60 v/o oxygen mixture. The bed con-
sisted mainly of alumina, a-Fe,O;, and UO.F, in the
proportions of 2.1 to 1 to 2.1. The UO.F, was mainly
in the form of fines (<325 mesh). To facilitate the proc-
essing of a bed containing a large proportion of reactive
fines, the fluorination was conducted in two parts.
The bulk (~82%) of the uranium was recovered in
a 6.5-hr period at 400°C with dilute fluorine introduced
at approximately the middle of the bed. The main
fluidizing gas stream (nitrogen) was fed at the bottom.
This was followed by an 11-hr period at 450°C, with
the fluorine being fed at the bottom of the column
along with the diluent gas. The fluorine concentration
was increased gradually to a final value of about 90 %.
A final concentration of uranium in the alumina bed of
0.05 w/o indicated a recovery of about 99.9% of the
uranium in the charge. The iron oxide was converted
to Fel’; during the fluorination step. Overall fluorine
efficiency was 67 %, and was maintained at a high
level through the use of fluorine recycle.

An exploratory run in the bench-scale reactor estab-
lished the feasibility of processing UO.-stainless steel
cermet fuel by the HF-oxygen, fluorine route. A minia-
ture fuel assembly of four plates, weighing 90 g, was
processed. The plates were made of 18 w/o UO.-
stainless steel (type 304) cermet. The destructive oxi-
dation was conducted at 550°C for 4 hr with 40 v/o
HI, 40 v/o oxygen and 20 v/o nitrogen. The fluorina-
tion of the oxidation products was initiated at 250°C
with about 2 v/o fluorine (in nitrogen) as the feed gas
and completed at 550°C with 95 v/o fluorine. The total
time for fluorination was 11 hr. High recovery (greater
than 99 %) of the uranium in the charge was indicated
by the low level of uranium found in the alumina bed
at the end of the fluorination. The final concentration
of uranium in the bed was 0.005 w/o, which corresponds
to 0.2% of the uranium in the charge.

The investigation of the method of decladding
stainless steel by reaction with aqueous hydrochloric
acid in an air-fluidized bed of inert solids was concluded
during this period. Final tests were conducted in a 3-in.
dia. column. A 15-in. dia. rod, 12 in. in length, of type
304 stainless steel was used in these tests. The rate of
attack on the stainless steel was low, but increased
with an increase in the acid content in the bed. For
liquid contents of 0.16, 2.7, and 15.0 w/o (20 w/o
HCI in H.0) the corrosion penetration rates were 0.01,
0.06, and 0.12 mils/hr, respectively. This work has
been terminated in favor of the more promising all-
gas method involving HIF-oxygen mixtures.

Studies of the cleanup of cell exhaust air contami-
nated with PuF; were continued. New equipment for
studying the hydrolysis and filtration of air-borne
PuF; was constructed. The first experiment with a
dilute Puly gas stream indicated that the hydrolysis
rates of Puly and UF; were similar. The rate of hy-
drolysis of PuFg was no more than twice that of UFs
nor less than that of UFg .

Development studies of a fluid-bed fluoride vola-
tility process for the recovery of uranium from highly
enriched uranium-alloy fuels were continued. The
process cycle includes hydrochlorination and fluorina-
tion steps in which the fuel charge is reacted while
immersed in a fluid bed of alumina, which serves
as a heat transfer medium. Mathematical analyses
were made of the data accumulated in the bench-secale
studies on unirradiated uranium-Zircaloy and uranium-
aluminum alloy fuels. The analyses show the effect of
process conditions on uranium loss during hydro-
chlorination and on uranium loss by retention by
alumina after fluorination. Operating conditions that
tended to decrease the partial pressure of the UFs
in the gas phase during fluorination resulted in lower
uranium retention. Evaluation of the effect of particle
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size on HCI utilization efficiency showed that HCI
utilization increased with a decrease in the ratio of
plate spacing to particle size. The HCI utilization
efficiency increased with an increase in the particle
size distribution of the bed material; that is, a mixture
of a broad range of particle sizes resulted in higher
efficiencies than beds of narrow size fractions. Since
the overall objectives of this bench-scale work have
been met, namely, the establishment of a satisfactory
operating sequence and the evaluation of packed beds
of alumina as high-temperature filters, experimental
studies on this phase of the program have been termi-
nated. A topical report (ANL-6829) on the work with
zirconium alloys has been issued.

Full-scale operations are continuing in the pilot-
plant facility installed to demonstrate the fluid-bed
volatility process for the recovery of uranium from
enriched uranium alloy fuels. The current work was
concentrated on the processing of aluminum-uranium
fuels which are typical of those used in the MTR and
ETR. Each fuel element weighed about 6.0 kg and
contained about 280 g of uranium.

Five experiments were completed; four included the
hydrochlorination, hydrofluorination, and fluorination
steps, and one involved only the hydrochlorination
step. The processing conditions used in the HCI and
HF steps were based on previous experience with the
pilot-plant facility whereas the conditions used in the
fluorination step were previously established in bench-
scale studies.

An increase in reaction rate and HCI utilization of
about 25% was demonstrated using a multicharge
technique wherein additional fuel elements are charged
after about 60 to 80% of the previous fuel element
has been hydrochlorinated. Using this technique the
hydrochlorination time for a single aluminum-uranium
fuel element is 4 to 5 hr. The HCI utilization, using
once-through flow, was over 50 %. The uranium losses
by transport through the packed-bed filter were as
low as 0.14 % using a 12-in. deep bed of 14 to 48 mesh
alumina. The fluid-bed pyrohydrolysis reactor for
converting the waste metal chlorides to oxides operated
satisfactorily in all experiments.

More than 99% of the uranium was removed from
the reactor and filter beds, based on the overall uranium
balance, even though temperature excursions occurred
and caused caking at the top surface of the packed-bed
filter during the fluorination step of each of the current
runs. These temperature excursions have only been
encountered while processing aluminum fuels and
probably can best be eliminated by fluidizing the
packed-bed filter during the fluorination step to facil-
itate the removal of heat and thereby prevent caking.

A corrosion program in support of the fluid-bed

volatility program has been completed. The results
of both laboratory tube furnace and in-plant tests
are summarized. These results show that: (1) for con-
ditions of static or near-static reagent flow, the cor-
rosion rate of nickel by fluorine alternated with HCI
and fluorine alternated with oxygen is about 1 to 4
mils/yr, and is close to the rate exhibited by nickel
when exposed to fluorine alone, (2) the corrosion rate
found for coupons exposed to fluoride volatility en-
vironments consisting of hydrogen chloride, hydrogen
fluoride, and fluorine (in-plant tests) was in the range
12 to 40 mils/yr with the higher values obtained for
specimens in contact with the fluidized bed, (3) the
corrosion rate of nickel welds made with nickel-200
filler was found to be much lower than the corrosion
rate of nickel welds made with nickel-61 filler metal
(1 to 4 mils/yr as compared with 67 to 1315 mils/yr),
and (4) thermal-cycling and exposing coupons to air
between simulated process cycles had little or no
effect upon the corrosion rate of nickel.

Exploratory studies on the measurement of particle
residence times at solid surfaces in contact with a gas-
fluidized bed have been initiated. Knowledge of particle
residence times would be helpful in estimating the heat
transfer properties of fluidized beds. Beds composed
of particles of contrasting color (mainly white particles
with a small fraction of black particles) were employed.
Direct photographic observation of individual black
particles in a test area yields the desired information
but interpretation of the data was found to be pro-
hibitively tedious and time-consuming. Attempts are
being made to develop an autocorrelation technique
for use in determining residence times as functions of
the phy#ical and flow properties of the systems under
investigation.

A program of fluid-bed volatility studies with irra-
diated fuel materials on a bench-scale level has com-
menced. During the current period, the equipment
was assembled and tested in a series of experiments
using nonirradiated fuel materials. The equipment
was then installed in the Senior Cave Facility of the
Chemical Engineering Division and the first run with
irradiated fuel (5-yr-cooled uranium-Zircaloy alloy
fuel) was completed. Operationally the run with
irradiated material was highly successful; however,
analytical results for the run are not yet available.

The charge materials for the runs with nonirradiated
material included Zircaloy-uranium alloy and alumi-
num-uranium alloy. The experimental conditions
were similar to those developed in the bench-scale
and pilot-plant work on highly enriched fuels but
included also a system of sodium fluoride traps for
UFs collection and purification. A small charge of UO,
pellets was also processed to UF; using the HF-oxygen
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step for pulverizing the fuel and fluorine for recovery
of the uranium.

Considerable effort was expended in making the
main operating units leak-tight. Sealing of the equip-
ment was achieved by the use of annealed, nickel-
plated copper wire gaskets. Redesign of the fixed-bed
filter was required to reduce the uranium loss to the
off-gas condenser to a satisfactory level, and in the
final runs high recoveries and essentially complete
accountability of the uranium were achieved.

III. High Temperature Reactor Materials Develop-
ment (pages 165 to 174)

A program directed toward the development of
certain high temperature reactor materials is under
way, the objective being to build up a reservoir of
basic data which may be used for screening and
evaluation. The study will be concerned with the
chemical stability of potential high temperature fuels,
i.e., uranium oxides, phosphides, sulfides, arsenides,
nitrides, and their solid solutions; and with the reac-
tions of these fuels with hydrogen, its contaminants,
and refractory structural materials such as tungsten,
rhenium, molybdenum, tantalum, and certain alloys.
These studies will be done quantitatively to yield
thermodynamic and phase-diagram information. Se-
lected systems are to be investigated in an integrated
way using several methods which are mutually sup-
porting. Progress in the application of these methods
is itemized below.

Phase Diagram Studies. Studies of the uranium-
urania system have shown that a wide two-liquid
immiscibility gap exists at elevated temperatures.
The monotectic composition occurs at an oxygen-to-
uranium ratio of 1.30 and at a temperature of
~2500°C. The hypostoichiometric phase boundary of
urania has been determined in the range 1600 to
2500°C. Verification of these measurements is in prog-
ress.

A study of the uranium-uranium monosulfide phase
diagram has been initiated.

Effusion Vapor Pressure Studies. The total vapor
pressure of uranium-bearing species over the two-phase
system uranium (liquid, saturated with urania) plus
urania (solid, saturated with uranium) has been meas-
ured. Some additional measurements to verify these
results will be made using a smaller effusion orifice,
The vapor pressures over this system vary from a fac-
tor of 10 to 4 higher than those over stoichiometric

uranium dioxide in the range 1300 to 2000°C, respec-
tively.

Mass Spectrometric Effusion Studies. Measurements
of the relative concentrations of vaporizing species
have been carried out for the same two-phase system
noted in the preceding paragraph and alzo for stoichio-
metric urania. The results are not reported at this
time because of instrumentation uncertainties which
need to be resolved. However, the nature of the tenta-
tive results has stimulated a thermodynamic analysis
which leads clearly to the conclusion that the partial
pressure of the UO.(g) species passes through a maxi-
mum at the stoichiometrie composition UO, .

Transpiration Studies of Vaporization. The exten-
sion of the vapor pressure measurements in the
uranium-urania system to higher temperatures than
those possible in the effusion measurements is to be
carried out by use of the transpiration method. Pre-
liminary testing of the apparatus shows it to be fune-
tioning very well.

1V. Calorimetry (pages 175 to 185)

A series of calorimetric combustions of phosphorus
in fluorine has been carried out to obtain the enthalpy
of formation of phosphorus pentafluoride. Calorimetric
combustions of sulfur in fluorine using the same tech-
niques and apparatus have been started.

Analysis of the results of the combustions of «- and
B-silicon carbide in fluorine has revealed the following.
A reliable value for the enthalpy of combustion in
fluorine of B-silicon carbide was obtained. Two sam-
ples of «-silicon bide yielded discordant results
which appear to be associated with incomplete com-
bustions and/or excessive amounts of side-products.
The use of a more finely divided a-silicon carbide
may resolve the problem, and such a sample has been
obtained. The results of the g-silicon carbide study
vield a value for its enthalpy of formation whose
principal source of uncertainty is the uncertainty of
the enthalpy of formation of carbon tetrafluoride. A
redetermination of the enthalpy of formation of car-
bon tetrafluoride will be undertaken.

The technique developed for combustion in fluorine
of metals that form nonvolatile fluorides has been
used for combustions of magnesium, aluminum,
yttrium, lanthanum, gadolinium, and holmium. The
studies with magnesium and aluminum were redeter-
minations in attempts to eliminate some uncertainties
in previous results, An attempt has been made to cor-
relate the combustion behavior of these metals with
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their physical properties and the properties of their
product fluorides.

A series of combustions of tantalum diboride in
fluorine has been completed using the combustion
technique previously employed for the diborides of
zirconium, hafnium, and niobium. The first seven com-
bustions of the series had been performed but the re-
sults had not been caleulated at the time of writing
the preceding semiannual report, ANL-6900. The last
five combustions were performed recently under some-
what different conditions, which were chosen to decrease
a suspected blank correction for fluorine expansion.
Agreement between the two series indicates that the
corrections are being properly applied.

For some of the work planned in the calorimetry
program, particularly for the combustion of uranium
compounds in fluorine, a fluorine flow calorimeter is
desirable. Since a flow system has certain advantages
over a static system, particularly control of the rate
and extent of reaction, a preliminary flow reaction
system was constructed for tests with uranium mono-
sulfide. The results of these tests were very encourag-
ing since nearly complete combustions of US were
obtained.

The 1500°C high temperature enthalpy calorimeter
has been assembled, tested, modified, and reassembled
for further tests. A complete discussion of the various
tests that have been performed and an analysis of the
current capabilities of the apparatus are given. At
present it appears that measurement of enthalpy incre-
ments with 0.1% accuracy is a realistic estimate.

V. Reactor Safety (pages 187 to 233)

The experimental program to determine rates of re-
action of molten reactor fuels and cladding metals with
water is continuing. In general, it has been necessary
to study the reaction of each metal of interest by sev-
eral methods. One of these techniques utilizes a high
pressure furnace which was designed especially for
isothermal studies of steam with stainless steel and
aluminum. The initial series of experiments in the
furnace was designed to simulate the environment of
a loss-of-coolant accident. In these experiments simu-
lated fuel rods consisting of a series of UO. pellets
sealed in an 8-in. length of either 304 stainless steel
or Zircaloy-2 tubing were exposed to steam at a tem-
perature which increased to a maximum during a
period of about 8 min. The maximum temperature
reached at the top end of the fuel rods was about
1500°C. The fuel rods were maintained at this tem-

perature for about 3 hr in an atmosphere of steam at
15 psig. The upper two-thirds of the cladding on both
fuel rods had reacted completely, as was evidenced by
their appearance and by the quantity of hydrogen
collected. The stainless steel cladding formed a foamed
oxide which flowed downward, baring several of the
oxide pellets; the Zircaloy formed an intact tube of
white oxide.

A study of the kineties of reaction of refractory
metals with steam was undertaken (1) to determine
the suitability of these metals for materials of con-
struction in high temperature metal-water studies, and
(2) to extend knowledge of high temperature metal-
water reactions in general. The following metals were
investigated through the technique of induction heat-
ing in flowing steam at 1 atm pressure: molybdenum
(1100 to 1700°C), rhenium (850 to 1700°C), tungsten
(1050 to 1700°C), niobium (1050 to 1500°C), and
tantalum (950 to 1300°C). Eudiometer measurements
of the hydrogen evolved showed that molybdenum,
rhenium, and tungsten followed linear rate laws in
their reactions with steam. Niobium also obeyed linear
kineties after a brief induction period, and tantalum
followed a para-linear rate law, that is, an initial
parabolic rate of reaction, followed by transition to a
linear rate. It was concluded that the high reaction
rates observed for all five metals precluded their use
as materials of construction for high temperature
metal-water studies. A discussion is presented of the
probable mechanism of each reaction,

One of the experimental techniques used to study
metal-water reactions was designed to permit obser-
vation of the reactions of small particles under noniso-
thermal dnditions. This method uses energy from a
pulsed ruby laser to heat single particles of metal sub-
merged in water. The experiment is designed to study
not only the chemical reaction of particles with water
but also to study the transient energy exchange and
hydrodynamic effects. In recent work aluminum-water
reactions under various conditions were studied. The
samples are squares of one mil thick foil which form
spheres when fully melted by the laser pulse. The extent
of reaction is determined by hydrogen analysis of the
reaction cell contents. By using foil squares 0.5, 1.0, and
2.0 mm on a side, spheres of 230, 360, and 575, dia. were
formed. Average extents of reaction in water at 25°C
were 17, 8, and 10%, respectively. Average deviations
for these values are about 25%. In water at 25°C the ex-
tent of reaction was independent of laser output energy
over a wide range (10 to 50 joules). These extents of re-
action indicate reaction of a layer of aluminum ap-
proximately 7u thick for each particle. With water at
100°C and laser energies between 16 and 40 joules, no
reaction was observed for particles 360 in dia.; with
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laser energies above 45 joules, virtually complete re-
action occurred. The reaction threshold at about 40
Joules seems to be related to heating the particle above
the melting point of Al.O; (2300°K). The residues
from the completely reacted particles were hollow
spherical shells of aluminum oxide; the incompletely
oxidized particles had thin oxide skins. There was no
evidence for appreciable oxide smoke formation. High
speed motion pictures showed that a time of about 170
msec was required for complete reactions. For the
cases of 0 to 18% reaction, 5 to 15 msee was required
for the reaction. These data indicate that the rates of
combustion are not greatly different in the two cases:
combustion simply proceeds for a longer time. Plans
for the immediate future include measurements with
water at 25°C and 1 atm argon overpressure, and ex-
periments at pressures up to 10 atm.

The third general method of studying metal-water
reactions involves nuclear heating of typical reactor
fuel materials in TREAT. In these studies, small fuel
specimens are submerged in water in high-pressure
autoclaves which are then placed at the center of
TREAT and subjected to severe nuclear transients.
Experiments were performed with unclad UO. speci-
mens with the objectives of determining the extent of
reaction of UO, with water and the degree of frag-
mentation of UO. in the absence of metal cladding.
A transient which caused partial melting of UO.
(2700°C) produced about 6 ml Hy(STP) /g UO. , cor-
responding to an average composition of UQOs 4; . More
energetic transients which brought UO, into the vapor-
ization region (3300°C) produced about 17 ml Ha
(STP) /g UO. (average composition, UOs14). X-ray
diffraction analyses indicating final compositions of
U0z 12 to UOs 47 gave support to the hypothesis that
UO. was reacting with water. It now appears likely
that some of the hydrogen released in previous experi-
ments with stainless steel-clad and Zircaloy-clad UO,
fuel pins resulted from the UO,-water reaction.

Two experiments in TREAT were completed using
a 9-element bundle of uranium rods which contained
100 times the quantity of metal contained in single
pin transient meltdowns performed previously. One
significant feature of the more energetic of the two
scale-up transients was that there was clear evidence
in the reactor power-time record for the change in
geometry of the test subassembly. Evidently the
meltdown perturbed the reactivity of the TREAT re-
actor itself. In the first experiment, CEN-1968, the 91
Mw-sec transient on a 157-msec period gave complete
meltdown of the subassembly with 10.7% uranium-
water reaction. In the second experiment, CEN-1978,
a transient of 222 Mw-sec on a 140-msec period gave
an estimated 56% uranium-water reaction.

A simple mathematical model was developed for the
analysis of water hammers caused by reactor excur-
sions. The model was based on Newton's second law
and on the acoustic equation for particle velocity of
an ideal shock wave. It was shown that only a gross
estimate of the rate of steam generation during the
excursion is required in order to predict the velocity of
the water column and the impact pressure. A compari-
son was made of the predictions of the model with
published observations of the SL-1 accident. The
values for the impact velocity and the impact pressure
caleulated from the model are 126 ft/sec and 8500 psi
compared with the reported values for SL-1 of 159
ft/sec and 10,000 psi. In modeling the SL-1 accident
it was assumed that there was a linear rate of steam
generation for 0.1 sec with a total energy transfer to
the water of 50 Mw-sec.

A calculational study was initiated to demonstrate
the application of metal-water reaction data to the
analysis of a reactor loss-of-coolant accident. The
initial effort makes use of the proposed LOFT (Loss
of Flow Test) reactor as a model with the exception
that the calculations were made for a 25-mil Zircaloy-
clad core rather than the 15-mil stainless steel-clad
core proposed in the LOFT design. The core was di-
vided into ten power sections using the reported power
distribution in the LOFT reactor.

The rate of the zirconium-water reaction was cal-
culated using the parabolic rate law for the case of
unlimited steam. A constant rate equal to the supply of
steam was used to calculate the reaction when limited
amounts of steam were assumed to be available. An
energy balance equating the internal energy of each
section to the chemical energy and decay energy
developed in each section was used to calculate the
temperature-time history of the ten sections. A flat
temperature profile through the fuel pins was assumed
and heat losses were ignored. The presence of the sup-
port structures was also ignored. The extent of reac-
tion of the entire core was then calculated by summing
the contributions from each core section.

The extent of reaction at the time the core reached
average temperatures equal to the melting point of the
zirconium cladding (1850°C), and the melting point of
the uranium core (2800°C) were calculated as follows:

1. With unlimited steam: 40% and 62%, respec-

tively.

2. With a 1000 Ib/hr steam flow through the core:

21% and 41%, respectively.
3. With a 100 Ib/hr steam flow through the core:
69 and 13%, respectively.
The strong interdependence of the core temperature
history and the extent of reaction was demonstrated.
The course of the accident subsequent to core col-
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lapse would depend upon how much water was present
in the reactor vessel following blowdown. The possi-
bility of a steam explosion or a violent metal-water
reaction following collapse is discussed. Two addi-
tional chemical reactions that could affect the course of
the accident, the hydriding of zirconium and the re-
action of steam with UO, , are discussed.

A program of studies of potential problems in the
field of fast reactor safety has been initiated. Work
has begun in three general areas of investigation. These
are:

1. Studies of the chemical and physical interac-
tions of fuel and cladding materials with molten
sodium at high temperature.

2. Studies of fuel migration and segregation in mixed
uranium-plutonium fuels.

3. Studies of the transient boiling characteristies
of molten sodium.

At present, most of the effort is directed toward litera-
ture studies and construction of apparatus.

The effect of prior irradiation of uranium on igni-
tion in oxygen and air was investigated to assess the
magnitude of additional ignition hazard of irradiated
uranium over unirradiated metal. Four types of 20%
enriched specimens were studied using the burning
curve ignition test. One group of samples was irradi-
ated in MTR to 0.79% burnup of the **U. A second
group was irradiated to 1.71% burnup. A third group
was not irradiated; however, these samples were
loaded into irradiation capsules, exposed to NaK
coolant, and thermocycled in a manner approximating
the thermal history of irradiated specimens. The
fourth group of specimens consisted of untreated con-
trol samples. During irradiation samples were tightly
constrained in tantalum-lined steel jackets to prevent
dimensional changes. In spite of the constrainment
some surface roughening occurred. Nominal ignition
temperatures in oxygen were as follows: unirradiated
(control and thermocyeled), 600°C; irradiated to
0.79% burnup, 400°C; irradiated to 1.71% burnup,
360°C. In air, the irradiated samples showed greater
self-heating and spontaneous thermocyeling than un-
irradiated samples; however, no clear-cut evidence of
ignition was observed.

VI. Energy Conversion (pages 235 to 247)

Investigations on the regenerative emf cells for the
conversion of heat into electrical energy were con-
tinued. Two types of cells are being studied, bimetallic
coneentration cells and a lithium hydride cell.

The lithium hydride cell studies have been ex-
tended. Voltage measurements were made on a num-
ber of unsaturated lithium hydride cells of the type:

LiCl-LiH or
| LiCl-LiF-LiH

Using these data and the previously determined stand-
ard emf of a saturated lithium hydride cell, calcula-
tions have been made for the activities, activity
coefficients, and emf-temperature coefficients of lith-
ium hydride at various concentrations in the electro-
lyte. The activities showed strong positive deviations
from ideality, an effect which leads to lower cell volt-
ages than would be the case if the systems were ideal.
Activity coefficients ranged from 2.5 to 3.5. The
(AE/AT)p varied from about —6 x 10-* volts/deg for
the high mole fractions of lithium hydride to 8 x 10
volts/deg for the very dilute solutions of lithium
hydride in lithium chloride. The cell for which the emf-
temperature coefficient is zero has a concentration of
lithium hydride in lithium chloride below one mole per-
cent.

The electrode kinetic studies, which are necessary to
characterize the operation of a galvanic lithium hy-
dride cell, have begun to vield useful experimental
results with a tungsten wire microelectrode. At all
potentials positive with respect to a liquid lithium
metal electrode as reference zero, an anodic process
occurs at the tungsten microelectrode. Presumably,
this is the oxidation of dissolved lithium metal in the
fused salt solution. When the hydrogen gas-hydride
ion equilibrium is established and the microelectrode
polarized, the current-voltage curve can be interpreted
as the resdltant of the anodic oxidation of lithium and
the cathodie reduction of hydrogen.

Li (¢), Li" H, H: (g); Fe.

(1) Li° (solution) — Li* + e~
(2) Y2 Hy + e~ - H-

A limiting current plateau is observed for both proc-
esses.

The sodium-bismuth cell has been selected for the
initial engineering studies. The overall cell reaction is

sodium anode (liquid) —
sodium-bismuth alloy (liquid).

The solubilities in the fused salt electrolyte of both
the alkali metal anode and the intermetallic compound
formed at the cathode result in an irreversible trans-
fer of material between the electrodes. The solubility of
NayBi in the ternary eutectic mixture 53.2 m/o Nal,
31.6 m/o NaCl, 15.2 m/o NaF ranged from 1.8 m/o
NaBi at 560°C to 8.5 m/0 NazBi at 840°C. The solu-
bility of sodium in this electrolyte ranged from 0.3
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m/o at 546°C to 0.9 m/o at 697°C. By proper selec-
tion of cell operating variables and cell components,
the rates of transfer of both cathode and anode ma-
terial can be minimized.

Solutions of the alkali metal tellurides and bis-
muthides have been studied by means of absorption
spectra in order to better understand the phenomena
involved in the solubility of intermetallic compounds
in molten salts. The solutions are highly colored and
the spectra exhibit intense charge transfer bands, The
spectrum of each alkali telluride is characterized by
an absorption peak in addition to a charge transfer
band. Molar extinction coefficient values of from 600
to 800 have been caleulated for several alkali metal
telluride absorption peaks. These values indicate low
oscillator strengths and forbidden transitions. Tenta-
tive spectra have been obtained for KyBi in LiCl-KCl
eutectic and in CsCL

The relative possible extents of regeneration of the
sodium-bismuth bimetallic cell alloy were determined
by examining the metal separation obtained under

rarious thermal gradients. The intermetallic compound
NayBi was placed in sealed and evacuated tubes. In
four experiments, the tubes were all 900°C at the hot
end and 525, 616, 651, and 712°C at the cool end. The
final residue compositions in the hot end of the
tube (as compared with 75 a/o sodium for the
NayBi starting material) were 15, 48, 54, and 62
a/o sodium, respectively, with increasing condensate
temperature. In all the experiments, less than one
part per thousand bismuth was found in the sodium
condensate. Transpiration experiments were also run;
they showed that the vapor in equilibrium with a 50
a/o Na-Bi liquid alloy at 900°C contains about 3.5
a/o bismuth. This indicates that fractionation must
have occurred in the sealed-tube experiments to obtain
the high sodium purity in the condensate; such frac-
tionation would lead to an inefficiency in eyclic opera-
tion of a regenerative system. The deposition of a solid,
identified as NayBi, at intermediate sites in the tem-
perature gradient of the sealed tubes, indicates the
importance of determining the solid and liquid-vapor
equilibrium. It may be possible to avoid the formation
of solid NayBi by operating the regenerator at in-
creased pressure, or the problem may be eliminated by
a slight refluxing of fused salt electrolyte.

Cngineering thermodynamic studies on the regen-
eration of sodium-bismuth, sodium-tin, lithium-tin,
and lithium hydride cell systems have been made.

Experimental studies are being conducted on the
non-faradaic or irreversible transfer (i.e., transfer
without corresponding production of cell current) of
sodium from the anode to the cathode in sodium-
bismuth bimetallic cells. Cell current or faradaic

efficiencies of about 80% have been experimentally
obtained while operating at 75% of the open circuit
voltage.

Experimental work has begun to study a frozen
clectrolyte-silicone rubber insulator-seal for closed cells
which can be operated in an air atmosphere. An ex-
perimental stainless steel sodium-bismuth cell without
regenerator with such an insulator-seal has been con-
structed and is in operation at temperatures from 550
to 600°C.

Corrosion studies of bismuth and tin on materials of
construction are being conducted. Tin is a more attrae-
tive cathode metal than bismuth because both its
vapor pressure and melting point are lower. Static cor-
rosion studies of tin on tantalum, tungsten, and molyb-
denum-30 w/o tungsten up to 1000°C indicate that
these show promise as materials of construction. Dy-
namie corrosion tests of tin on these materials will be
conducted. Static and dynamie corrosion tests of bis-
muth on mild steel and stainless steel indicate that
both may be suitable for the low temperature section
of a sodium-bismuth system, i.e., the cell, which would
operate at temperatures up to 600°C. However, re-
fractory metals will be required for the high tempera-
ture section, i.e., the regenerator, which would operate
at about 1000°C or higher.

VII. Nuclear Constants (pages 249 to 251)

The cross section for the production of the 0.741
MeV level of niobium-93 by neutron inelastic scatter-
ing has been measured at several neutron energies up
to 1.2 MeV.

Radiative capture cross sections are reported for
gadolinium-158 and erbium-170 as a function of neu-
tron energies between 4 keV and 2 MeV.

Samples of uranium and plutonium isotopes have
been prepared and are being placed in EBR-II for ir-
radiations. Measurements will be made of the ratios
of capture cross sections to fission cross sections as a
function of position in the reactor.

VII. Analytical Research and Development (pages
253 to 254)

A program for the development of analytical meth-
ods for the determination of burnup of fast reactor
fuels and for the measurement of fast fission yields
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is being carried out. Determinations of the uranium-
235 fast fission yields of molybdenum-95, -97, -98,
and -100 and ruthenium-101, -102, and -104 are being
carried out and will be completed shortly. Plans are
being made to irradiate 100-mg amounts of plutonium-
239, uranium-235, and uranium-233 in EBR-II until
25% of the fissile atoms have been consumed. These
irradiated materials will be used to obtain fission
yield data of increased accuracy.

IX. Studies and Evaluations (pages 255 to 263)

Studies and evaluations have been initiated of the
feasibility and costs of projected applications of
Chemical Engineering Division research and develop-
ment projects. The major activities thus far have been
concerned with two projects: (1) a Divisional eco-
nomic study of fuels and reprocessing methods for
fast reactors and (2) a contribution to an interdi-
visional conceptual design study and a feasibility and
economic analysis of a large metal-fuel fast breeder
power reactor and its integrated fuel cycle system.
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Compact Pyrochemical Processes* **

Compact pyrochemical processes for the recovery of
fissionable and fertile materials from discharged reac-
tor fuels offer promise of achieving a reduction in fuel
cycle costs associated with nuclear power. Savings are
expected to result from rapid recycle of the fuel and
a corresponding decrease in fuel inventory, a minimum
of chemical conversion steps, small volumes and re-
sultant compact equipment, direct production of solid
wastes, decreased criticality problems because of the
absence of aqueous solutions, and possible retention of
valuable alloying agents in metallic fuels. Since the
major objectives of these processes are repair of irra-
diation damage and restoration of fuel reactivity, high
decontamination from fission products is not essential.

For high-burnup plutonium fuels, the buildup of activ-
ity from the higher plutonium isotopes precludes direct
handling of the processed fuel, even if it is fully decon-
taminated from fission products.

The pyrochemical processes currently under develop-
ment or in use are melt refining (a simple melting pro-
cedure for metallic fuels) and various processes for
core and blanket materials which employ liquid metals
and molten salts as processing media.

The melt refining process is in the most advanced
state of development and it is currently being used to
process the first core loading of the second Experimen-
tal Breeder Reactor (EBR-II),*** located in Idaho.

A. PYROCHEMICAL PROCESS DEVELOPMENT

1. Melt Refining (L. Burris, R. K. STEUNENBERG, R. D. PIERCE)

The fuel in the first core loading of EBR-II consists
of approximately 50% enriched uranium alloyed with
about 5 w/0 noble metal fission product elements (fis-
sium). The fuel rods are declad, chopped into about
2-in. long segments and melt refined in a zirconia
crucible. Operation of this process with irradiated fuel
has been started in the EBR-II Fuel Cycle Facility (see
Section II C 1 f). Although no laboratory development
work has been done on the present melt refining proc-
ess during the last reporting period, a modification of
melt refining that involves the use of a flux (halide
slagging) is being investigated. The halide slagging pro-
cedure shows promise for the processing of uranium-
plutonium alloy fuels.

* A summary of this section is given on pages 1 to 7.

** These processes have hitherto been called pyrometallur-
gical processes, but in order to convey better their applicabil-
ity to ceramic fuels, such as oxides and carbides, and to empha-
size the compact nature of these processes, they are now
referred to as “‘compact pyrochemical” processes.

a. BEHAVIOR OF ZIRCONIUM AND CERIUM
DURING HALIDE SLAGGING (N, R. CHELLEW,
J. T. Feexey, W. A. PeuLt)

Previous investigations of a halide slagging process
in which uranium-plutonium-fissium alloy was melted
in contact with chloride fluxes containing MgCl, as an
oxidant showed that selective removal of rare earth
fission products from the alloy can be accomplished by
controlling the amount of MgCl, in the flux (see ANL-
6900, p. 46). The data reported here were obtained in a
recent experiment primarily to determine the behavior
of zirconium during the halide slagging of uranium-
fissium alloy.

The synthetic fuel alloy used in the experiment was
uranium-5 w o fissium containing 0.68 w/o zirconium

*** The melt refining operations are conducted in the Fuel
Cyecle Facility, which is adjacent to the EBR-II reactor build-
ing.

t High Temperature Semi-Works Group.
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TABLE I-1. DistriBuTioN OF Zirconium IN HAviDE
SraGeING ExperiMENT CONDUCTED WITH
CuroripE Frux

94 U, 2.46 Mo, 1.96 Ru, 0.28 Rh, 0.19
Pd, 0.68 Zr, 0.01 Nb, 0.45 Ce

83.0 m/o (85.0 w/o) CaCl,, 17.0 m/o
(15.0 w/0) MgCl,

Charge Alloy (w/0):

Charge Salt:

Crucible: High-purity BeO
Melt Conditions: Charge heated one hour under argon
atmosphere
Oxidant: MgCl,
| Weight
Fraction ‘ S S
Total Zirconium
‘ @ ®
Charge
Alloy 15.765 0.108
Salt 3.194 0
Product \
Alloy 15.684 0.110
5 X 1078

Salt 2.672 \

and 0.45 w/o cerium. The cerium was employed as a
stand-in for rare earth fission product elements. The
flux consisted of CaCl, mixed with a 60% excess of
MgCl, over the stoichiometric amount required for
complete oxidation of the metallic cerium and zirco-
nium to CeCly and ZrCly . Both salts were purified by
standard techniques prior to use. Chemical analyses
showed the purified CaCl. and MgCl, to contain 0.08
and 0.02 w/o oxygen, respectively.

In the halide slagging experiment, the alloy and salt
were charged to a high-purity beryllia crucible, heated
under an atmosphere of argon to 1200°C, held at this
temperature for one hour, and cooled. The salt was re-
moved from the metal ingot by washing with distilled
water. The metal was subsequently dissolved in acid.
The two solutions were then analyzed for the pertinent
elements.

The distribution of zirconium in the charge and prod-
uct fractions is shown in Table I-1. Essentially com-
plete retention of the zirconium by the metal phase oc-
curred during the halide slagging, when MgCl, was
used as the oxidant. The small amount of zirconium in
the salt (0.05% of that in the original charge) probably
can be attributed to contamination of the salt phase
during preparation of the analytical samples. Analyses
of the charge and product alloys for cerium indicated
that 97% of the cerium had been extracted from the
metal. The percentage of cerium removal is in good
agreement with the results obtained earlier by Bennett
under similar conditions, but on a larger scale (see
ANL-6900, p. 46).

The weight loss of the alloy during the experiment
(0.08 g) corresponded within 0.01 g to the amount of

cerium removed. However, the flux underwent a weight,
loss of 0.52 g. Since the amount of MgCly present ini-
tially in the flux (0.48 g) was close to the observed
weight loss, it was suspected that vaporization of MgCl,
had occurred. The vapor pressure of pure MgCl, is
about 170 mm Hg at 1200°C. Analysis of the flux after
the experiment, however, indicated that 88% of the ex-
cess MgCl, was still present. When the erucible and its
contents were exposed to laboratory air after the experi-
ment, the exterior surface of the beryllia became wet.
This observation suggests that some of the hygroscopic
flux had permeated the crucible during the slagging op-
eration.

In general, the experiment showed that zirconium is
not removed from uranium-fissium alloy by chloride
slagging when MgCl, is used as the oxidizing agent. The
nearly complete removal of cerium under these condi-
tions is in agreement with earlier results. Work is
currently in progress to determine the behavior of plu-
tonium, and to investigate further the apparent pene-
tration of the beryllia erucible by the flux.

b. CONTAINER MATERIALS FOR HALIDE SLAG-
GING (G. A. Besyerr, I. O. WinscH, W. H.
SPICER)

Laboratory-scale experiments which established the
feasibility of purifying a uranium-plutonium-fissium
alloy by melting under a chloride flux were described
in the previous semiannual report (ANL-6900, p. 46).
Since previous runs have shown beryllia to be the only
crucible which will hold up in the presence of both
uranium and salts (ANL-6800, p. 35), the large-scale
application of this procedure requires the availability
of a reliable beryllia crucible for handling plant-scale
charges (10 to 50 kg). An isopressed beryllia crucible
was used in the laboratory-scale experiments (~700 g
charge), but it is doubtful whether large isopressed
beryllia crucibles would be satisfactory because of in-
creased permeability to molten salts or even if accepta-
ble from this standpoint, whether they could be fabri-
cated at a reasonable cost for 50-kg batches of fuel
(somewhat less than half the critical mass of pluto-
nium-containing fuel alloys). Alternatives may be
thixotropically cast beryllia erucibles and erucibles of
materials other than beryllia which are coated on the
inside with beryllia. Beryllia deposited by plasma-
spraying has appeared to adhere well to such inexpen-
sive substrate materials as silicon carbide (ANL-6900,
p. 63) and alundum (ANL-6725, p. 75) when such
beryllia-coated samples were repeatedly thermal eycled
to 900°C in an argon atmosphere.

"The concept of a coated crucible was explored in a
run in which a uranium-plutonium-fissium alloy (420 g)
was melted together with a 75 m/o BaCls-25 m /0 CaCls
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flux (120 g) in a 4%-in. OD by 4V-in. high alundum
crucible having beryllia plasma-sprayed on the inside
surface. The melt was held at 1150°C for 1 hr and then
the crucible contents were poured into a mold. At the
conclusion of the run, it was apparent that the molten
salt had soaked into the crucible walls. Consequently,
this approach does not appear promising.

¢. MATERIALS FOR  CONTAINMENT OF
MOLTEN URANIUM AND ITS ALLOYS (G. A.
Bexnert, I. O. WinscH, N. QUATTROPANT)

Materials are being investigated for containing ura-
nium and uranium alloys at temperatures from near
the melting points to several hundred degrees above the
melting points. The work reported previously (ANL-
6900, p. 48) has been extended to four additional
materials: hafnium carbide, niobium nitride, niobium
carbide and tantalum carbide, For these tests the ex-
perimental materials in the form of rods 1-in. dia. by
1-in. long were partially submerged in a bath of molten
uranium in an argon atmosphere. After being exposed
to molten uranium at 1400°C for 24 hr, the rods were
withdrawn from the melt and examined for attack.

Hafnium carbide and niobium nitride were not at-
tacked under the test conditions; moreover, niobium
nitride was wetted only slightly, if at all. Niobium car-
bide was wetted and attacked. Tantalum carbide was
wetted and suffered severe intergranular corrosion.

Hafnium carbide, niobium nitride, and zirconium di-
boride (previously tested) are the most promising of
the materials which have been investigated. These ma-
terials will be tested further and other similar materials,
now on order, will also be tested.

d. REMOVAL OF NITROGEN FROM ARGON
WITH TITANIUM SPONGE (M. Kvie, J.
ARNTZEN)

A method is under development for removing nitro-
gen contamination from argon by gettering the nitro-
gen on hot titanium sponge. Although this method will
have general utility for purifying argon from nitrogen,
the major incentive for its development is a possible fu-
ture need to remove nitrogen from the argon atmosphere
in the Argon Cell of the EBR-IT Fuel Cycle Facility.
Two sets of experimental equipment have been con-
structed: (1) equipment for a study of the kinetics of
nitrogen removal from argon on hot titanium sponge,
and (2) a pilot plant for obtaining overall process per-
formance data and information on component reli-
ability. Studies are being conducted with argon con-
taining initial nitrogen concentrations between 100 and

50,000 ppm.

60

I 5000ppm Np IN ARGON
L 7000 ppm Np IN ARGON
40—

300 ppm N2 IN ARGON

30,

20

CONVERSION OF Ti TO TiN, percent
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FiG. I-1. Kinetics of Reaction of Titanium Sponge with
Nitrogen Impurity in Argon at 900°C. (Based on the reaction
Ti + '4 N: — TiN.)
(1) Kinetics of Nitrogen Removal from Argon with

Titanium Sponge

The equipment and experimental procedure for this
study were deseribed in ANL-6800, p. 54. In essence, a
series of small titanium sponge beds are contacted at
900°C with a flowing stream of argon gas containing
the desired concentration of nitrogen. The gas flow rate
is maintained high enough so that the nitrogen concen-
tration in%the gas stream is not significantly reduced
in passing through the beds. One bed at a time is re-
moved and analyzed to provide data on the amount of
reaction obtained by any given time. Data on the ki-
netics of the nitrogen-titanium sponge reaction have
now been obtained at a temperature of 900°C and con-
centrations of 5000, 1000, and 300 ppm nitrogen in
argon. Typical reaction rate curves for these nitrogen
concentrations are shown in Figure I-1. Data are also
being obtained at 50,000 and 100 ppm nitrogen. The
data shown in Figure I-1 indicate that the reaction
probably follows a parabolic or modified exponential
rate law and is dependent upon the concentration of
nitrogen in the gas phase. An attempt will be made to
correlate all data obtained into a single equation which
would be useful in the design of engineering-scale equip-
ment.

(2) Pilot Plant for Nitrogen Removal from Argon

A pilot plant-scale unit designed to demonstrate the
removal of nitrogen impurity from argon gas on a
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FiG. 1-2. Pilot Plant for Study of Nitrogen Removal from Argon.

large scale has been in operation. For the convenience
of the reader, a schematic diagram of this unit is again
shown in Figure I-2. Operating at a gas circulation rate
of about 10 efm, this unit will provide information on
component design and reliability for large-volume puri-
fication systems. Nitrogen concentrations of between
100 and 5,000 ppm in argon will be used. Detailed in-
formation on the design, flow pattern, temperature dis-
tribution, and previous operating experience of this
system was presented in previous reports (ANL-6800,
p. 58 and ANL-6900, p. 50). When 1000 hr of operation
were completed in April 1964, the loop was shut down
for inspection of all components. The titanium metal
sponge was also replaced at that time.

Insp(-(-tinn of the IUU]) disclosed no evidence of de-
terioration of any process vessel. All instrumentation

and control systems were operating as designed. A small
leak was discovered on the outboard oil seal on the
shaft of the blower used to circulate the gas stream. The
leak was sufficiently small that dismantling of the
blower to rework the seal did not seem necessary. The
electrical connections had failed on the leads to the
booster heating coils on the trickle heaters. These
heaters are located in the large furnace ahead of the
titanium bed and the connections were made in the
hot zone of the furnace. These heaters have an ex-
tended heat transfer surface and serve to insure proper
preheat of the gas entering the titanium bed. Because it
has been found that the trickle heaters receive enough
heat from the furnace to perform satisfactorily without
the booster coils, it has not been necessary to repair the
high temperature connections.
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TABLE 1-2. Conversion or Titaxivm 1o TiTasiom
MoxoxtTriDE 18 THE PiLot Prant Loop

Temperature: 900°C
Weight of Titanium Sponge: 25 Ib
Circulation Rate: 10 efm
Exposure Time: 850 hr to Ar
150 hr to 650 ppm N, in Ar

Bed Position* w Conversion to TiN"

| (%)
Top 4.0
3-in. depth 46.9
6-in. depth 35.4
9-in. depth 35.0
12-in. depth 45.1
Bottom 46.5

» Bed approximately 14 in. high.
b Computed assuming the following reaction: Ti + 14N, —
TiN.

The titanium metal sponge which was removed from
the loop gettering bed after 1000 hr of operation (in-
cluding about 150 hr exposure to 650 ppm nitrogen in
argon), was submitted for a modified micro-Kjeldahl
determination of the amount of absorbed nitrogen. Re-
sults are presented in Table 1-2.

In order to obtain the highest possible average con-
version of the sponge during the run and also alter-
nately to recover and store heat on two regenerative
heat exchangers, the direction of flow through the ti-
tanium bed was periodically reversed. This flow re-
versal through the titanium bed produced the expected
conversion profile with the lowest conversion near the
center of the bed. The average conversion was about
42%. 1f 50% conversion of titanium to the nitride could

be obtained in plant operation, the cost of gettering
material for a titanium system would be about $130
per Ib mole of nitrogen removed. This cost is about 60%
of that for a similar calcium system and 7% of that for
a uranium system, based on similar conversions. Thus
the results of this run are very encouraging.

The loop was restarted on June 5, 1964, at a gas con-
centration of 100 ppm nitrogen in argon. Shutdown of
the loop, after 650 hr of continuous operation, was re-
quired because of oil leakage into the circulating gas
stream. An inspection of the blower used to circulate
the reacting gas revealed the failure of both the inboard
and outboard shaft seals located on the upper blower
lobe. The lower lobe seals had not deteriorated signifi-
cantly. The seal failures permitted oil to leak into the
interior of the blower and subsequently into the circu-
lating gas.

The seal failures appear to have been a result of in-
adequate seal lubrication and insufficient spring tension
on the seal faces. The blower has been repaired by re-
placing the face seals with seals of higher spring ten-
sion. The blower will now be operated on its side so
that both the upper and lower seals will receive better
lubrication.

The oil contamination of the gas stream resulted in
poisoning of the titanium sponge, causing the titanium
bed to lose its reactivity with nitrogen. Prior to this
poisoning of titanium, for a period of about 600 hr, the
nitrogen concentration of the circulating gas decreased
from 100 ppm to less than 20 ppm nitrogen on passing
through the bed at 900°C at a flow rate of 10 efm. The
conversion of the bed at that time was equivalent to
about 30% titanium mononitride. After the titanium
metal spongg had been replaced, the loop was placed in
operation again during November 1964.

2. Processes Employing Liquid Metal Solvents

(L. Burris, R. K. STEUNENBERG, R. D. PIERCE)

Several processes are being developed which employ
liquid metals and salts as processing media. The skull
reclamation process is under development for recovery
of the fissionable material remaining in the crucible
residue (skull) after a melt refining operation. Skull
reclamation runs are now being conducted in a pilot
plant which has a capacity of about one-third that
proposed for the EBR-II plant equipment. Laboratory
and engineering work is also underway in the develop-
ment of processes for recovery of advanced fast reactor
fuels which contain plutonium. Fundamental chemical
and engineering studies are in progress in support of
process development work.

a. DEVELOPMENT OF THE SKULL RECLAMA-
TION PROCESS (L. Burris, R. D. Pierce)

The skull reclamation process is being developed as
an auxiliary process to melt refining for processing the
first fuel loading of the EBR-II reactor. The process has
two purposes: (1) recovery of uranium from the skull
remaining in the crucible after melt refining, and (2)
separation of fission products from the uranium. The
skull material is expected to contain between 5 and 10%
of the uranium charged to melt refining. The recovered
and purified uranium will be returned to the main EBR-
II fuel cycle via the melt refining step. The skull recla-
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mation process provides for removal of all nonvolatile
fission products in the EBR-IT fuel eycle.

(1) Pilot Plant Studies of the Skull Reclamation
Process (I. O. Winsch, T. F. CannoN, P. MAck,
K. L. Nisuio, K. R. Tosias, N. Quartrorant, G.
Teats, L. KirgeL")

Operation of a pilot plant for study and demonstra-
tion of the skull reclamation process on an engineering
scale was continued during the past period. About 2 kg
of skull oxide (containing about 75% uranium) is proc-
essed in each run. (In full-scale operations in the EBR-
II Fuel Cycle Facility, 7 kg of skull oxide will be proc-
essed in each run.) Seven skull reclamation process
demonstration runs were started during the past period
(5 completed) , making a total of 18 demonstration runs
that have been completed to date in the pilot plant.

(a) Flowsheet

The skull reclamation process flowsheet has not been
significantly changed in some time and has been de-
seribed in detail in an ANL report (ANL-6818). The
flowsheet is depicted in Figure 1-3. This figure presents
a slight process modification which involves delaying
the waste flux transfer until after the uranium precipita-
tion step (identified in Fig. I-3 as the intermetallic
compound decomposition step) rather than after the
reduction step. This change permits keeping the trans-
fer line (an inverted U-tube) in a fixed position
throughout the process.

(b) Equipment Performance

All process steps up to the retorting (solvent evapo-
ration) step are performed in a 9Vs-in. ID tungsten
crucible. The crucible is inductively heated in a bell jar
furnace which is part of the pilot plant described in
ANL-6687, p. 37. The bell jar allows performance of
the steps in an inert atmosphere and permits pressuriza-
tion of the system for transfer of molten metals or salts
through a transfer line to an external container.

The equipment has been operated in an open glove-
box through Run SKR-18. The box has now been en-
closed and Runs SKR-19 and SKR-20 were made with
a dry-air atmosphere (about 150 ppm H.0) in the box.
This modification virtually eliminates moisture pickup
by the flux when the furnace is open between runs.

Fluzx Foaming. A flux foaming problem attributable
to water of hydration in the flux developed during the
reduction step of several process demonstration runs.
Several methods of flux pretreatment, such as vacuum
melting and contacting the molten flux with magnesium
to remove the water, have been tried as alternates to the

* CEN Machine Shop.

proven technique of bubbling hydrogen chloride through
molten flux. The magnesium pretreatment, a simple
foundry-type operation at 700°C, in which magnesium
and any water in the flux react to form hydrogen, was
used in preparing flux for Run SKR-20. There was no
foaming during this run. Therefore, this procedure will
be used for preparing flux for future runs.

Some of the plastic films which have been used to
package flux have been found to be quite permeable to
water vapor, Saran, which is relatively impermeable to
water vapor, is now being used. As an additional pre-
caution, fluxes are stored in sealed cans or dry-atmos-
phere gloveboxes.

Phase Transfer. Waste and product streams are re-
moved from the process crucible through molybdenum-
30 w/o tungsten (Mo-W) transfer lines. These lines,
which were discussed in ANL-6900, p. 59, have operated
well. A photograph of the latest transfer line prior to
insulation and canning is presented in Figure I-4. In
this design, a stainless steel sheath previously used to
cover the Mo-W tube has been eliminated. The electri-
cal heaters are wound directly around the Mo-W trans-
fer tube, covered with insulation, and then canned with
a leak-tight stainless steel enclosure. The annular space
is evacuated initially and then filled with argon to
prevent oxidation of the Mo-W tube. This transfer tube
(%4-in. OD by %-in. ID) is 72 in. long. The larger in-
side diameter as compared to the former % g-in. ID will
reduce the likelihood of plugs forming in the tubes. The
extension of the tube beyond the heater at the outlet end
was cut off prior to placing the tube in service.

The efficiency of fission product removal is limited
by the transfer efficiency of the waste phases; therefore,
transfers of about 90 percent are designed. The phase
transfer efficiencies experienced in nine of the latest
skull reclamation process demonstration runs are pre-
sented in Table I-3. These efficiencies are more consist-
ent and considerably better than those observed in
earlier runs (ANL-6800, pp. 70-73). The relatively low
transfer efficiencies experienced with the uranium prod-
uct solutions are due to the small total volumes of
product solutions, as compared to the larger volumes
of the waste supernatants. The portion of the product
which is not transferred would be recycled through the
next run (see Fig. I-3).

In several of the process steps, a liquid metal phase
is pressure transferred from beneath a frozen flux. In
order to provide a path through the flux for the pres-
surizing gas, the agitator is operated during the time
the flux is freezing. A hexagonal agitator shaft has
proved highly satisfactory for insuring an adequate
opening through the frozen flux.

Fuming. Some vaporization of flux and metal phases
or “fuming” occurs in the skull reclamation process
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Fic. I-3. Flowsheet for Skull Reclamation Process.

runs and a light deposit of flux is found on the inside
of the bell jar wall at the conclusion of each run. In
Runs SKR-18 and SKR-19, an attempt was made to
eliminate the fuming problem. A perforated metal bas-
ket containing calcium metal turnings to react with
vaporized flux was located in the top section of the
tungsten crucible. At the completion of these runs, the
interior of the bell jar furnace assembly was relatively

free of vaporized metal and flux. The trap proved to
be effective even though flux foaming had occurred
during these runs and had resulted in wetting of the
calcium with gross amounts of flux. The calcium fume
traps will be used in future runs,

Process Time. Modifications have been made in the
process to reduce the overall time required for a run.
Initial runs required about 32 hr for completion; later

27
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FiG. I-4. Molybdenum-Tungsten Transfer Line.

runs have required only about 18 hr. Without adverse
effect, processing times for the individual steps of the
process have been reduced as follows:

1) noble metal extraction: 8 hr to 1 hr

2) reduction of uranium oxides: 4 hr to 1 hr

3) intermetallic compound decomposition: 4 hr to
1 hr

4) product dissolution: 2 hr to 1 hr

Still further reductions in some of these processing
times are thought possible.

Forced circulation of argon gas through the bell jar
is employed to hasten cooling of the melt in the cru-
cible during the noble metal extraction and the ura-
nium precipitation steps, The foreed cooling system
has worked well. Plugging of the gas-circulation lines,
which had been a problem earlier, has been prevented

by periodically cleaning the areas which are known
trouble spots.

Reaction Temperatures. In several runs, the reaction
temperature employed in the noble metal extraction,
reduction, and intermetallic decomposition steps was
reduced from 800°C' to 700°C. The reduction of ura-
nium oxides could be successfully completed at the
lower temperature. Moreover, operation at the lower
temperature reduced fuming of the flux and metal.
However, operation at the lower temperature was found
to be questionable because (1) the rates of reduction
of uranium and zirconium oxides are lowered and (2)
the reduction of uranium into a saturated zine solution
at 700°C may produce finer erystals, which settle less
readily than those produced by cooling an initially un-
saturated solution from 800°C. Further work is re-
quired to establish the optimum operating temperature.
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TABLE 1-3. Puase TransFEr EFrFiciencies 18 SKuLL RecLamation Process Russ

PmCee’lrStcp‘ and Phass Percent of Total Phase Transferred
ransferred 7 e
SKR9 | SKR-10 | SKR-11 | SKR-12 | SKR-13 | SKR-14 | SKR-15 | SKR-16 | SKR-17
| -3 — SR
N(&Ie Mzéul Leach 96.3 920 | 955 9 : 97.8 9.3 91 9.5 | 95.1
aste Zine | |
Intermetallic Precipitation 82.1 91.3 91.6 96 | 89.3 | 86.4 84 89.3 | 88.9
5 w/0o Mg-Zn Supernatant | | !
Intermetallic Decomposition 95.6 e 88.1 87.5 | 92.0 | 88.0 89 90.4 89.9
50 w/0 Mg-Zn Supernatant, | | |
Product Dissolution 90.50 — 87 85.5 80.5 [ 80.2 | 83¢ 87.5¢ | 85.8
12 w/o Mg-Zn Product Solu- |
tion [ |
Flur 81.5° - re e ot |‘ 88.5¢ 8¢ | 80.2 | e
Waste Flux | |

o See Figure 1-3.

v 1.2% of the original flux transferred with the metal product.,
©5.7% of the original flux transferred with the metal product.
40.6% of the original flux transferred with the metal product.

¢ Flux transferred prior to dissolution of precipitated uranium.
fIn these runs, between 30 and 787 of the flux foamed out of the crucible during the reduction step. Therefore, the efficiency of

flux transfer could not be determined.
¢ Flux transferred with uranium produet solution.

TABLE 1-4. UraNtom MATERIAL BALANCE IN SKULL REcLAMATION Process Runs
(See Table I-3 for phase transfer efficiencies)
| po ek % of Uin Waste Streams
Wt. of U L A P Tl . IR L.,
A 7o of Uin mples and on | Accounted For
Run No. Charged Product Solution| Crucible Wall Noble [Supernatantiq oo (%)
(8) Above Melt Metal Waste Flux |of Intermet. | " U - t
Extract Ppt. of U Ppt.
SKR-9 1550 100 —_— 0.044 0.5 ‘ 2.35 2.1 105
SKR-10 1550 r— w— 0.58 — w 3.5 | - —
SKR-11 1510 93 0.14 0.15 ™ | W ! 2.0 105
SKR-12 1606 88 0.16 0.19 sl0 | 18.0 | 0.5 108
SKR-13 1510 97 0.23 0.7¢ | 1.1s 1 1.3 0.9 101
SKR-14 1520 100 015 | 017 | 1.1 9.0 1.1 112
SKR-15 1540 108 0.22 0.35 0.7 [ 8.0 4.0 121
SKR-16 1510 100 0.12 0.11 2.0 2.0 | 1.6% 106
SKR-17 1545 87 0.06 0.17 L1 12.5 4.00 105

» Based on residual flux transferred—foaming occurred during reduction step.

b Transfer at 500°C instead of 450°C.

One hour has proved adequate for the dissolution of
the product at 800°C. The temperature of this step has
been set at 800°C in order to dissolve all the uranium
in as little as possible of the 14 w /o Mg-Zn solution
without excessive zine vaporization.

(¢) Process Results

The analytical results which show the behavior of
uranium in the pilot plant runs through Run SKR-8
have been presented previously (ANL-6900, p. 551. The
results for Runs SKR-9 through SKR-17 are now avail-
able and are reported below.

Uranium Recovery. The uranium material balances
for nine runs are summarized in Table I-4. The overall
uranium balance was high in all but one run. This im-
balance is probably a result of (1) analytical uncer-
tainties in the charge and product solution samples and
(2) the uncertainty in the quantity of product solution
left in the crucible as a heel. However, values for ura-
nium losses in the waste streams are accurate. It is
hoped to keep the uranium losses to less than 5% in the
skull reclamation process to permit an overall process
recovery of about 99.5% for the EBR-II fuel eycle.

Losses of uranium in the noble metal extraction step
are slightly greater than the expected value (<0.1%)


file:///bove
file:///NI.-6900

TABLE 1-5.
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Frssion Propuer MATERIAL BALANCES IN SKULL REcLamation Process Runs

%% of Tission Product Charged
n:lllzl.\); : Total 7, of Fission Product
Noble Metal | Supernatant, Ty o ) Accounted for
Run No. Ao et Intermetallic wan.| Waste Flux Product Solution
Extract Pot metallic
R De- |
comp
Mo | Ru | Ce| zr | Ce | Co | zc | Mo ‘ Ru l Ce \ Zt | Mo | Ru | ce | zr
SKR-9 25 79 3 42 39 | 30 — 55 17 8 41 75 96 80 83
SKR-10 58 92 0.6 60 = = = e ) — — — _ — -
SKR-11 42 73 4 62 38 6 11 15 20 25 28 57 93 73 101
SKR-12 71 97 12 70 21 5 2 23 | 12 | 37 28 94 109 75 100
SKR-13 60 89 4 53 | 38 35 | 5 | 2 5 | 36 99 110 82 w4
SKR-14 46 | 75 | — | 45 | 28 [ 45 | — | @4 | 16 | 6 [ 34 | 8 | o1 | 74 |G
SKR-15 57 82 = 42 32 37 | — 4+ | 14 | 13 50 101 96 82 92
SKR-16 61 o = 47 36 g1 1 =3 28 | 17 5 | 30 89 91 72 77
SKR-17 60 8 | — | 54 | 3 2 | 6 17 | 9 5 19 77 89 87 69

but continue to be less than 1% and therefore present
no real problem. Increasing the oxidation potential of
the flux by adding zine chloride, as will be done in Run
SKR-22 and subsequent runs in which a recycled heel
will be present from the previous run, should lower this
loss to the expected level.

A uranium loss of 0.5 to 1% in the waste flux appears
to be inherent in the process, apparently as a result of
a chemical equilibrium in the reduction step. The high
loss experienced in Run SKR-11 (7%) was a result of
too low an agitation rate during the reduction step. The
2% loss in Run SKR-16 was the result of using insuffi-
cient time (1 hr) to complete the reduction at a rela-
tively low temperature (700°C).

The uranium losses in the intermetallic precipita-
tion step present a more serious challenge. The mini-
mum uranium loss, that which is due to the solubility
of uranium in the waste stream, is only about 0.5%,
but the losses have been increased to 1.3 to 18% as a
result of considerable entrainment of uranium. Smaller
losses (1to 2%) had been demonstrated in smaller scale
runs (ANL-6900, p. 64). The two factors which are be-
lieved to have promoted the high losses are backflush-
ing of argon through the transfer line and agitation
during the cooling period of the intermetallic precipita-
tion step. The backflushing is maintained to avoid erys-
tallization in the transfer line. As discussed earlier,
mechanical agitation is employed to maintain a vent
through the freezing flux. These operating procedures
are being modified to decrease the uranium entrain-
ment. Agitation will be stopped as soon as the flux has
become frozen, and an adequate time will he allowed
for settling of the uranium-zine erystals. Backflushing
will also be stopped when the agitation is stopped. It is

felt that the uranium loss in this step can be reduced
to about 19 by these changes in procedure.

The solubility of uranium in the waste stream from
the intermetallic decomposition step will cause a mini-
mum uranium loss of 0.8 at 450°C or 1.1% at 500°C.
Higher losses, experienced in some of these runs, can be
prevented if the settling period is increased and if
backflushing is discontinued sooner or even eliminated.
Based on earlier experience in both small-scale runs
and blanket processing studies, uranium losses in this
step should be reducible to a very low level.

Fission Product Removal. Fission product removals
are shown in Table I-5. Except in Runs SKR-11 and
SKR-12, cerium removals have been good, ranging be-
tween 87 and 95%. In Runs SKR-11 and SKR-12, the
flux was transferred with the product solution, which
resulted in back extraction of cerium into the product
solutions. The overall cerium material balances have
been low for an as yet unexplained reason.

Zirconium removals have ranged between 50 and
81%. Incomplete reduction of zirconium oxide in the
reduction step has limited the removal of this fission
product. The reduction steps in recent runs have been
performed with more rapid agitation (~700 rpm) for
the purpose of increasing the zirconium reduction and
thereby making the zirconium available for removal in
the waste zine-5 w, 0 magnesium solution. A zirconium
removal of at least 85% is desired in order to compen-
sate adequately for zirconium introduced as zirconia
powder spalled from the melt refining erucible (see
ANL-6900, p. 53).

Ruthenium and molydenum are insoluble in the zine-
‘noble metal extract at the phase transfer temperature of
525°C. An agitation rate of about 400 rpm keeps the

.
e
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TABLE 1-6. Rerormine 1o Form Uraniom Propuver Incors. Ruxs SKR-13 taroveH SKR-17

Product

Fission Product

Charge (from ‘ .
U Diss. Step) e |
Distillate Uranium |
Run No. Mg-Zn et
(kg) | Tota
¥ ‘\ % of
Total | U | Charge* |
kg) | (kg) | k& |toRe. [ Ce
torting
R 25% e
SKR13 [11.20 | 1.18 | 9.95 |1.1 |1.05| 89.2 | 0.13
SKR-14 [11.92 | 1.16 | 9.48 |0.92 | 0.84 | 72.25 | 0.25
SKR-15 |12.92 | 1.39 | 11.30 | 1.37 1.25' 9.0 | 0.16
SKR-I6 | 13.14 | 1.26 | 1150 | 1.24 117 93.0  0.22
SKR-17 |13.17 | 1.14 | 11.20 11.10 1.02‘ 9.0 | 0.32

. “% of Fission
Concz(q;ll;auon Pro(ducl Charged |
—_— Mg Be Zn

| [ [ (ppm) | (ppm) | (%)
Zr | Mo | Ru | Ce|Zr |[Mo|Ru

|
‘7‘ ‘ wee - - s [t
1.24 ({0.7510.36 | 2 |27 |26 | 18 - 20 s
0.94 | 087 (0.2 3 |17|22| 9 25 5 <0.4
1.4 0.880.23 3 38 38 M4 | 400 25 <1
0.96 065 0.24 ! 4 12426 14 8 100 —
0.5¢4 [0.420.15| 5 | 12| 14 8 2700 31 1-10

» Based on U product solution analyses,

b Beryllia crucible developed a crack. Analysis of the material recovered in the secondary accounts for about 179 of the uranium

charged.

ruthenium and molybdenum in suspension in the zine
during the transfer. This has resulted in excellent re-
movals of ruthenium (79 to 91% ) and good removals of
molybdenum (45 to 85%). An approximately 60% re-
moval is satisfactory for molybdenum. The reason for
the consistently lower decontamination of uranium from
molybdenum than from ruthenium is not understood
but is being explored.

Retorted Uranium Products. A number of zinc-14
w/0 magnesium-10 w, 0 uranium product solutions have
been retorted in a beryllia erucible to remove the mag-
nesium-zine and produce uranium ingots. Analyses of
the retorted products from Runs SKR-13 through SKR-
17 are shown in Table I-6. Overall removals of fission
products, as indicated by the analytical results for the
retorted products, were generally lower than the re-
movals indicated by analyses of the product solutions.
In the five runs summarized, the results indicate ura-
nium discrepancies of about 7% in the final uranium
products. Analyses of the distillates from several of
these runs have shown uranium entrainment to be neg-
ligible (<0.01%). Therefore, the diserepancies are be-
lieved to be the result of inaccuracies in sampling or
analysis of the uranium product solutions. This is being
investigated. The 28% loss of uranium in SKR-14 was
largely a result of a crack which developed in the
beryllia crucible and allowed a portion of the product
solution to leak into the secondary graphite erucible.

Magnesium and zine contamination of the product
has been low (Table I-6). Beryllium and carbon con-
tamination of the product resulting from the use of
beryllia crucibles and graphite condensers has not been
significant. Carbon analyses are not reported in Table
1-6, but results obtained for two runs have indicated

about 0.01% carbon, which is well below the maximum
specified for reactor grade uranium. A small amount of
flux which was carried over into the beryllia retorting
crucible with the product solution was mechanically
removed prior to retorting. The product from Run
SKR-20, in which the residual flux was charged to the
retort, is expected to contain somewhat more magne-
sium than did the products from Runs SKR-13 to SKR-
17.

With the possible exception of zirconium whose re-
moval is on the low side, fission product concentrations
are satisfactorily low and the product should be satis-
factory for returning to the main EBR-II fuel stream
via the melt refining operation.

»

(2) Small Scale Support Studies (I. O. Wixscn,
K. R. Tosias)

Zirconium Behavior. In both the large and small
scale skull reclamation process demonstration runs, as
little as 75% of the expected amount of zirconium has
appeared in the supernatant solution which was re-
moved after precipitation and settling of a uranium-
zine intermetallic compound (~U.Zn.y). Possible ex-
planations for this are: (1) coprecipitation of the zir-
conium with the uranium-zine intermetallic compound,
a phenomenon which could be enhanced by the pres-
ence of other fission product elements in solution, (2)
reduction of the zirconium solubility caused by the
presence of other fission product elements, and (3) ad-
sorption of zirconium on equipment surfaces.

Observations made in small-scale demonstration
tests suggested a possible correlation between the
amount of ruthenium present and the zirconium re-
moval efficiencies. Therefore, several runs were made


file:///tut/i

in which the concentration of ruthenium was varied
between wide limits. About 23% of the zirconium pre-
cipitated or coprecipitated when an abnormally large
amount of ruthenium was present (0.06% in solution,
which corresponds to only a 30% removal of ruthenium
in the noble metal extraction step of the Skull Recla-
mation Process). Only 9 to 12% zirconium precipitated
when the concentration of ruthenium was very low,
i.e., less than 0.019. Therefore, it appears that a signifi-
cant x'npl'w‘ipil:x(lnn of zirconium occurs and that it
is increased by the presence of ruthenium. However,
the effect of ruthenium should be small if the ruthenium
is properly removed in the noble metal extraction step.

The precipitation or coprecipitation of zirconium
was not perceptibly increased by the presence of cerium
at a full process level concentration of 0.3%. Cerium,
and other rare earth elements, are the major fission
product constituents of intermetallic precipitation
melts.

In order to investigate possible adsorption of zir-
conium on equipment surfaces, coupons of tantalum,
tungsten, and molybdenum-30 w/o tungsten were sus-
pended in a 5 w/o Mg-Zn solution containing **Zr
tracer and its *’Nb daughter. Analysis of coupons im-
mersed for short periods (less than 2 hr) indicated
that only 15 to 209% of the activity on the coupon
surfaces was zirconium (the remainder was niobium)
The total amount of zirconium adsorbed on the sur-

faces of the coupons represented a very small per-

108-7647A
FiG. I-5. Welded Tungsten Crueible. (1054-in. OD by 21-in
high)
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centage (<0.1%) of the total zirconium present. Anal-
ysis of coupons immersed for longer periods (24 hr)
showed that essentially all of the zirconium activity
on the coupon surfaces had been replaced by niobium
activity. These results show that significant zirconium
losses cannot be accounted for by interaction with the
reaction erucible, agitator, or transfer line surfaces,

It is concluded that zirconium removal in the super-
natant solution of the intermetallic precipitation step
has been somewhat less than expected because of
slight and somewhat variable precipitation of the
zirconium with the uranium-zine intermetallic com-
pound, depending on the amount of ruthenium present,

(3) Procurement and Testing of Crucibles for the
Skull Reclamation Process (. A. Bexxerr,

I. O. Winsch, N. P. Quarrropant, W. H. Spicer)
Two crucibles are required in the skull reclamation
process: (1) a tungsten or tungsten-coated cruecible in
which the reaction and precipitation steps are per-
formed and (2) a smaller beryllia, beryllia-coated,
tungsten, or tungsten-coated erucible in which the re-
torting step is performed.

(a) Tungsten Crucibles

Four fabrication procedures have been investigated
for producing the tungsten crucibles which have been
employed: (1) pressing and sintering, (2) welding, (3)
spinning, and (4) plasma spraying.

Pressed and Sintered C'rucibles. Four small (4%-in.
ID) pressed and sintered tungsten erucibles have been
in service for about 2V2 yr for miscellaneous process
studies related to skull reclamation process develop-
ment. All four crucibles still appear to be in excellent
condition. Two larger (10-in. ID) erucibles containing
mteg

al mixing baffles on the walls were employed in

the skull reclamation pilot plant.

One of these larger pressed and sintered tungsten
crucibles failed after many months of service in the
skull reclamation process by cracking under the ex-
pansion stresses imposed during remelting of a full

metal and flux charge. The second erucible, which was

a manufacturer’s reject because of the high porosity of
the walls and the presence of several cracks in the
walls, was repaired by plasma spraying the outside of
the erucible with tungsten. The tungsten coating sealed
the cracks and initially eliminated seepage of molten
metals through the walls. However, over months of

service, metal seepage gradually increased to the point

that it was necessary to discontinue use of the erucible.

A new pressed-and-sintered erucible has been obtained
but has not been used.

He Imn: llAt lded Tungsten Crucible. An engineering-
scale (10%8-in. OD) welded tungsten crucible with in-
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tegral mixing baffles was obtained for testing in the
skull reclamation process pilot plant. A photograph of
this erucible prior to its use is presented in Fig. 1-5.
It was used in three pilot plant runs and for the melting
of six metal waste streams for sampling. It was not
visibly affected by these operations, but in the next
skull reclamation run, an irregular, circumferential
crack extending around about one-third the cireum-
ference of the crucible appeared in and above the
lower circumferential weld. It has been postulated that
a combination of incomplete stress relief after welding
of the erucible and too rapid heating of the crucible
in the brittle temperature region (up to 400°C) may
have induced failure by thermal shock. Because of the
relatively light weight of the welded crucible (~80 Ib)
as compared to a pressed-and-sintered tungsten cruci-
ble (~500 1b), a welded erucible has several advan-
tages over the bulky pressed-and-sintered ecrucible,
e.g., ease of handling and a lower heat capacity which
permits faster heating and cooling eyeles. Therefore,
methods of improving the integrity of a welded cruci-
ble will be sought.

Spun Tungsten Crucible. Because of the excellent
performance of a small (4-in. OD by 6-in. high) spun
tungsten erucible (ANL-6900, p. 62), attempts were
made to procure an engineering-scale spun crucible.
Only one fabricator, Metallwerk Plansee (The Aus-
trian affiliate of the National Research Corporation),
agreed to fabricate such a crucible. This crucible will
measure 18% in. high by 10% in. OD by 0.18 in. thick.
Separate mixing baffles are also being fabricated for
insertion in the crucible.

Tungsten Crucible Formed by Plasma Spraying.
Crucibles of nearly any shape or size can be produced
by spraying tungsten on a mandrel. Crucibles formed
in this manner and subsequently fired under hydrogen
to only 1000°C have been porous to zine and flux melts.
In an attempt to overcome the porosity problem, a
plasma sprayed crucible is to be fired at 2500°C in
hydrogen.

(b) Beryllia Crucibles

In the current EBR-II Skull Reclamation Process,
beryllia is one of the crucible materials being consid-
ered for the final uranium retorting step. Beryllia cru-
cibles have desirable characteristies for use in this step
of the skull reclamation process. They do not react
significantly with the solvent metals, magnesium and
zine, or with molten uranium, the product of the re-
torting operation. In work to date, beryllia has not
been wetted by uranium, which indicates that the prod-
uct might be removed from the crucible as a solid in-
got. The required size of the beryllia retorting crucible
for the EBR-II plant is about 8 in. OD by 15 in. high.

Isopressed beryllia crucibles used in early experi-
ments cracked during retorting. However, a new BeO
mix developed by the Brush Beryllium Company is
considered superior to that used for the earlier eru-
cibles. Crucibles prepared from this mix will be tested.
Considerable attention has also been given to thixo-
tropically cast beryllia crucibles which are reputed to
be less subject to thermal shock and easier to fabricate
in large sizes than isopressed erucibles. Thixotropically
cast crucibles supplied by Brush Beryllium Company
and by Coors Porcelain Company have been used in
retorting studies reported in the section, Recovery of
Uranium Product. In these studies, the magnesium and
zinc have been evaporated from alloys containing
about 12 w o Mg-10 w o U-78 w/0 Zn on a scale of
about 5 to 6 kg. The crucibles (5%-in. dia. by 9-in.
high) have been used for a number of times, but the
gradual development and growth of cracks has resulted
in crucible failures after a maximum of nine uses,

A larger, 12-in. OD by 20-in. high, thixotropically
cast crucible was exposed successively to 5 w/o Mg-4
w/o U-Zn, 50 w o Mg-Zn plus precipitated U, and 12
w/0 Mg-10 w/0 U-Zn at temperatures of 500 to 800°C.
The ecrucible cracked circumferentially and in the
base. To date, the integrity of large thixotropically
cast beryllia crucibles has been poor, certainly in-
sufficient for process use.

Because beryllia crucibles have not given an ac-
ceptable performance in retorting operations, increas-
ing attention is being given to the use of tungsten
crucibles for retorting. The uranium cannot be consoli-
dated by melting in tungsten because the uranium
wets the tungsten and sticks to it. However, the ura-
nium pru(‘uvt, which exists as a sponge after retorting,
need not be melted but, to permit easy removal from
the crucible, can be converted to a powder by hy-
driding at about 300°C and dehydriding at about 400°C
under vacuum. Preliminary experiments have shown
tungsten to be completely satisfactory when product
removal is effected by the hydriding-dehydriding steps.
Additional information on the performance of tungsten
crucibles will be forthcoming in the next semiannual
report.

(¢) Coated Crucibles

Coated crucibles are being fabricated by plasma
spraying a layer of tungsten or beryllia on an inex-
pensive substrate material which is readily available
in large sizes. The most promising substrate materials
are silicon carbide and alundum. Should such crucibles
prove satisfactory, the cost of crucibles for the skull
reclamation process could be greatly reduced. Small
(4%-in. OD by 4Y4-in. high) silicon carbide crucibles
have been prepared both with beryllia and with tung-
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TABLE 1-7.

Errecr or SALT ComposiTION ON URANIUM VOLATILIZATION AND VANADIUM AND TITANIUM RETENTION

DURING CHLORINATION OF URANIUM AND VANADIUM-20 w/0 TITANIUM ALLOY 1IN MOLTEN SALTS

Salt Composition
(m/o) Grams salt
e per gram U
CaCl; | BaCl | Licl | NaCl | KeI
65 35 N Ry 1.5
32 18 50 — — g
32 18 — | & — 1.75

‘ 3.5
32 18 — — 50 1.8
30 — - 40 30 1.0
27 — - A e 1.2
— — — 50 50 1.0

Temperature Time Liters Cl: per l’ 9% Uranium 7o Vanadium
(°C) (hr) gemy) | Volatilized P
R |
650 1.7 1.2 | 2 —
650 1.5 1.5 10 =
650 | 1.5 1.5 5 -—
650 152 2.5 2.7 0.1
60 | 1.5 1.5 0.9 0.2
600+ 100 70 SRR 0.5 0.2
600 | 0.8 [ 0.8 ~0 0.2
700 ‘ 0.7 “iE S0 R IR 5.5

s Two experiments performed with this solvent to show the effect of the quantity of salt used.

sten coatings, and similar alundum crucibles have been
coated with beryllia. All of these crucibles were ther-
mal cyeled without adverse effect. Testing of the cru-
cibles with zine and salt solutions has just begun. The
first tungsten-coated crucible satisfactorily contained
a zine solution but allowed a small amount of flux to
weep through the tungsten coating and into the silicon
carbide.

(d) Silicon Carbide Crucibles (M. L. KyrLe, W. F.
PEHL)

Two runs were conducted to test the corrosion re-
sistance of a substrate material by itself to Zn-Mg-
U/halide flux systems. In these tests, conducted at
900°C and 800°C, a silicon oxynitride-bonded silicon
carbide crucible* (apparent porosity 15%) was sub-
jected to a Zn-5 w/0 Mg-2 w/o0 U/halide flux (CaCl, ,
MgCly , CaFs) system. After 48 hr of exposure, it was
found that the flux had leaked through the crucible wall
and collected in the secondary (graphite) containment
vessel. No evidence of corrosion or penetration by the
metal phase was evident. It is concluded that silicon
oxynitride-bonded silicon carbide is not sufficiently
dense for containment of halide fluxes.

b. PROCESSES FOR FAST BREEDER REACTOR
FUELS (L. Burris, R. K. STEUNENBERG, R. D.
PiercE)

Processes employing liquid metal and molten salt
solvents are being developed for fast breeder reactor
fuels that contain uranium and plutonium. Although
the major effort is concerned with processes for metallie
fuels, oxide and carbide fuels can also be accommo-
dated by slight modifications of the process flowsheets.

= (,rysl alon 63, a product of The Norton Company, Worces-
ter, Mass.

(1) Chemical Decladding (D. A, Wexz)

Vanadium-titanium alloys continue to be consid-
ered seriously as a cladding material for fast breeder
reactor fuels (ANL-6936, p. 24). Two approaches to
the chemical removal of vanadium-20 w/o titanium
cladding have been under study. One approach is a
chlorination procedure; the other involves hydriding
of the fuel followed by dissolution in liquid cadmium.

(a) Chlorination Studies

Exposure of uranium clad with vanadium-20 w/o
titanium to chlorine in a molten chloride mixture has
been found to result in dissolution of the uranium to
form UCI; and volatilization of the titanium and
vanadium as the chlorides. A series of experiments
has been performed to determine a salt composition,
ratio of salt to fuel, temperature, and amount of
chlorine to be added in order to obtain a maximum
separation of uranium from vanadium and titanium.
The experimental results are summarized in Table
I-7. It is evident from these data that with an increased
concentration of alkali metal chlorides in the salt,
there was less uranium lost by volatilization, pre-
sumably through the formation of complexes with
UCly . Of the alkali metal chlorides used, the tendency
toward complex formation decreased in the order
KCl > NaCl > LiCl. The tendency of the salt toward
complex formation must be limited by appropriate con-
trol of the composition so that the vanadium and ti-
tanium chlorides are not retained by the salt solution.
According to the results shown in Table I-7, this bal-
ance can be achieved by using the proper concentra-
tions of alkali metal chlorides in mixtures with alka-
line earth chlorides. When uranium-5 w o fissium
clad with vanadium-20 w/o titanium alloy was chlori-

nated in 40 m/o NaCl-30 m o KCI-30 m/o CaCl, at
600°C, the reaction rate was considerably lower than
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when uranium was chlorinated, apparently because
the fissium elements inhibited the reaction. Most of
the zirconium and molybdenum that did react were
volatilized, while the other noble metals remained in
the melt.

During the course of the chlorination studies, im-
miscible liquid phases were observed at certain com-
positions in the KCI-CaCl,-BaCl,-UCl, and NaCl-
KCI-CaCl,-UCly quaternary systems. The two liquid
phases were each sampled at 600°C at one composition
in the KCI-CaCl,-BaCl.-UCly system. Analytical data
on the samples (Table I-8) show that the lower phase
contained primarily KCI and UCI, , whereas the upper
phase was mostly CaCl, and BaCl, .

Although the results of these studies indicate that
a separation of uranium from vanadium-titanium
cladding can be effected by chlorination in a salt mix-
ture, the procedure is somewhat unattractive for proc-
ess use because of the corrosiveness of the system and
the low chlorination rate of uranium-fissium alloy.

(b) Selective Dissolution of Uranium

Since uranium is known to be appreciably soluble
in liquid cadmium (ANL-6900, Fig. I-6, p. 68) and
since vanadium-20 w, o titanium alloy had proved to
be essentially unaffected by long periods of exposure
to this solvent, several attempts were made to dissolve
uranium selectively from a uranium rod clad with
vanadium-20 w/o titanium alloy tubing which was
open at the ends. A Soxhlet-type extraction apparatus
made of type 304 stainless steel was used to assure a
continuous supply of fresh cadmium to the rod at
temperatures of 500 to 550°C. The results indicated
that the dissolution rate of uranium was much too
low for a practical process.

Modification of this procedure by including a hy-
driding step before the uranium dissolution step was
therefore investigated. A uranium-5 w/o fissium rod
(0.144-in. dia. by 0.5-in. long) was placed inside a
piece of vanadium-20 w o titanium tubing having an
OD of 0.19 in. and a wall thickness of 0.015 in.; the
ends of the vanadium-20 w/o titanium tubing were
sealed. This simulated fuel pin was then exposed to
2 atm of hydrogen pressure for a period of 3 hr at
250°C. The uranium-fissium alloy was hydrided, ap-
parently by diffusion of the hydrogen through the
vanadium-20 w/o titanium cladding. The cladding
split open, probably as a result of the volume increase
that occurs during the hydriding of uranium.

Although uranium-fissium alloy forms a coarser
powder than does uranium during hydriding, it is
possible that a mechanical separation of the cladding
fragments from the uranium-fissium powder might

TABLE I-8. Compositions oF ImmisciBLe Liquip PHAses
IN¥ THE SysTEm KCIl-CaCls-BaCl,-UCI,
Temperature: 600°C

Composition
Phase | sk
&6 e CaCl. BaCl: | UCI
Upper 17.6 50.5 2.8 .1 83
Lower 53.0 6.8 9.4 30.8

be developed. It appears, however, that a more satis-
factory procedure might be first to dehydride the
powder and dissolve the resulting metallic powder in
liquid cadmium and then to separate the cladding by
filtration. Further studies of the dehydriding procedure
are in progress.

(2) Distribution of Elements between Liquid Met-
als and Molten Salts

Since some separations of fissionable and fertile ele-
ments from fission products are effected by differences
in their distribution behavior in liquid metal-molten
salt systems, it is necessary to determine distribution
coefficients that are pertinent to the process. This in-
formation is useful not only for process application,
but also in deriving fundamental data on the activity
coefficients for the components of liquid metal solu-
tions.

(a) Distribution of Plutonium between 30 m/o NaCl-
20 m/o KCIl-50 m o MgCly, and Zn-Mg Alloys
(I. Jon~son, J. B. Kxicuron, J. W. WaLsn, J. D.
SCHILB)

The distribution of plutonium between 30 m ‘o NaCl-
20 m /o KC1-50 m,/0 MgCl, and Zn-Mg alloys has been
determined at various magnesium concentrations over
the temperature range of 600 to 800°C. The liquid
salt and metal phases containing the plutonium were
mixed in a tantalum crucible under an argon atmos-
phere; then, filtered samples of the two phases were
withdrawn and analyzed. The results are shown in
Figure I-6.

The purpose of these measurements was to supply
data for the computation of the activity coefficient of
plutonium in magnesium as a function of temperature.
At an average plutonium concentration of 0.08 a/o,
the activity coefficient of plutonium in magnesium
remained at an essentially constant value of 9.2 = 09
over the range of 600 to 800°C. Further thermodynamic
information on this system at higher temperatures
should be forthcoming when a determination of the
liquid immiscibility gap in the system plutonium-
magnesium is completed (see Sect. [-A-2-¢-(2) ).
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Fig. I-6. Distribution of Plutonium between 30 m/o NaCl -
20 m/o KCI - 50 m/o MgCl, Salt and Zn-Mg Alloy at 600°C,
650°C, 700°C, 750°C, and 800°C.

Mixing Rate: 300 rpm
Crucible: tantalum
Atmosphere: argon

(b) Distribution of Praseodymium between 30 m/o
NaCl-20 m/o KCl-50 m/o MgCl, and Various
Magnesium Alloys (J. B. Knicaron, R. Man-
cint®, J. W. WaLsH)

The distribution coefficients of various elements be-
tween liquid metal alloys and molten salts can be
varied drastically by changing the composition of the
liquid metal phase. In order to examine the possibility
of exploiting this effect for process separations, the
distribution behavior of praseodymium between 30
m/o NaCl-20 m/o KCI-50 m/o MgCl, and various
binary alloys of magnesium was investigated. Praseo-
dymium was chosen because it is representative of the
rare earth fission product elements and because M42Pr
with a 19.2-hr half-life is a convenient tracer for
radiochemical analysis. The salt and metal phases
containing praseodymium were mixed in a tantalum
crucible under an argon atmosphere at 600°C'; then,
filtered samples of the two phases were taken.

* Co-op Student, University of Detroit.

The results are presented in Figure I-7, where the
praseodymium distribution coefficients are shown as a
function of magnesium concentration in the binary
alloys Cu-Mg, Ni-Mg, Cd-Mg, Pb-Mg, Zn-Mg, Sh-
Mg, and Al-Mg. The composition regions selected for
this study were those with melting points below 600°C
as reported by Hansen and Anderko. The data ob-
tained show a very pronounced effect of alloy compo-
sition upon the distribution behavior of praseodymium.,
The praseodymium distribution favors the salt phase
when Cu-Mg or Ni-Mg alloys are used, but it shifts
strongly to the metal with Sh-Mg and Al-Mg alloys.
These differences are the greatest at low magnesium
concentrations. The distribution coefficient curves
should all converge at 100% magnesium, as indicated
by the dashed portions of the curves in Figure I-7.
The common point at 1009 magnesium is an extrapo-
lated value, however, since the melting point of pure
magnesium is about 50°C higher than the temperature
of 600°C that was used in the experimental determina-
tions.

These data show that Sh-Mg or Al-Mg alloys can
be used to purify molten salts that have been used to
extract rare earth fission products from solutions con-
taining uranium and plutonium in Zn-Mg or Cd-Mg.
The very low praseodymium distribution coefficients
of 10~% to 10~* indicate that a single contact with a
small volume of Sh-Mg or Al-Mg alloy should provide
adequate rare earth removal for recycle of the salt.
The rare earth fission products would thereby be con-
solidated in a compact metallic ingot for convenient
disposal. Since Al-Mg alloy appeared more promising
for this use, it was selected for further study.

(¢) Distribution of Lanthanum Between 30 m/o NaCl-
20 m/o KCI-50 m/o MgCls and Al-Mg Alloys
(J. B. KniGHTON, AND R. MANCINT)

An experiment was performed to determine the dis-
tribution coefficient and solubility of lanthanum, a
major rare earth fission product, between 30 m/o
NaCl-20 m/0 KCI-50 m/o MgCl, and Al-Mg alloys.
Magnesium concentrations of 13, 20, and 30 w, 0 were
chosen, since the minimum in the praseodymium dis-
tribution coefficient had occurred in this composition
region of the Al-Mg system. The measurements were
made over the temperature range 550 to 900°C. The
results shown in Figure I-8 indicate appreciable solu-
bility of lanthanum (2.23 w/0 at 550°C) in the Al-20
w/o Mg alloy. The lanthanum solubility increased
with rising aluminum concentration and with increas-
ing temperature up to about 700°C. Above this tem-

' M. Hansen and K. Anderko, “Constitution of Binary
Alloys,” Second Edition, McGraw-Hill Book Co., Inc., New
York, 1958.



«x. Pyrochemical Process Development 37

perature, the solubility of lanthanum became retro-
grade.

These results indicate than lanthanum has a suffi-
ciently low distribution coefficient (see Figure 1-9)
and a sufficiently high solubility (Figure I-8) in Al-
Mg alloy at 700°C to permit its consolidation into
this alloy at reasonably high concentrations. Further
studies are in progress on the behavior of yttrium,
cerium, and praseodymium.

(d) Distribution of Plutonium Between 30 m/o NaCl-
20 m/o KCI-50 m/o MyCl, and Cu-Mg Alloys

(J. B. KniguTon, axp J. W. WaLsn)
The strong tendency of praseodymium distribution

to favor the salt phase in a 30 m/o NaCl-20 m/o
KCI-50 m/o MgCl. / Cu-Mg system (Fig. I-7) sug-

Cu-Mg
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Fia. I-7. Distribution of Praseodymium between 30 m/o
NaCl - 20 m/o KC1-50 m/o MgCl: and Magnesium Alloys
at 600°C.

Mixing Rate: 300 rpm
Crucible: tantalum
Atmosphere: argon
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Fi16. 1-9. Distribution of Lanthanum between 30 m/o
NaCl - 20 m/o KCI - 50 m/o MgCl: and Al-Mg Alloy.

Mixing Rate: 300 rpm
Crucible: tantalum
Atmosphere: argon

gested the possibility that this system might offer
larger separation factors for a plutonium-rare earth
separation than those available with Zn-Mg or Cd-Zn-
Mg alloys. Therefore, the distribution behavior of plu-
tonium between 30 m o NaCl-20 m/o KCI-50 m/o
MgCl, and Cu-Mg alloys was investigated. The liquid
metal and molten salt were contained in a tantalum
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crucible under an argon atmosphere at 600°C, and the
system was stirred at a rate of 300 rpm. Individually
determined distribution coefficient curves for praseo-
dymium and plutonium are shown in Figure 1-10. The
separation factors (ratios of distribution coefficients)
for praseodymium and plutonium are listed in Table
1-9. These separation factors are approximately one
order of magnitude larger than those obtained with
the Zn-Mg or Cd-Zn-Mg alloys. The possibility of
increasing the separation factors by decreasing the
temperature and the magnesium concentration in the
metal phase is being examined. Preliminary results
from a codistribution experiment with plutonium and
praseodymium show no significant difference from the
data obtained with the single elements.

The higher separation factors obtained with the
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Alloy.

Temperature: 600°C

Mixing Rate: 300 rpm

Crucible: tantalum

Atmosphere: argon

TABLE 1-9. Seraration Facrtors rOR PLUTONIUM AND
Praseopymiom Berween 30 m/o NaCl-20 m/o KCI-50
m/o MgCls axp Cu-Mg Avroys AT 600°C

Mg Concent(r:tl:)n in Cu Alloy Separation Factor, S.F. = ;((:((::3
33 239
40 174
50 118
60 98
70 76

Cu-Mg system may permit an adequate removal of
rare earth fission products from plutonium by a single-
stage extraction with the molten salt. Alternatively,
only a few stages would be needed for a high-decon-
tamination rare earth-removal step, provided ade-
quate phase separation methods are available.

(e) Distribution of Yttrium and Californium Between
LiCl-MgCl, and Zn-6 w/o Mg Alloy (J. B.
K~icaton, J. W. WaLss, J. D. ScHILB)

In order to determine the feasibility of a separation
of rare earth fission products from californium, two
distribution experiments were performed with LiCl-
MgCl, salt mixtures and Zn-6 w/o Mg alloy. The
proportions of LiCl and MgCl, were varied to show
the effect of MgCl, concentration in the salt on the
distribution coefficients. Yttrium, although not a rare
earth metal, was used as a representative of the rare
earth fission products, since it offers a somewhat more
difficult separation.

The results, presented in Figure 1-11, indicate that
the optimum distribution coefficients for a californium-
yttrium (or rare earth) separation are obtained with a
MgCl. concentration between 10 and 20 m/o in the
salt phase. Under these conditions, the separation fac-
tor is approximately 8.

Although the californium-yttrium separation factor
is rather small, it does suggest the possibility of rare
earth fission product separations from transplutonium
elements by multistage liquid metal-molten salt ex-
traction.

(3) Solubility of Uranium and Plutonium in the
Ternary System, Cd-Mg-Zn (R. vox Ammon*,
J. B. KniGuTON)

Determinations of the solubilities of uranium and
plutonium in the ternary liquid alloy Cd-Mg-Zn were
reported previously (ANL-6800, p. 94; ANL-6900, p.
65). Chemical analyses of a series of samples of the
delta-phase UasZn,; that were isolated from quenched
U-Cd-Mg-Zn alloys were also reported previously

* Kernforschungszentrum, Karlsruhe, Germany.
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(ANL-6900, Table 1-6, p. 69). X-ray data have subse-
quently been obtained on these delta-phase samples to
yield the results shown in Table I-10. There appears
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Fia. I-11. Distribution of Californium and Yttrium be-
tween Zn-6 w/o Mg and LiCl-MgCl, .

Temperature: 800°C
Mixing Rate: 300 rpm
Crucible: tantalum
Atmosphere: argon

to be no definite correlation between substitution of
cadmium for zine within the hexagonal lattice of the
delta-phase crystals and the cadmium concentration
in the liquid metal solvent. A correlation is evident,
however, between the cadmium content of the delta-
phase crystals and their lattice parameters. Both the
a and ¢ parameters increased with increasing cadmium
content, but the axial ratio ¢/a remained nearly con-
stant.

(4) Stability of Plutonium in Cd-Zn-Mg Solutions
Toward Container Materials (J. B. Kxicutoy,
J. W. WaLsn)

Cadmium-magnesium-zine alloys are being investi-
gated as liquid metal solvents for the reprocessing of
fast breeder reactor fuels (ANL-6900, p. 65). Experi-
ments have been conducted on the stability of metallic
plutonium solutions in 70 a o Cd-15 a’/o Mg-15 a/o
Zn toward the following materials: (1) type 304 stain-
less steel, (2) 1020 mild steel, (3) type 405 stainless
steel, and (4) Croloy-2%4. Solutions of plutonium in
the Cd-Mg-Zn alloy were held in contact with 30 m/o
NaCl-20 m/0 KCI-50 m o MgCl. for 100 hr at 600°C
in crucibles fabricated from each of the four materials.
Filtered samples of the metal solution were withdrawn
after 1, 4, 25, 50, 75, and 100 hr. Filtered salt samples
were taken after 25, 50, 75, and 100 hr.

Analytical results from the tests with type 304
stainless steel, 1020 mild steel, and type 405 stainless
steel are presented in Table I-11. Final results from
the test with Croloy-2'4 are not yet available. In the
three container materials tested, the plutonium, mag-
nesium, and zine concentrations remained constant

L]
TABLE 1-10. Larrice PARAMETERS OF THE UsZn;; DELTA PHASE As A FUNCTION OF THE AMOUNT OF SUBSTITUTIONAL
Sorurion BY CapMium AND MAGNESIUM

C omposit(i:no;af Solvent Compositzcan/\o(;f Crystals \ Lattice Pimmclers |- wikenat
| ey c/a | Elemer(r"ﬂl)'y Cell
Zn I Mg ] cd U Zn Mg cd ‘ ¢ | *
{ RN
- UsZnys - 10.53 89.47 0 0 | 8.9810 | 13.1610 | 1.4654 919.28
20 10 | 70 10.56 86.17 0.28 3.08 | 8.9998 | 13.1875 1.4652 924.92
6 20 | e 10.35 85.90 0.30 3.46 | 9.0187 | 13.2181 1.4656 931.06
20 13 67 10.53 85.12 | 0.45° 4.00° [ 9.0204 | 13.2205 1.4656 931.60
20 20 { 60 10.52 84.00 1.134 1.2 9.0239 13.2296 | 1.4660 933.08
30 10 60 10.89 83.93 0.71¢ 4.29¢ | 9.0215 J 13.2286 1.4664 932.40
7 e 10.32 | 84.39 0.32 4.97 | 9.0252 | 13.2226 |  1.4650 932.72
13 B | n 10.74 | 83.28 0.45 5.53 | 9.0306 | 13.2358 |  1.4657 934.78
10 10 ‘ 80 10.27 81.84 0.58 7.31 | 9.0359 | 13.2423 1.4658 936.26
13 10 w 10.53 8§2.28 0.36° 7.51° 9.0345 ! 13.2428 1.4658 936.05

confidence limit.
confidence limit.

* Error +0.0002 A, based on 957,
b Error £0.0005 A, based on 957

© These values differ slightly from those reported in ANL-6900, Table I-6, p. 69, since the analyses have been repeated and cor-

rected.
d Questionable value.
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TABLE I-11. StaBILITY OF PLUTONIUM SOLUTION IN
Cd-Mg-Zn Avtoy Coxtaiep 1N Turee Types
or STEEL CONTAINER MATERIALS

Liquid Metal Phase: Cd 70 a/o (85.4 w/o)
Mg 15 a/o (4.0 w/o0)

Zn 15 a/o (10.6 w/0)
NaCl 30 m/o (21.9 w/o)
KCI1 20 m/o (18.6 w/o0)
MgCly 50 m/o (59.5 w/0)

Molten Salt Phase:

Temperature: 600°C
Mixing Rate: 200 rpm
Atmosphere: Argon

Weight of Pu Charged: Expt. 1 (type 304 stainless steel) 3.7 g
Expt. 2 (1020 steel) 3.1 g
Expt. 3 (type 405 stainless steel) 3.0 g

B Concentra-
Concentration in

tion in
= Tetal | sal Distribution
Time (w/o0) [ (wa/(:) Coefficient,
(hr) [ Kd(Pu)*
Mg ‘ Zn ‘ Pu ‘ Pu

Expt. 1: type 304 stainless steel

0 (nominal) | 3.97 | 10.6 | 0.613 ‘

b | 3.94 | 11.4 | 0.584 ! —_ =
4 3.89 | 11.2 | 0.582 [ - -
25 3.85 [ 11.6 | 0.586 | 0.0236 4.03 X 1072
50 3.91 | 11.2 | 0.576 | 0.0244 4.23 X 1072
75 3.85 | 11.7 1 0.583 | 0.0252 4.33 % 1072
100 3.85 | 11.4 ~ 0.579 | 0.0256> 4.43 X 107
Expt. 2: 1020 mild steel
0 (nominal) | 3.97 | 10.6 | 0.513
1 3.91 | 11.0 | 0.329 —_— —
4 3.97| — |0.327 - -
25 3.91 — 10.333 | 0.0130 3.99 X 102
50 3.81 — |10.320 [ 0.0124 3.89 X 10~
75 3.97| — |0.327 | 0.0138 4.22 X 102
0.0132% 4.05 X 1072

100 3.97 | 10.6 | 0.327

Expt. 3: type 405 stainless steel

0 (nominal) | 3.97 | 10.6 l 0.498 |

1 3.94 | 11.3 | 0.492 — —

4 el e 0.513 ot =

25 R ‘ 0.497 | 0.0211 4.24 X 10
50 3.95| — |[0.502 | 0.0120° 2.39 X 1072
75 3.85| — |0.48 | 0.0193 3.98 X 10~
100 3.92 | 11.4 | 0.482 | 0.0205> 4.25 X 1072

w/o Pu in salt

* Kd(Pu) = -
Y w/o Pu in metal

b Plutonium material balances as follows: Expt. 1, 96.87;;
Expt. 2, 65%; Expt. 3, 98.7%.
¢ Questionable value.

throughout the period between 1 and 100 hr. Plutonium
material balances based on the amount of plutonium
added initially, however, were 96.87% for the type 304

stainless steel, 65% for 1020 steel, and 98.7% for type
405 stainless steel.

The low plutonium material balance obtained with
1020 steel, together with the subsequent constancy of
the plutonium concentration, suggests that some form
of reaction occurred early in the run removing part of
the dissolved plutonium. This result indicates that
1020 steel is probably an unsatisfactory container
material. The data also imply that a small plutonium
loss might have occurred in the type 304 stainless steel.
The 98.7% plutonium material balance for type 405
stainless steel indicates that little, if any, loss of
plutonium occurred under these conditions. Of the
container materials tested, type 405 stainless steel
seems to offer the most promise.

During the course of the solution stability experi-
ments, it was convenient to measure the distribution
coefficients of plutonium in the molten chloride/Cd-
Mg-Zn system. The distribution coefficient of the plu-
tonium at 600°C remained essentially constant.

(5) Development of Engineering Equipment and
Procedures

The engineering feasibility of continuous pyro-
chemical procedures for the recovery of nuclear fuels
is being investigated. Continuous processes generally
require less space and less direct manipulation than
batch processes. These advantages may be especially
important in shielded facilities where space is expen-
sive and any handling of the equipment must be done
remotely.

The initial objective of this program is the construe-
tion and operation of a countercurrent packed extrac-
tion column in which the two solvent phases will be a
cadmium-base metal alloy and a low melting mixture
of 50 m/o MgCls, 30 m/o NaCl, and 20 m/o KCIL
Uranium and rare earths will be the distributing
solutes. A twofold purpose will be served by this study:
(1) to demonstrate the performance of various com-
ponents of the equipment, such as valves, pumps, and
flowmeters, and (2) to determine the capability of an
extraction column to extract and separate actinides
and rare earths which are required for any flow proe-

ess.

(a) Design of Metal-Salt Extraction Equipment and
Components

High Temperature Extraction Facility
(T. R. JonnsoN, V. G. Tricr)

A conceptual design has been made of a prototype
extraction facility which will be placed in the resist-
ance furnace previously used for the cadmium distilla-
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tion unit (ANL-6800, p. 127). This facility consists
of: a 1-in. dia., 18-in. long packed column, four tanks
to hold the salt and metal feeds for the column and to
contain the effluents from the column, constant-head
tanks to control feed rates to the column, and cen-
trifugal pumps to circulate the fluids. Valves, flow-
meters, liquid level detectors, and column interface
controllers are also required. Construction drawings
of the feed tank, pump, and constant-head tank for
the metal phase have been completed. However, con-
struction of the high temperature extraction facility
awaits getting additional information about the cor-
rosion resistance of materials of construction (as is
described below) and the mass transfer rate between
salt and metal. Meanwhile, development of other
components for high-temperature service is continuing.

Engineering Test Loop

(W. J. Wawsh, V. G. Tricg, L. F. Dorsgy)

A facility has been constructed for the purpose of
testing components for eventual use in the high tem-
perature extraction unit. A drawing of the test loop is
shown in Figure 1-12. Liquid metal or salt is cireulated
by a pulse pump from the lower surge tank to the
upper tank. The liquid flows by gravity from the upper
tank into the lower tank to complete the circuit. The
two bottom tanks (fill tank and drain tank) are used
only in filling or draining the system. The facility was
designed to allow isothermal operation at tempera-
tures ranging from 450 to 650°C, using resistance
heaters thermally bonded to the pipe with Thermon
T-63* over the entire loop. The temperature is con-
trolled automatically using 30 variable transformers,
57 thermocouples, and 14 temperature controllers. The
loop has been designed to allow the insertion of various
items of equipment to test their performance in liquid
metal and molten salt use. Construction of the facility
has been nearly completed. Initial runs have been
started with the piping empty to determine the heater
voltage settings that will produce isothermal condi-
tions around the loop.

The first high temperature test with the system
filled with liquid will involve the circulation of a 50
m/o MgCly-30 m /0 NaCl-20 m /o KCIl ternary salt
(m.p., 396°C) to determine the reliability of the heat-
ing technique, various valves, a flowmeter, and a
pulse pump. Construction has begun on a 4-ft (1-in.
dia.) prototype packed column to be installed in the
loop for the contacting of countercurrent streams of
metal and salt. The purpose of this test is to demon-

* Manufactured by Thermon Manufacturing Company,
Houston, Texas.
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FiG. 1-12. Engineering Test Loop.

strate the removal of rare earths from a cadmium-base
alloy on a large scale (50 to 100 1b alloy treated) using
fused salt extraction.

Corrosion Testing

(M. L. KyLe, W. PenL)

Corrosion of Ferrous Alloys by Molten Metal-
Halide Flux Systems. A cadmium-magnesium-zine
solution and a molten halide flux are the two phases
which will be contacted in the continuous countercur-
rent extraction column of the High Temperature Ex-
traction Facility. Since little corrosion information is
available on a system of this type, a corrosion pro-
gram has been initiated to evaluate various materials
of construction for use in this system.

Corrosion of four ferrous alloysi—types 304 and

1 Nominal alloy compositions (w/o0) as follows:

Alloy Fe Ni C C  Mn Other
1019 Carbon Steel 98+ —  —  0.19 0.85 0.09
Croloy 215 9%+ — 225 0.15 045 1.6
304 88 66+ 811 1820 008 20 1.1
405 S8 82+ — 11156 008 1.0 ‘1.4
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TABLE I-12. CorrosioN oF FERROUS ALLOYS BY
Cd-Mg-Zn-U/Curorive FLux SyTEMs

Time of each test: 200 hr
Static conditions
Flux®: 35 m/o NaCl

25 m/o LiCl

40 m/o MgCl,

Metal Phase Maxlmumé}(lﬁ:;}g:]l Depth of
(w/o) (mils)
| Temp:.f
} LR 1019 | ~
Zo | Mg | Cd | U | Carbon LZ'?‘,‘:Y 304 SS° 405 SS°
Steel® -
0|8 |2 | 0 600 2 0.4 1m0 L
0| 60|40 | O 600 — 0.4 0.4 <0.1
0| 4 | 60 | O 600 | <0.1| 0.6 - <0.1
15 | 10 | 72 3 600 0.4| 0.4 2.5 0.4
15 | 16 | 67 3 600 <0.1'] 2 2 2
20 | 10 | 69 1 600 et I | 4 2
10 | 15 | ™ 1 600 >2 0.5 5 0.5
|
Tl ssd O 372 3 650 1 2 5 0.5
15 | 156 | 67 3 650 2 1 6 2
20 | 10 | 69 1 650 >2 2 >12 2
10 | 16 | 74 1 650 >2 1 >8 4

« Flux dried by liquation in an argon atmosphere at 600°C
for 1 hr.

b Specimens were 4 mils thick. Values reported as >2 indi-
cate corrosion across entire specimen thickness.

¢ Nominal thickness—30 mils.

405 stainless steel, type 2% Croloy, and type 1019
carbon steel—by the Cd-Mg-Zn-U/halide flux system
has been investigated. Seven metal phase compositions
were used. Prior to being charged, the salt was dried by
liquation at 600°C for 1 hr under a flowing argon at-
mosphere. The flux composition (Table 1-12) was
selected before a decision was made to use a salt con-
sisting of 50 m/o MgCl., 30 m/o NaCl, and 20 m/o
KCI in the prototype extraction facility. Corrosion
characteristics of the two salts are not expected to be
very different, but corrosion by the salt will have to
be measured. The halide flux chosen for this work was
35 m/o NaCl-25 m/o LiCl-40 m/o MgCl, (m.p. about
475°C). The tests were conducted under static condi-
tions at 600 and 650°C' for 200 hr.

Results obtained in the corrosion tests are shown
in Table I-12. Both type 1019 carbon steel and 304
stainless steel were attacked to a greater extent than
either Croloy 2% or 405 stainless steel. Attack in the
case of the 1019 carbon steel was mostly by embrittle-
ment with corrosion rates increasing with increase in
temperature. The effect of zine concentration could
not be determined because of the small number of
samples tested. In the case of the type 304 stainless

steel, metallographic examination indicated extensive
nickel leaching by all liquid metals containing zine,
Previous experience has shown that the water content
of the flux plays a major role in determining corrosion
rates, and it is suspected that a more efficient salt
drying system could probably reduce these corrosion
rates somewhat. However, the tests show that a nickel-
containing steel cannot be used.

Preliminary tests were subsequently made at 650°C
for 200 hr to test further the corrosion resistance of
type 405 stainless steel to a system with a metal phase
composed of 81.4 w/o Cd-5.4 w/o Mg-10.9 w/o Zn-2.3
w/0 U and a flux phase of 50 m/o MgCl,-30 m/o NaCl-
20 m/o KCI. This metal-salt system was chosen as an
approximation to the probable system for use in the
high temperature extraction facility now being de-
signed (previously discussed, this section). These tests
were conducted by fabricating the specimens into
agitator blades rotating in the solvent media. One
specimen was located in each of the liquid phases, one
at the metal-salt interface, and one in the vapor phase.
An alumina crucible was used in these tests. In the
first of these tests, made with salt previously exposed
to the atmosphere for about 1 hr, the coupons in the
metal phase and near the interface showed little cor-
rosion while the coupons in the salt and vapor phases
were corroded and embrittled, especially the one in
the vapor phase.* Because it was suspected that the
salt had taken up water in the 1-hr exposure to air, a
second test was made with salt flux purified by con-
tacting it with Cd-Mg metal and filtering to remove
oxide impurities. Use of this salt (which contained
0.13 w/0 oxygen®*) in the subsequent test reduced the
corrosion rate of the vapor phase specimen to less than
1 mil in 200 hr. It is evident that the water content of
the salt flux greatly influences the corrosiveness of the
flux on ferrous alloys. All future runs will be conducted
with purified salt which will be handled only in dry
argon or helium atmospheres.

Oxidation Rates of 405 Stainless Steel and Croloy
2Y4. The High Temperature Extraction Facility now
being designed is expected to operate in air at tempera-
tures near 600°C. Tests have been performed to evalu-
ate the oxidation resistance of two promising materials
of construction, type 405 stainless steel and Croloy
2Y4. For these tests, the sample metal was heated in
air for 200 hr at 600°C for Croloy 24 and at 650°C
for 405 stainless steel. After 200 hr, the specimens were

* Measured corrosion as follows:

In vapor phase: >5 mils Near interface: >2 mils
, In salt phu.se: >2 mils ) In metal phase: 1 mil

** Determined by fluorination with BrF; and analysis of
evolved noncondensable gases for oxygen.
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TABLE I-13. Oxipation Rates or Type 405 SS

g 21/
ANp Croroy 214
Air exposure of 14-in. plate.

averages for 8 samples.

Values presented are

Weight Change
(mg/cm?)

Metal Temperature
) °C)
200-hr 400-hr
Exposure Exposure
405 S8 650 +0.10 +0.10
Croloy 214 600 +43.0 +54.0

cooled, and the amount of oxidation determined by
weighing the specimens. The samples were then re-
heated for an additional 200 hr under identical condi-
tions to determine if the oxide film previously formed
would significantly limit further oxidation. Data ob-
tained are shown in Table 1-13. Type 405 stainless
steel oxidized slightly in the first 200-hr period with
during the
additional 200 hr. Croloy 2% oxidized significantly

no significant additional oxide formed
during the first 200 hr, and although the rate was sub-
tantially less during the second 200 hr, significant
oxidation rates still prevailed.

Based on the superior air oxidation resistance of
type 405 stainless steel and its good corrosion resist-
ance to process solutions (molten metal and salt),
type 405 stainless steel has been selected as the mate-
rial of construction for the High Temperature Extrac-

tion Facility.

Eddy Current Induction Probe
Level Measurements

for Liquid
(T. R. Jounson, F. G. TEaTs)

An accurate and reliable method of measuring the
depth of liquid metals is required for continuous proc-

esses and is desirable for the bateh processes currently
being developed for the EBR-IT Skull Recovery Proce-
ess. The development of an eddy current induction
probe to measure levels of liquid metals and to detect
the interface between metals and salts is nearly com-
plete. The probe consists of a bifilar winding of ni-
chrome wire placed around an alumina form and en-
cased in a corrosion-resistant well which extends into
the liquid. When a high-frequency voltage is applied
to one coil, the voltage induced in the second coil is
sensitive to the presence of an electrical conductor
in the medium surrounding the coil, and therefore, to
the extent that the coil is surrounded by liquid metal
When there is liquid metal around the coil well, the
induced voltage is reduced as a result of the eddy
currents induced in the liquid metal. The relation of

the reduction of induced voltage to liquid metal deptl

)

may be determined by calibration for each liquid

metal. The probe, its mode of operation, and the cir-
am are presented in ANL-6800, p. 118

The work reported earlier was performed using a

cult di:

probe consisting of dual wound coils of nichrome wire

wrapped around an alumina rod and insulated by
means of a ceramic adhesive. The tendency of this
adhesive at high temperatures to lose its insulating

properties and to flake away, exposing the coils, made

this type of probe unreliable. To avoid the use of any

adhesive, an alumina form having helical grooves was

fabricated. The wires were wound in the grooves to

insulate them and to insure uniform coil spacing (see

Figure 1-13). On¢ has given reproducible
viation equivalent to 15 in

such probe

readings (maximum d¢

of cadmium) over a three-month period. During this

time, 1t was at above 350°C' for more

| |HIH ratures
than 300 hr and was eveled between 700°C and roon
FOUR CONDUCTOR
ALUMINA INSULATOR
FOR LEAD WIRES

TOP OF COIL

BOTTOM OF PROBE

108-7898A
Fic. 1-13
Probe

Sensing Coil of Current

Liquid Leve

wire

Eddy

ary coils of nichrome

and see«
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ilumina forn
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temperature at least thirty times. This probe had a
maximum drift of 0.05 mv (equivalent to 4, in. of
cadmium) when it was held at 450°C for 16 hr. The
drift caused by shutting-down and restarting was 0.2
myv which is equivalent to =14 in. It is felt that this
reproducibility will be acceptable for most applica-
tions.

Typical calibration data are shown in Figure 1-14.
The eddy current probe was placed in a stainless steel
well (0.032-in. wall) with the bottom of the well
resting on the bottom of the stainless steel erucible.
The position of the probe was kept constant, since the
location of the crucible bottom with respect to the
coil was found to influence the output signal slightly.
The depth of liquid metal was changed by adding
increments of cadmium. To calibrate the eddy current
probe, the metal-gas interface was located with a mov-
able resistance probe.

The central portions of the curves in Figure 1-14 are
nearly straight lines. As would be expected, there is
some curvature in those portions of the curves repre-
senting melt depths for which the metal-gas interface
is near the end of the coil. In this set of calibrations,

1. Compact Pyrochemical Processes

a melt depth of 5% in. coincided with the top of the
winding,

The signal strength was a function of temperature
because the resistances of the nichrome wire, the well,
and the liquid metal changed with temperature. This
temperature effect had a negligible dependence on the
melt depth and could be conveniently corrected by
changing the bias voltage, as shown in Figure I-15, to
make the isotherms of Figure I-14 coincide with a
625°C curve. The bias voltage was subtracted from the
output signal to shift it to values which could be
conveniently recorded.

The high frequency coils were relatively insensitive
to the geometry of the surroundings, because of the
small depth of penetration of the induced eddy cur-
rents. For materials having resistivities of the order
of 10 to 100 pohm-em, the caleulated effective depth of
penetration is less than 34 in. if the input frequency is
50 ke. Stainless steel erucibles having inside diameters
greater than 1Y% in. had no detectable effect on the
output signal. Therefore, a probe calibration made in
one geometry should be applicable to other situations.

The presence of a molten salt, composed of either

11.0

10.0

0
[e)

OUTPUT SIGNAL STRENGTH, mv
o
o

X - 400°C
A - 450°C
O - 500°C
B=550°C
Vv - 600°C
+ - 650°C
© - 700°C

7.0 \
6.0} \ iV
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Fia. I-14. Effect of Melt Depth on Output Signal of Eddy Current Liquid Level Probe.

50,000 eps

7.0 volts

4.64 mv
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50 m/0 MgCl,-30 m/o NaCl-20 m/o KCI or 50 m/o
MgCl2-50 m/o CaCl, , had no detectable effect on the
output signal. In a two-phase system, the salt-metal
interface could be detected, but the depth of the
molten salt could not be measured with the present
arrangement. It should be possible to detect the salt
level if the equipment is changed by using (1) a pro-
tection well having a resistivity higher than that of
the molten salt, (2) a larger input voltage, and (3) a
higher frequency signal.

For the measurement of liquid levels in systems con-
taining volatile, corrosive molten metals, the eddy
current induction probe has proved to be superior to
any other types of liquid level instruments which
could be used at high temperatures. The induction
probe has been reliable and its reproducibility and
accuracy are adequate for most applications. The in-
strument should be easily adaptable to remotely oper-
ated high-temperature equipment since there are no
moving parts. Future work will be directed toward the
application of the instrument to specific process equip-
ment.

(b) Preliminary Extraction Studies (T. R. JoHNsON,
W. J. WaLsh, F. G. Teats, K. R. Tosias)

Attempts are being made to measure the rate of
transfer of uranium and rare earths between chloride
salts and eadmium-base alloys. This information will
then be used to predict the performance of counter-
current liquid-liquid extraction columns and to judge
the feasibility of using columns to separate actinides
from rare earths. Other investigations using similar
liquid metal-salt systems have shown that the mass
transfer rate is reasonably rapid. Studies have been
made at Brookhaven of the transfer of a rare earth
solute from single drops of metal into salt* and in
countercurrent extraction columns.® A metal phase of
bismuth-magnesium and a salt phase consisting of
50 m/o0 MgCls, 30 m/o NaCl, and 20 m/o KCI were
used in these studies. The reported results indicate
that published mass transfer coefficients for aqueous-
organic systems based on the two-film theory* yield
reasonable approximations of mass transfer rates in
metal-salt systems and support the hypothesis that a
packed extraction column is practical for cadmium-
base alloy systems, although it is not possible to pre-
dict reliably the performance of a column.

Preliminary results suggest that good agitation of
the metal phase will be required if practical extraction
rates are to be achieved. In most process applications

* Katz, H. M., Hill, F. B. and Speirs, J. L., Trans. Met. Soc.
AIME 218, 770 (October 1960).

3 Hill, F. B. and Kukacka, L. E., Jr., BNL-791, January 1963.

« Handlos, A. E. and Baron, T., A. I. Ch. E. J. 8: 129 (1957).
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Fig. I-15. Bias Voltage Settings for Eddy-Current Level
Probe. (Bias voltages required to make output signal strengths
from 400 to 700°C coincident with the output signal strengths
at 625°C' witn the eddy current probe immersed in cadmium
from 0 to 5.5 in.)
Basigg

Output Signal: Independent of temperature

Crucible: Stainless steel, 53¢-in. 1D

Well: Stainless steel, 30-mil wall

envisioned for metal-salt columns, the metal will be
the discontinuous phase. In ordinary situations, the
discontinuous phase would be expected to be less tur-
bulent than the continuous phase. However, motion
pictures of a packed column in which Wood's metal
(50 w o bismuth, 27 w o lead, 13 w/o tin, and 10 w/o
cadmium, melting point, 70°C) was passed counter-
currently to water at 90°C have shown that there was
a high degree of turbulence in the discontinuous phase
owing to the pools of metal being struck by falling
metal droplets. The metal tended to colleet in pools at
specific sites in the packing. When struck by drops,
the pools tended to vibrate and break into smaller
droplets which then fell to pools below. It would thus
appear that a high degree of agitation in the falling
drops resulted from their mode of formation. These
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TABLE I-14.

Dynamic Exrtractions oF UraNniuMm BETWEEN MovreN HALipE Saur ANp CApMIUM-MAGNESIUM ALLOYS

Molten Cd-Mg alloy poured into a packed column containing molten 50 m/o MgCls-80 m/o NaCl-20 m/o KCI salt

i{ Final Composition Calc.
| E]thb.
A = Salt Conc.
Direction of U aled Temperature Metal Salt
Run Extraction ‘ Fackiig (°C)
| Mg U U U
\ (w/o) (w/o) (w/0) (w/o)
i
O MR v L - ‘
1s Metal to Salt ; 1g-in. dia. quartz spheres 450-500 3.7 0.51 [ 0.014 0.02
28 Metal to Salt ; 14-in. dia. quartz eylinders 630 3.2 0.45 | 0.090 0.063
30 Metal to Salt 1g-in. dia. SS spheres 600 3.6 0.42 | 0.069 0.042
40 Salt to Metal ‘ SS rings 550 4.8 0.156 0.032 0.010

* Extraction column was a 1-in. OD quartz tube with a packing depth of 5! in. Initial metal composition essentially equal to

final metal compositions; initial Salt: no U.

b Extraction column was a 1-in. OD S8 tube with a packing depth of 11 in. Initial metal composition: Cd-4.85 w/o Mg—no U;

initial Salt: 1.41 w/o U.

results and a description of the Wood's metal-water
column were given in ANL-6900, p. 81.

Four preliminary high-temperature extraction runs
have been made in order to estimate the transfer rate
of uranium in a countercurrent packed column. Two
hundred fifty g of Cd-3 w/o Mg-0.5 w/o U alloy was
poured into a static column of molten 50 m/o MgCl,-
30 m/o NaCl-20 m/o KCI salt which was contained in
a 7-in. ID quartz tube in each of three runs. The
central 6-in. section of the tube was loaded with a
different packing (Table I-14) in each run. When most
of the metal had fallen through the packing and col-
lected in the bottom of the tube, the tube was cooled
rapidly to minimize transfer across the metal-salt
interface at the bottom. The metal was in contact
with molten salt for two to five minutes. The final
uranium concentrations in the salt and metal were
determined by dissolving each entire phase separately.
In a similar run, 380 g of salt containing 7.7 g of UCl,
was charged to a stainless steel column packed with
wire rings. The tube was then heated to 550°C, and
about 800 g of a Cd-4.8 w/o Mg alloy was transferred
from a second container into the top of the packed
section. When all of the metal had been transferred
(~5 min), the extraction column was cooled as rap-
idly as possible. For analysis, the salt phase was com-
pletely dissolved in water and drillings were taken of
the metal that had fallen through the packing.

The conditions and results of these four runs are
summarized in Table I-14. The amount of uranium
required to saturate the salt phase at equilibrium is
negligible with respect to the uranium charged ini-
tially. The best performance attainable by these
transient columns would be to saturate the salt with
respect to the uranium in the metal. In the three runs
in which uranium was charged in the metal phase, the
salt approximately reached equilibrium. The salt con-

centration appeared to exceed equilibrium in runs 2
and 3. This may have been caused by inaccuracies in
measuring the uranium content of the salt or the tem-
perature during the extraction, or by oxidizing im-
purities in the salt. In the last run, a large amount of
uranium was transferred from the salt into the metal
and the final uranium concentration in the salt ap-
proached equilibrium. However, the uranium material
balance was poor in run 4. These experimental results
are encouraging, but the experiments will be refined
before any quantitative conclusions are made.

¢. SUPPORTING CHEMICAL INVESTIGATIONS
(L. Burris, R. K. STEUNENBERG )

Supporting chemical studies of liquid metals and
molten salts are heing pursued to supply data of proe-
ess importance and to elucidate the chemical aspects
of various process steps. During the reporting period,
this work has been devoted principally to determina-
tions of pertinent phase diagrams, to salt purification
studies, and to the possibility of performing ion ex-
change separations in molten salt solutions.

(1) Liquidus Temperatures of the System LiCl-
KCI-MgCl; (N. R. CueLLew, J. T. FEENEY)

The molten salt systems LiCl-NaCl-MgCl, and
LiClI-KCI-MgCly appear promising for the extraction
of rare earth fission products from liquid metal solu-
tions of uranium and plutonium. In order to select
temperatures and suitable salt compositions for proe-
ess use, it is necessary to know the liquidus tempera-
tures as a function of composition. The LiCl-NaCl-
MgCl. sytem was investigated initially and a diagram
of its liquidus surface was presented in the above re-
port (ANL-6900, p. 90). Measurements have since been
made to determine the melting points of various com-
positions of the LiCl-KCI-MgCl, system, since no
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TABLE 1-15. Liquipus TEMPERATURES FOR THE SysteEm LiCl-KCl-MgCl,

S_ection.I Section IT Section ITI ! Section IV Section V | Section VI Section VII
Starting Mixture | Starting Mixture | Starting Mixture = Starting Mixture | Starting Mixture | Starting Mixture | Starting Mixture
m/o, (m/o) (m/o) (m/o) | (m/o) | (m/o) (m/o)
MgCl:—89.6 MgCl—79.8 MgCl—69.2 MgCl—60.2 | MgCl-—300 | MgCl-—39.9 MgCl:—19.9

LiCl—10.4 LiC1—20.2 LiCl—30.8 LiCl—39.8 LiCl—50.0 LiCl—60.1 LiCl—80.1

KCl Temp. KCl Temp. KCl Temp. KCl Temp. KCl | Temp. KCl Temp. } Kcl | Temp.

(mfo} | (°C) | (m/o) | (°C) | (m/o) | (°C) | (m/o) | (°C) | (m/o) | (°C) | (m/o) | (°C) | (m/o) | (°C)

0 688 0 670 0 644 0 619 ! 0 600 0 591 0 | 597

19.7 613 17.5 591 9.2 604 7.8 582 20.2 i 498 7.9 564 | 10.0 556

33.9 455 26.0 528 17.5 552 14.5 510 ' 30.1 | 426 | 19.0 500 20.1 503

43.2 472 32.1 440 25.0 484 21.8 489 39.7 ‘ 392 30.2 425 29.8 4“7

5.7 469 41.2 457 31.4 431 29.5 424 | 48.0 | 376 38.3 384 35.8 411

60.7 429 48.6 446 37.2 440 36.8 420 | 54.0 | 372 | 46.0 351 4.7 | 35

b 502 58.0 417 46.5 434 45.1 404 60.0 401 51.9 367 49.7 341

63.2 412 53.0 408 5.8 385 | 70.1 | 560 63.0 480 55.0 433

67.2 442 57.8 401 67.0 489 | | 70.0 544 | 60.2 | 501

70.2 498 65.2 437 [ | | 713 566 | 645 542

79.6 636 75.2 599 i 69.7 604

85.0 692 | } | 7.9 639

| | | 84.9 704

information on the liquidus temperatures of this
ternary system was found in the literature.

Reagent grade KCI and LiCl, and anhydrous MgCla
were used to prepare the salt mixtures. The MgCly
was purified by vacuum sublimation. The LiCl was
purified by a method similar to that deseribed by
Maricle and Hume,” in which chlorine was passed
through the molten salt. The KC1 was heated to about
825°C' and cast into rods.

Conventional thermal analysis techniques were used.
The liquidus temperatures were measured with a stain-
less steel-sheathed chromel-alumel thermocouple im-
mersed in the salt. The apparatus was calibrated with
standard reference materials: recrystallized NaCl, m.p.
800.4°C, and National Bureau of Standards lead, m.p.
327.4°C. The precision of the temperature measure-
ments was *+=1°C.

The liquidus temperature data were taken along
composition lines radiating from the KCI corner of
the ternary system. Accurately weighed amounts of
KCl were added incrementally to a fixed ratio of
MgCly:LiCl. The salts were kept under a helium
atmosphere and were not exposed to air until the
thermal analysis measurements had been completed.

Melting point data for compositions along seven
lines radiating from the KCI corner of the diagram are
given in Table I-15. A diagram of liquidus isotherms
for the ternary system (Figure 1-16) was constructed
from quasi-binary diagrams in which KCl was one
component and the second component was the initial
mixture of MgCls and LiCl to which the KCl was

s D. L. Maricle and D. N. Hume, J. Electrochem. Soc. 107,
354 (1960).

added. Liquidus temperatures for the isothermal in-
tersections at the edges of the ternary diagram were
obtained from literature data on the binary systems,
LiC1-MgCl. (ANL-6596, p. 78), LiCI-KCL* and KCl-
MgCl, .7

In general, the ternary diagram shows that liquidus
temperatures below 500°C exist in a wide belt of com-
positions extending from 29 to 60 m o MgCls on the
KC1-MgCl, edge of the diagram to 23 to 55 m o KCI
on the LiCl-KCl edge. The minimum liquidus tem-
perature in the ternary system, 336°C, lies at about
40 m o LiCl, 50 m o KCI, and 10 m ‘o MgCl, .

A discussion of the selection of a molten salt sys-
tem for pru‘('vss use appeared previously in ANL-6596,
p. 64 and ANL-6648, p. 46. For systems consisting of
MgCls diluted with two alkali metal chlorides, the
compositions most useful for the separation of fission
produets from uranium and plutonium are those which
have (a) a high MgCl. content, and (b) a larger pro-
portion of the alkali chloride diluent with lower molec-
ular weight (LiCl in this case). A liquidus temperature
below 500°C is also desirable. Figure I-16 indicates
that LiCI-KCI-50 m o MgCl, mixtures containing up
to 28 m o LiCl can exist completely molten at tem-
peratures of 500°C and lower. By comparison, when
NaCl is substituted for KCI in the above system, the
maximum amount of LiCl which can be added so that
the mixture can still exist completely molten at tem-
peratures of 500°C and lower is reduced to 13 m/o.

¢S, D. Gromakov and L. M. Gromakova, Zh. Fiz. Khim.
27, 1545 (1953).

7 A. 1. Ivanov, Sbornik Statel Obschel Khim., Akad. Nauk
SSSR 1, 754 (1953).
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FiG. 1-16. Liquidus Isotherms in the System LiCI-KC1-MgCl, .

Thus, substitution of KC1 for NaCl in the ternary
mixture permits lower processing temperatures to be
used with melts containing relatively high MgCl. and
LiCl concentrations.

(2) Liquid Immiscibility in the System Pu-Mg
(J. D. ScuiLe, R. K. STEUNENBERG )

The binary system Pu-Mg is of interest in the proe-
essing of plutonium-bearing reactor fuels in liquid
metal solvents that contain magnesium, as in the
EBR-II blanket process (ANL-6875, p. 23). It has
been reported® that a region of liquid immiscibility
exists in the Pu-Mg phase diagram, but the immisci-
bility curve has not been determined experimentally.
The liquidus curves outside the immiscibility region
are also considered to be tentative. The purpose of the
present study is to define the immiseibility curve and
the liquidus curves in the Pu-Mg system. Although
this information is of considerable process interest, it
should also be useful for extending thermodynamic
correlations of the activity coefficients of plutonium
and magnesium in the binary system to high tempera-
tures. See discussion in Section TA2h(2) (a).

5 F. W. Schonfeld and F.
tonium, LADC-2656, 1956.

H. Ellinger, Binary Alloys of Plu-

(Temperatures in °C.)

The equipment and technique used in the initial
investigation of the immiscibility curve of the Pu-Mg
system were developed by using the Pb-Zn system as
a stand-in. Experimental results for the immiscibility
curve obtained with the Ph-Zn system showed good
agreement with the information in the literature.® The
apparatus consisted of a 1%-in. dia. by 3-in. deep
cylindrical tantalum erucible which, after being loaded
with a Pu-60 a/o Mg alloy, was heated under an argon
atmosphere in a resistance-heated, stainless steel tube
furnace. Melt temperatures were measured by means
of two chromel-alumel thermocouples protected by
tantalum thermocouple wells that were immersed
in the melt. The individual liquid phases were sampled
simultaneously using Y4-in. dia. tantalum tubes which
were welded shut and tapped at the top and fitted with
tantalum filter frits pressed into the bottom. These
sample tubes were attached to threaded stainless steel
rods and inserted into the furnace through two air
locks in the furnace head. The sample tubes were
lowered into position in the melt, and when the sys-
tem had reached the desired temperature, filtered
samples of the two liquid metal phases were with-

9 M. Hansen and K. Anderko, Constitution of Binary Alloys,
MecGraw-Hill Book Co., Ine., New York, 1958, p. 1119.
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drawn by increasing the argon pressure to about 2
atm. The samples were raised and frozen in the upper,
cool part of the furnace, and then moved into the glove
box atmosphere (nominally dry nitrogen). Next, the
outsides of the sample tubes were cleaned with emery
cloth, and the lower halves of the tantalum frits and
the welds at the top were cut off and discarded. The
samples were then dissolved out of the tantalum tubes
by acid and the solutions were analyzed for plutonium.

The experimental data were obtained between 660
and 948°C. The curve derived from these preliminary
data (see Figure 1-17) shows a liquid immiscibility
region extending from about 8.5 to 84 a/o magnesium
at 625°C. The consolute temperature appears to be
in the vicinity of 975°C. The marked disagreement
between two of the experimental points and the curve
is attributed to faulty sampling. Further measure-
ments are being made in order to improve the relia-
bility of the data.

(3) Ion Exchange Reactions in Molten Salt Media
(R. voN Ammox*)

The possible use of ion exchange materials for
separations such as the removal of fission products
from molten salt solutions is being investigated in an
exploratory study. The solid ion exchange materials
used thus far include Molecular Sieves** potassium
hexatitanate, zirconium phosphate, zirconium molyb-
date, zirconium tungstate, zirconia, and alumina. The
molten salt media have included AlBr; and mixtures
of AlBrg and KBr to produce solvents of varying polar
character.

Bateh-type equilibrations were performed in which
the solid was contacted with the melt under an inert
atmosphere for periods up to 10 hr. The melts con-
tained the metal cations Cu®t, Fe*t, Utt or Ba**
in concentrations of about 0.01M. The Ba** was
spiked with trace amounts of **Ba.

Preliminary experiments showed that the cations in
solvents with a KBr:AICly molar ratio less than unity
could not be exchanged nor adsorbed on the solids.
This probably results from the melt being strongly
covalent, i.e., having a low dielectric constant, which
prevents dissociation of the dissolved salts and the
ion exchange material, but favors the formation of ion
pairs. Such ion pairs involving transition metal ions
have been identified in KCI-A1CI3'% ' melts by infra-
red spectroscopy.

* Kernforschungszentrum, Karlsruhe, Germany.

** A synthetic dehydrated zeolite (sodium-aluminum-sili-
cate) manufactured by the Linde Company.

10 H, A. Oye and D. M. Gruen, Inorg. Chem. 8, 836 (1964).

1. M. Gruen and H. A. Oye, 148th National Meeting of
the American Chemical Society, Chicago, Aug. 30 to Sept. 5,
1964, Div. of Inorg. Chem., Paper 14.
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The experimental results were much more encourag-
ing with a solvent having a KBr:AlBry molar ratio of
unity. At this ratio, the melt is ionic and K+ and
AlBr,~ ions are present instead of AlBry. In one case,
with potassium hexatitanate as the solid phase and
Ba** as the exchanging ion, a distribution coefficient
(Kd = cpm/g of solid phase / epm/g of melt) of 10°
was obtained. Work is currently in progress to deter-
mine whether similar results can be obtained with
molten salt solutions that are of more direct process
interest.

d. SUPPORTING ENGINEERING STUDIES (1.
Burris, R. D. Pierce)

During the past reporting period, engineering studies
were conducted in three areas: (1) determination of
the critical constants of alkali metals, (2) examination
of nonturbulent vaporization of mercury, and (3) de-
termination (%f the viscosity of liquid metal alloys.

(1) Determination of the Critical Constants of
Alkali Metals (I. G. DiLron, P. A. NeLsontt)

Thermodynamic properties of alkali metals are of
particular interest because of the use of these metals
as heat exchange media in nuclear reactors. For most
alkali metals, vapor pressures and liquid and vapor
densities are generally known up to the vicinity of the
boiling point. While many estimates have been made
of the critical constants of alkali metals, no actual
measurements of the eritical constants, vapor pressure,
vapor density, and liquid density are known which
cover the entire range of temperature from the boiling
point to the eritical point. To supply this missing data,
measurements of the vapor and liquid densities of the
alkali metals, sodium, potassium, rubidium, and cesium
are being made from room temperature up to the
critical point or to as close to the critical point as

t Ph.D. candidate from Illinois Institute of Technology.
tt Argonne advisor.
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possible. As the critical point is approached, the
densities of the two phases approach each other.
Densities are being determined by measurement of
gamma radiation from the liquid and vapor phases of
irradiated alkali metal held in a high pressure cell.
Installation of Equipment. The high pressure cell
for measurement of the critical temperature of alkali
metals, which was deseribed in ANL-6900, pp. 96 to
100, has been installed and tested. Seizing and galling
of the capsule and the threaded capsule holding plugs
turned out to be a serious problem above 1300°C since
this made it impossible to remove the capsules without
destroying them. Use of various lubricants in the
capsule chamber and in the threaded plugs was only
partially successful. Therefore, a new high pressure
cell was designed to alleviate the capsule removal
problem. The salient new design feature is the split,
tapered center piece held in place by a 3-in. OD sleeve
(see Fig. I-18). This split center piece should make
possible easy removal of the capsule after heating to
high temperatures. The construction material is molyb-

denum-30 w/o tungsten, which was satisfactory from
both a strength and corrosion standpoint when used
in the earlier design. The complete furnace assembly
is shown in Figure I-18.

The counting equipment for measuring vapor and
liquid densities consists of two 1-in., by 1-in. Nal,
thallium-activated crystals with preamplifiers, posi-
tive high voltage sources, a recorder, count meter,
scaler, single-channel analyzer, and amplifiers. The
assembled equipment has been checked in separate
tests with irradiated standards of CsNO;z, NaNO,,
KNO;, and rubidium metal. Satisfactory spectra and
counting rates were obtained.

Preliminary Runs. Initial measurements are being
made on cesium and rubidium since their estimated
critical temperatures (1700 to 1800°C) are much lower
than those estimated for sodium and potassium (2200
to 2500°C). Preliminary runs were made with unir-
radiated cesium and rubidium to test the reliability
of the molybdenum-30 w/o tungsten capsules. No
failures were encountered up to 1900°C. Amounts of
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FiG. 1-18. Revised Furnace Assembly for Critical Temperature Apparatus.

Insulation

I4-in. tantalum tubes connecting to temperature measurement holes in tapered Mo-30 w/o W cylinder

13

2.

3. Fiberfrax lid

4. Tantalum can and lid
5.

Tapered Mo-30 w/o W eylinder in 3-in. OD Mo-30 w/o W sleeve

6. Locating pin

7. Mo-30 w/o W capsule containing alkali metal in 3{4-in. ID narrow section 1-in. long by 30-mil wall

8. Locating pin

9. Silicon earbide crucible (6'5-in. OD by 11 in. high by 5-in. wall)
10. 14-in. OD tantalum tubes connecting to collimation holes in Mo-30 w/o W cylinder

11. Y4-in. Veeco fittings in wall of vacuum tank
12. Ceramic supports
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terial considerably less than the critical amount
~ (amount needed to fill the capsule completely with
~dense phase at the critical density and critical tem-
perature) were used in the majority of these tests.
However, some capsule failures occurred after exten-
give thermal cycling. One failure occurred at 1715°C
when more than the estimated critical amount was
present. This failure may have been caused by a
pressure fracture which was due to a very high pressure
from both vapor pressure and hydrostatic pressure.
Another failure occurred at 1850°C, again after ex-
tensive thermal cycling, when somewhat less than the
eritical amount of material was present. Since the
eritical temperatures of cesium and rubidium are
both expected to be less than 1850°C, containing them
up to the critical temperatures should not be a serious
problem when there is less than the eritical amount of
material present.

Several runs have also been made with irradiated
cesium. The preliminary data from these runs indicate
a eritical temperature of about 1660°C. Further runs
are needed in the neighborhood of the eritical tempera-
ture to firm up the data. Liquid densities obtained in
the lower temperature regions (<1200°C) agreed with
literature data. This is additional evidence that the
counting equipment is operating satisfactorily.

ERRATA

The graphs for Figs. 1-32 and 1-33 in the Chemical
Engineering Division Research Highlights Report,
May 1964-April 1965, ANL-7020, Argonne National
Laboratory were, through error in make-up, inter-
changed. The graph of Figure 1-32, p. 69 should appear
in Figure 1-33, p. 70 and the graph of Figure 1-33, p.
70 should appear in Figure 1-32, p. 69. The titles of
the two figures are correctly located.

(2) Study of Mechanisms of Liquid Metal Boiling
and Entrainment (J. WOLKOFF)

The vaporization of pure mercury during convective
boiling has been under study. No vapor bubble nuclea-
tion within the liquid occurs with this mode of vapori-
zation and it has been referred to as “nonturbulent
vaporization” during the present study. Vaporization
occurs only at the free liquid surface. Since there are
no vapor bubbles, there are no liquid droplets formed
at the liquid-vapor interface and, consequently, there
is no entrainment of liquid by the vapors. It has
previously been shown that vaporization rates equiva-
lent to heat fluxes as high as 115,000 Btu/ (hr) (sq ft)
through the vaporizing surface could be attained under
vacuum when good liquid mixing was provided ( ANL-
6687, p. 58).

The measurement of the surface temperature of the

mercury during vaporization was difficult experimen-
tally since a large temperature gradient existed within
the liquid near the surface (ANL-6800, p. 133; ANL-
6900, p. 93). Two techniques for this measurement
were used: (1) extrapolation of vertical temperature
traverses to zero depth, and (2) use of a surface tem-
perature probe. The surface temperature probe con-
sisted of a fine wire which penetrated the vaporizing
surface from above to form a thermocouple with the
liquid metal (ANL-6900, p. 95). Agreement between
the two methods was fair. Slightly higher temperatures
were obtained by the surface probe than by extrapola-
tion of vertical temperature traverses. Although the
probe was primarily sensitive to the surface tempera-
ture, some sensitivity to the higher temperatures below
the surface existed.

A mathematical analysis of the surface thermo-
couple probe was made to clarify the limitations of the
method and to provide a rational means for designing
such a probe.

A thermoelectrie potential is generated at the inter-
face between the wire and the liquid metal, the poten-
tial varying along the wire-liquid metal interface be-
cause the temperature varies. At steady state, the
Laplace equation can be written for the voltage dis-
tribution in each metal. A simplified mathematical
model of the thermocouple system (based on a step
change in temperature rather than a smoothly varying
change) was solved to give the following equation:*

4y sinmeV
U= n?
LinxU)K (nzxU)

T.@xO) KinxU) + WhinxU)K,(nxU)

fm1 -V -
8

where

£y
I

= error in the surface temperature, in °C,

s = step change in temperature, in °C, at the
wire-liquid metal interface. This occurs im-
mediately below the surface temperature re-
gion 1y,

V = fraction of the immersed wire length that is
at the surface temperature f, ,

U = wire radius /‘depth or wire immersion,

W = electrical resistivity of liquid metal/elec-
trical resistivity of immersed wire,
n=123:+,®
1., I, = modified Bessel functions of the first kind of
order 0 and 1, respectively,
K., K, = modified Bessel functions of the second kind
of order 0 and 1, respectively.

* The help of D. A. Woodward and A. J. Strecok of the Ap-
plied Mathematics Division in solving the equation and in
programming the computations is gratefully acknowledged.
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A step temperature change was assumed to occur at
various positions along the immersed portion of the
thermocouple wire, and the magnitudes of the error
in the surface temperature measurements were caleu-
lated as a function of the ratio of wire radius to depth
of immersion.

The caleulated values of the equation are plotted
in Figure I-19 for W = 1.5. This is the resistivity ratio

V=0

1.0

for the liquid metal mercury and the thermocouple
wire chromel at 180°C, the temperature used in the
mereury vaporization studies, As the wire radius de-
creases, it is evident that the error in reading the sur-
face temperature decreases. For any finite value of ¥V,
a value of U can be found below which the error will
be low. Figure 1-20 is a similar plot for a resistivity
ratio of W = 100. It can be seen that, under otherwise
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Fig. I-19. Error Parameters for Surface Temperature Thermocouple: W = 1.5. (Symbols defined in text.)
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gimilar conditions, measurements with high resistivity
liquid metals tend to be more in error than measure-
ments with low resistivity liquid metals.

The error in surface temperature measurement for
the 10-mil thermocouple that was used in the mercury
boiling studies was estimated from Figure 1-20. At a
temperature gradient of 165°C/in. (the maximum
measured) , the error in the surface temperature meas-
urement was about +1°C.

A topical report of this work will appear as ANL-
6957.

(3) Determination of the Viscosity of Liquid Met-
als and Fused Salts (B. Misek,* R. D. PiercE)

The viscosities of liquid metal and liquid salt solu-
tions are of interest in interpreting mass transfer and
fluid dynamies results obtained in some of the pyro-
chemical processing studies. For this reason, apparatus
has been constructed for the determination of these
viscosities. The equipment consists of a cup suspended
by a torsion wire, and instrumentation to measure the

* Co-op Student from Northwestern University.

damping of the rotational oscillations of the cup. The
damping is caused by the viscous shear of the fluid
under study which is contained in the cup. A mathe-
matical analysis for such an oscillating cup viscometer
has been made by Shvidkovskiy.'*

The major advantages of the selected method are
(1) high sensitivity resulting from an extended period
of viscous damping, (2) relatively small sample size,
and (3) nonrequirement of direct observation of the
fluid. The cup is suspended in a furnace and has only
an extension visible for the amplitude and period-of-
oscillation measurements. He derived an expression
which allows the calculation of absolute kinematic
viscosity if the system parameters are known.

Construction of the viscometer has been completed.
Preliminary measurements have been made on mercury
and on cadmium-base alloys.

2 Ye. G. Shvidkovskiy, Certain Problems Related to the
Viscosity of Fused Metals, NASA-TT-F-88 (March 1962).
[Translation of Document Published by State Publishing
House for Technical and Theoretical Literature (Moscow)
1955.]

B. FUEL PROCESSING FACILITIES FOR EBR-II (J. H. ScuraioT,
M. Levenson, L. F. CoLEMAN)

A direct-cycle fuel reprocessing plant (Fuel Cycle
Facility) based on compact pyrochemical processes
was designed and constructed as part of the Experi-
mental Breeder Reactor No. 11 (EBR-II) Project.
Melt refining, liquid metal extraction, and processes
involving fractional erystallization from liquid metal
systems are methods being examined for the recovery
and purification of EBR-II fuels. Based on these
studies, process equipment is being designed and tested.

The results of operations being carried out in the Fuel
Cyecle Facility are presented in Section I-C of this Re-
port. This section (I-B) of the report describes the
efforts of the Chemical Engineering Division in pro-
viding technical assistance for problems arising in the
operation of the Fuel Cycle Facility and in developing
equipment for compact pyrochemical processes which
will subsequently be operated in the Fuel Cycle Facil-
ity.

1. Technical Assistance and Service Equipment Development

MANIPULATOR AND CRANE DEVELOPMENT
(J. GraaE, P. KeLsHEMER, T. DENSTT)

(1) Multiple Disc Type Slip Clutch

Multiple dise type slip clutches of Chemical Engi-
neering Division design are being added to the hoist
motors for the in-cell manipulators at the EBR-II
Fuel Cycle Facility in order to protect the hoist mecha-
nisms and cables from damage due to mechanical

t Central Shops.

overloads (see ANL-6900, pp. 108-109). The slip clutch
includes a Maxitorq Dise-Pace No. 2211 which is kept
under compression with Belleville disc-springs. The
slip cluteh is mounted inside the housing of the hoist
motor gear-reducer and is so compact in size that no
modification to the housing was necessary. The dise-
pack, which is operated in oil, is set to slip at 50%
overload. After initial slipping, the transmitted torque

+t Manufactured by Carlyle Johnson Machine Corporation,
Manchester, Conn.
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(slip-torque p drops to about one-half the break-away
torque.*** The break-away torque is adequate for all
normal operations including acceleration of loads.

These slip clutches have been installed in four of
the eight operating manipulators. The hoist units were
shipped to Argonne, Illinois, one or two at a time, for
the installation work. By modifying two spare hoist
units first, it was possible to perform the required
modifications without interrupting the use of in-cell
manipulators. Before each modified hoist unit was
returned to Idaho, it was subjected to two tests. One
test consisted of first blocking the hoist in the “UP”
position and then operating the hoist motor at various
speeds in order to observe the slipping of the cluteh
and to measure the resulting armature current of the
hoist motor. In first speed (32-volt tap), the clutch
would not slip; the motor would stall and the armature
current would be 10 amp. In second and third speeds
(72- and 105-volt taps), the cluteh would slip. A
newly installed clutch would initially slip at an arma-
ture current of 15 to 20 amp. However, after a short
conditioning period of starting and stopping (to pre-
vent overheating a motor or blowing a fuse), the arma-
ture current at which the cluteh slipped would drop to
8 to 9 amp. The full load (de) rating of the motor is

*** Break-away torque is the torque at which the compon-
ents of the clutch first start to slip relative to each other.
Slip-torque is the torque transmitted between the driver and
the driven shaft when the components of the clutch are slip-
ping relative to each other.

8 amp. The second test consisted of lifting a 920-1b
load (the rated load of the manipulator hoists is 750
Ib) at each hoisting speed, measuring the resulting
armature current, and observing clutch slippage. In
the first speed (32-volt tap) the motor stalled, drawing
a current load of 9 to 10 amp. In second and third
speeds (72- and 105-volt taps), the load was lifted
without the clutch slipping; the current load was 8 to
9 amp. These tests indicate that the clutches will oper-
ate as intended.

(2) Dry Powder Slip Clutch

Although conventional clutches will satisfy many
applications, there is a need for a clutch which would
display a steady torque response. Conventional
clutches do not slip at the same steady torque for a
given torque setting. Rather, the torque transmitted
while slipping varies after repeated operations and is
different than the break-away torque. The multiple
dise type slip cluteh which is used for the manipulator
has a break-away torque that is about twice the
torque transmitted while slipping.

A new type of slip cluteh (Figure I-21) has, there-
fore, been designed, built, and tested by the Chemical
Engineering Division. The clutch consists of two
parts: (1) a ecylindrical housing that is filled with
molybdenum disulfide powderf and is attached to one
shaft, and (2) a clutch disc that is enclosed in the
housing and driven by a second shaft. All parts of
the slip cluteh (other than powder) are made of mild
steel without surface hardening or special machining,
such as grinding. The powder forms a Y-in. layer
between the faces of the clutch dise and the adjacent
faces of the housing and is compressed by a Belleville
spring-loaded plate which forms one end of the hous-
ing. Friction between the molybdenum disulfide pow-
der and the dise determines the torque transmitted.
By varying the compression of the Belleville spring,
this torque can be varied.

The clutch was tested by rotating the input shaft
at 9 rpm and holding the output shaft stationary, thus
slipping the cluteh continuously. The transmitted
torque was determined by measuring the force exerted
at the end of a bar clamped to the output shaft. The
torque initially transmitted was 350 in.-lb. It then
dropped slowly to 200 in.-Ib over a 2-hr period, after
which the torque remained at this value for another
2 hr. Following this test, the direction of rotation was
reversed, which caused the transmitted torque to drop
to 180 in.-Ib which within a few minutes increased to
250 in.-Ib and remained at this value for the next % hr
“when the test was terminated. No special shaft seals

t Alpha Molycote Powder, Type 2; a product of the Alpha
Molycote Corp., Stanford, Conn.
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were used and no leakage of powder was observed in
these tests.

Apart from the gradual change in transmitted
torque, the torque remained at a steady value without
momentary fluctuations. Furthermore, there was no
difference between break-away torque and torque
transmitted while slipping. Subsequent tests have
demonstrated that if the molybdenum disulfide pow-
der is precompacted in the clutch housing, further
compacting during operation is minimized, and the
change in transmitted torque is largely eliminated.

Following the above tests, the dry powder slip elutch
was installed on the bridge drive motor of the proto-
type manipulator in the Division’s mock-up facility.
The powder was compacted in the clutch prior to oper-
ation by drawing up tight the spring-loaded bolts. The
bolts were then adjusted so that the clutch would slip
at a torque of 880 in.-1b.

The clutch was first tested by operating the bridge
drive motor while the end truck of the manipulator
bridge was against a dead stop. The clutch did not slip
(the motor stalled) at the low speed setting (32-volt
tap) ; the clutch slipped, however, at the intermediate
and high speed settings (72- and 105-volt taps). A
Dillon dynamometer® placed between the bridge end-
truck and the rail stop showed that a force of 200 Ib
was being exerted while the clutch was slipping at
the two higher speeds. The clutch slipped at this torque
without an initial run-in period. The value of the
slipping torque did not change during the tests which
were repeated several times.

With a wheel diameter for the end truck of 8 in,,
the torque resulting from the 200-1b horizontal thrust
is 800 in.-1b. The difference of 80 in.-lb between this
torque and the initial torque setting of 880 in.-lb serves
to overcome friction and other resistances in the drive
mechanisms. The 880 in.-Ib torque represents an over-
load of 50% on the motor. There was no difficulty in

backing the bridge away from the stop. (Since bridge
drives are not equipped with slip clutches, spring-
loaded bumpers are used to prevent a bridge drive
from locking when a bridge hits the stop.)

The bridge and the lead-shielded carriage on it are
very heavy, and operating experience at Idaho has
shown that large forces (see ANL-6800, pp. 158-159)
are involved when the bridge drive is engaged. The slip
clutch was tested to determine if it would provide
protection for the bridge drive mechanism during
starting. For this test, the bridge was made free to
move by backing it away from the dead stop. The
clutch would initially slip even when the bridge motor
was started at the low speed setting (32-volt tap).
After the initial slipping, the cluteh supplied sufficient
torque to move the bridge.

The results of these tests show that this clutch does
provide adequate protection for the bridge drive
mechanism. The clutech promises to be radiation- and
heat-resistant, maintenance-free, and inexpensive.

(3) Prototype Manipulator

In order to provide the Fuel Cycle Facility with a
means for checking out maintenance work that has
been performed on manipulator carriages and for
training personnel, the prototype manipulator (pres-
ently installed in the mock-up area of the Chemical
Engineering Division, at Argonne, Illinois) will be
dismantled and shipped to Idaho. Before this is done,
however, the bridge and carriage will be modified. The
rails on the bridge will be raised 1144 in., and the
spring-loaded sliding collector assemblies will be re-
placed with new ones identical to those used in the
Fuel Cycle Facility (see ANL-6900, p. 107). These
two changes will make it possible to operate the proto-
type manipulator carriage on the bridges in the Air
and Argon Cells and to operate the carriages from Air
and Argon Cells on the prototype bridge.

2. Process Equipment Development

a. SERVICE EQUIPMENT (J. O. Luprow, W. E.
MiLLER, J. V. NATALE)

1t has become evident from operating experience in
the Fuel Cycle Facility and in argon atmosphere
gloveboxes that there were a number of problems
uniquely associated with the operation of equipment
in a dry argon environment. The lubricating and
wetting properties of certain materials are change.d
markedly when their environment is changed from air
to dry argon. Heat transfer rates for natural or forced

* A product of the W. C. Dillon Corp., Van Nuys, Calif.

convection, under otherwise identical conditions, are
less in argon than in air. The electrical strength of
argon is much less than that of air.

In order to carry out a meaningful investigation of
these problems, new environmental facilities utilizing
an inert atmosphere were required. The establishment
of these facilities (in Building 310) is being carried
out in two steps. The first step, which has been com-
pleted, involved the installation of two gloveboxes and
an associated argon gas purification system (see ANL-
6900, pp. 115-116). The gloveboxes will be used for
equipment and process development. The second step
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is the construction of a large inert atmosphere en-
closure and the modification of the existing argon
purification system for use with the new enclosure.
Plant-scale equipment for skull reclamation and blan-
ket processing will be tested in this enclosure prior to
installation in the Argon Cell of the Fuel Cyecle Facil-
ity.

(1) Large Inert Atmosphere Enclosure (Bldg.
310) (J. O. LubLow, R. MALECHA,* J. V. NATALE,
J. H. Scuraint, M. A. SLAWECKI)

Construction of the large inert atmosphere enclosure
in Building 310 is nearing completion. Figure I1-22
shows the enclosure during a late stage of construction.
The enclosure is about 24 ft long, 12 ft wide, and 14
ft high. The metal shell has been fabricated, and the
windows have been installed. A major portion of the
service piping and electrical work has been completed.
Twelve windows are installed in the north side of the
enclosure, eleven in the south side, four in the west
side, and two in the east side; each window contains
four glove ports. The southeast corner of the enclosure
is provided with a niche which is at floor level and is
4 ft wide by 4 ft deep by 6 ft high. A 35-in. ID by
69-in. high eylinder, closed at the bottom and open at
the top, is used as a lock for the transfer of large
items into the enclosure. A hydraulic lifting device,
which is a part of the enclosure, is attached to the
transfer lock and is used to lift the lock to seal it
against a capped opening at the top of the niche.
Means for evacuating the lock and subsequently fill-
ing it with argon are being provided. A small transfer
lock, 7%-in. ID by 28Ve-in. long, is installed in the
east side of the enclosure and is used for the routine
transfer of small-sized objects. The small transfer
lock is provided with means for evacuating and refill-
ing the lock.

The inert atmosphere enclosure is being provided
with a 1-ton bridge erane which travels the length of
the enclosure. All crane operations are remotely con-
trolled.

The roof of the enclosure contains windows without
glove ports. Fluorescent lights mounted above the
roof windows furnish general interior lighting for the
enclosure. A removable section of the roof, 7V-ft wide
and 11Ve-ft long, is located at the east end of the en-
closure. The removable section allows the introdue-
tion of very large pieces of experimental apparatus,
including new crane bridges and trolleys.

Ports for introducing service and control lines into
the enclosure are provided in the sides and ends below
the windows and in the roof. The ports are the same

* Central Shops.

size as the glove ports in the windows and can be used
as glove ports, if desired.

The enclosure is equipped with three 3-ton Freon
cooling systems to control the temperature. The com-
pressors are located in the basement service area. The
direct expansion cooling coils and circulating fans are
located above the top row of windows along the north
wall of the enclosure.

After the installation of supporting equipment is
completed, additional leak-testing of the enclosure
will be performed. When all leaks are repaired, the
installation of the skull reclamation equipment will be
carried out.

(2) Operation of Argon Purification System
(Bldg. 310) (J. V. NaraLe, A. CHANDLER, J.
Harast)

A purification system (see ANL-6900, pp. 116-117)
has been installed in Building 310 to provide argon
containing low concentrations of oxygen and water for
the gloveboxes and similar inert atmosphere enclo-
sures. The essential components of the purification
system are a palladium catalyzer, a Molecular Sievef
dryer and a centrifugal compressor that is installed in
a gas-tight container. Gas from an enclosure is passed
through the purification system and then returned to
the enclosure. The oxygen in the flowing stream is
catalytically converted with added hydrogen to water
and this water, along with any water initially present
in the gas stream, is removed by the dryer.

The argon purification system has been operating
with only one glovebox connected to the system. The
glovebox is maintained at a pressure of plus 0.7 in. of
water, and only the gasketed container for the com-
pressor and a small portion of the system piping are at
a negative pressure. The rate of air inleakage therefore
is small (<1.2 cc/min). The oxygen concentration in
the glovebox is controlled by adding hydrogen to the
flowing stream over a 15 to 30-min period at the be-
ginning of each workday. Moisture is controlled by
passing gas through the system (without hydrogen
addition) continually during each workday and oc-
casionally overnight. The average oxygen concentra-
tion in the system, measured after the period of hy-
drogen addition, has been 5 ppm and the average
moisture concentration at the end of each workday
has been 15 ppm. The nitrogen concentration in the
system was originally reduced to 0.1% and maintained
at this concentration by purging with tank argon;
however, the nitrogen concentration is now maintained
at 5% (by periodic nitrogen additions) to simulate
conditions in the Argon Cell of the Fuel Cycle Facility.

t Product of Linde Air Products Co., New York.



file:///rgon
file:///NL-6900
file:///rgon

B. Fuel Processing Facilities fo

F1G. 1-22. Inert Atmosphere Enclosure during Construction. (This view shows the east side «
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in the right foreground.)
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Regeneration of the dryer bed has been necessary
following each 500 hr of operation. The present re-
generation procedure and equipment are only adequate
for the one glovebox that is connected to the purifica-
tion system. However, a second glovebox and the large
inert atmosphere enclosure (see preceding subsection)
will soon be connected to the system. In order to main-
tain the present regeneration interval and moisture
content with this increased load, a predryer* for the
air in the regeneration step has been installed and is
being tested. The use of predried room air during the
course of regeneration will reduce the residual moisture
content and inerease the capacity of the dryer bed to a
greater level than was possible in previous regenera-
tions. The room air will be predried before it is passed
through the dryer bed only during the final 2 hr of the
8-hr heating period of the regeneration procedure.

In addition to the installation of the predryer, other
modifications have been made to the argon gas purifi-
cation system which would make possible the attach-
ment of the large inert atmosphere enclosure. These
changes include the following: (1) extension of the
existing supply and return headers for the argon gas,
(2) installation of pressure controls for the overall
system, (3) installation of an additional electrolytic
oxygen analyzer, (4) relocation of existing analytical
instruments, and (5) installation of an argon supply
manifold for 3000-cu ft eylinders. These modifications
and additions are in the process of being tested.

b. SKULL OXIDE PROCESSING EQUIPMENT
(G. BerxstEIN, T. EckeLs, J. Graag, D. Gros-
VENOR, J. LuprLow, W. MiLLer, M. Stawecki, E.
JounsToN, P. KELSHEIMER, R. MALECHA,** R.
VREE**)

At the conclusion of the EBR-II fuel melt refining
operation, a residue (skull) remains in the processing
crucible. The skull is converted to a free-flowing oxide
powder in a skull oxidation furnace (see ANL-6900,
pp. 116-120). A skull oxidation furnace has been in-
stalled in the Fuel Cyele Facility. A skull reclamation
process is being developed for recovering the fuel mate-
rial from the skull oxide and separating it from the
associated fission products (see ANL-6800, p. 61). The
skull reclamation process includes (1) extraction of
noble metal fission products from the skull oxide, (2)
reduction of the uranium oxide, (3) precipitation of a
uranium-zine intermetallic compound, (4) decomposi-
tion of the intermetallic compound, (5) dissolution of
the uranium cake formed from the decomposition step,
and (6) retorting of the uranium solution to yield a

* A product of the Pittsburgh Lectrodryer Division, Me-
Graw-Edison Company, Elgin, Illinois.
** Central Shops.

uranium ingot. Equipment for processing skull oxides
in the Fuel Cyele Facility is being built and tested by
this Division.

The primary components of the processing equip-
ment consist of the following: (1) a skull reclamation
furnace, (2) a material transfer line, (3) transfer re-
ceiver equipment, and (4) a retorting furnace for re-
covery of the uranium product. The development
status of the first three items is deseribed below and
the status of the fourth item, the retorting furnace, is
discussed in subsection 2 c.

(1) Skull Reclamation Furnace (M-2)

The reduction of uranium oxide to uranium metal
and the gross separation of the uranium metal from
fission products are to be carried out in one processing
furnace., Tungsten appears to be the only suitable
crucible material of construction which will resist the
corrosive effects of the molten halide salts and molten
zine used in the skull reclamation process. A pressed-
and-sintered tungsten crucible has been procured (see
Figure 1-23) for tests of the full-scale plant equipment.
This crucible has an inside height of approximately
23% in. and an inside diameter of 14 in. It is designed
to process approximately 5 kg of skull oxide as U0 .

The operations to be conducted in the skull reclama-
tion furnace (M-2) require several heating and cooling
steps. To overcome the effects of fission product heat-
ing and to reduce the time necessary for cooling the
crucible, a furnace design was required which would
enhance the rate of heat dissipation (see ANL-6900,
pp. 120-123). The construction of the M-2 furnace is
based upon a Hastelloy Ct open top eylinder which fits
closely around the tungsten crucible. The furnace is to
be heated by a close-fitting 20-kw resistance heater in
the form of a vertically split cylinder. The eylinder
halves are externally insulated and are held closed
around the furnace during heating cycles. When the
furnace is to be cooled, the eylinder halves are opened
to expose the wall of the furnace.

The stainless steel furnace cover, which is hollow
and filled with Fiberfrax insulation, contains openings
for a stirrer assembly, a transfer line, and a charging
port. The cover can be sealed to the furnace body by
a fusible metal seal.

(2) Agitator and Shaft Seal

In the skull reclamation process, the efficiency of
noble metal extraction and the rate of reduction of
uranium oxide are directly related to the effectiveness
of the mixing in the crucible (sce ANL-6725, pp. 45—
46 and ANL-6900, pp. 58-59). In the pilot plant proc-

t Product of Haynes Stellite Company.
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ess equipment as deseribed in ANL-6687, p. 35, satis-
factory results were obtained by using a crucible with
four baffles and a double-bladed agitator. For the
plant-scale operation, a large, unbaffled tungsten cruci-
ble (14-in. ID) with a hemispherical bottom will be
used. The baffles were eliminated to simplify the
fabrication of such a large size crucible. Tests were
made to evaluate the mixing effectiveness of a proposed
impeller in an unbaffled crucible and the performance
of a special shaft seal and bearing assembly. The in-
formation was needed in order to design these com-
ponents for the M-2 furnace. The limited space on the
cover of the M-2 furnace requires that the agitator be
mounted with its shaft located near the inside wall of
the crucible. This limits the impeller diameter to 4 in
A pitched-blade impeller was selected for testing. The
impeller (4-in. dia. by 1%%-in. high) has four straight
blades set at a 45° angle and was operated with down-
ward discharge. The mixing tests were performed
using the base from the M-1* furnace and a steel
vessel similar in shape to the tungsten ecrucible, but
slightly larger (15%-in. ID). The impeller constructed
of steel was mounted on a 1-in. dia. vertical steel shaft
(the plant impeller and shaft are to be fabricated of
Mo-30 w/o W). A bearing assembly for the impeller
shaft and a variable-speed drive motor were supported
on a frame above the M-1 furnace base. The variable-
speed motor was adapted by appropriate sheaves and
a belt drive to deliver speeds from 60 to 1000 rpm. Two
mixing tests were made in which molten lead at 350°C
was used as a stand-in for the molten zine to be used

in the skull reclamation process. The bottom edge of

the impeller was located 4 in. above the erucible bottom
and the impeller cleared the sides by 1%2 in. The
liquid lead level was % in. and 2 in. above the top
» of the impeller in the first test and second test,

respectively. In the first test, vortexing occurred at
about 400 rpm; in the second test, at about 600 rpm
In the second test, good circulation and much turbu-
lence was observed at 775 rpm. It is assumed that the
vortexing would aid in combining the lighter flux with
the metal phase. At 775 rpm, the power input to the
motor was % hp

The agitation observed in these tests was sufficiently
vigorous to indicate that an impeller of the same de-
sign should be tested in the M-2 furnace. On the basis
of the power input observed (34 hp) at 775 rpm, a 3-hp
variable-speed d-c motor was selected for tests with
the M-2 furnace. This size motor will permit operation
at the maximum speed of the agitator drive (900 rpm),

* The M-1 skull reclamation furnace is an early design of a
plant-scale induction heated furnace It has been superseded
by the M-2 design However, it is still being used for component
testing while the M-2 furnace is under construction

108-7344
FiG. 1-23. Plant-Size Pre:

ble for SkullsReclamation P
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wess. (Crucible size: 14-in. 1D

by 23%;-in. inside height. Crucible charge: 5 kg U0

even when derated for operation in an argon atmos-
phere (see ANL-6900, pp. 103-104)

An integral part of the mixing system is the bearing
and shaft seal assembly. The assembly must be capa-
ble of operating at elevated temperatures, and the
shaft seal must be able to hold system pressures up to

n w

20 psi. A preliminary desig s developed and vari-

ous candidate bearing and packing materials were

tested in the M-1 furnace. The assembly was operated

under no load conditions (no mixing) and was not

subjected to salt or metal fumes during the tests
Three tests were made in which the approximate tem-

peratures at which components of the embly will

operate and the effectiveness of the packing and bear-

ings for the test conditions were determined. A short

stub-shaft, extending 6 in. bevond t bearing and

seal assembly, was used in the t

because a full

length steel shaft (27 in.) would not be strong enough
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Fic. I-24. Agitator Bearing and Shaft Seal Assembly.

to withstand the forces of dynamic unbalance at the
operating temperature (800°C) of the test.

In the first test, two conventional, unsealed ball
bearings (ND-3205)* were used with lubrication sup-
plied with the bearing. The shaft seal was packed with
asbestos packing (No. 811SP)** impregnated with
molybdenum disulfide in a wax carrier. The relative
location of the bearings and the packing is shown in
Figure 1-24. After 33 hr of operation at an agitator
shaft speed of 450 rpm and at a furnace temperature
of 800°C, the lower bearing, which was at 150°C,
failed. Examination showed that the cause of failure
was loss of lubrication. For the second test the upper
and lower ball bearings were replaced with new ones
which were duplicates of those used in the first test,
except that they were first degreased and then lubri-
cated with a dry lubricant (tungsten disulfide). In
this test, which was carried out under conditions simi-
lar to those of the first test, both bearings failed after
Vo hr of operation.

* Product of New Departure Division, General Motors
Corp., Bristol, Connecticut.
** Product of Crane Packing Co., Morton Grove, Illinois.

In the third test, the lower ball bearing was replaced
with a sleeve bearing made of a graphite material
(National Carbon TS-574).F The upper ball bearing
was replaced with a new ball bearing (ND 99505)
which is a sealed type but otherwise similar to the
bearings used in the two previous tests. Prior to use,
the bearing was degreased and lubricated with NRRG-
159,#f a radiation-resistant lubricant suitable for
temperatures up to 175°C. The packing for the stuffing
box was replaced with two types of packing rings
which were alternately spaced. The first was a woven
asbestos packing impregnated with molybdenum di-
sulfide, and the second was a material made of woven
Fiberfrax reinforced with Inconel wire and impreg-
nated with molybdenum disulfide. This modified Fi-
berfrax material is a very hard packing and acts as a
supplementary bearing. The agitator stuffing box as-
sembly was mounted on the M-1 furnace and three
stainless steel heat shields were positioned below the
packing housing in order to simulate the design

.t Product of National Carbon Co., Division of Union Car-
bide Corp., New York, New York.

tt Product of Standard Oil Company of California.
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planned for the M-2 skull reclamation furnace. A
sketch of the assembly is shown in Figure 1-24. Ther-
mocouples were located at the top ball bearing, at the
lower graphite bearing, in the lowest packing ring, and
above the top heat shield. The furnace was maintained
under 1 to 3 psi argon pressure during the test. Gas
leakage from the entire furnace assembly was less
than 1 cu ft/hr.

The operating conditions for this test and the tem-
peratures attained by the bearings, packing, and top
heat shield during the run were as follows:

Test Period, hr 109
Agitator Shaft Speed, rpm 750
Furnace Pressure (argon atmosphere), 1to3
psi
Furnace Temp., °C 800
Upper Bearing Temp., °C 135
Lower Bearing Temp., °C 185
Lower Packing Ring Temp., °C 230
Top Heat Shield Temp., °C 315

The two bearings and the packing performed satis-
factorily in this test. No lubricant was lost from the
upper bearing. However, as noted above, the steel
test shaft was not subjected to lateral deflection, a
condition which would exist during mixing of molten
metals, and the bearing and shaft seal assembly was
not subjected to the action of metal and salt fumes.
In order to evaluate performance under processing
conditions, the assembly will be tested with a molyb-
denum-30% tungsten shaft and impeller in mixing
tests using molten zine and molten flux at 800°C in the
M-1 furnace.

(3) Transfer Line

The design of the transfer line to be used with the
M-2 furnace was developed from information ob-
tained in pilot plant studies that are described in ANL-
6900, pp. 59-60. The transfer line for the M-2 furnace
was made using two %-in. OD rods of molybdenum-
30% tungsten in which Ve-in. ID holes were gun-
drilled. The two lengths of drilled rod were joined by
a threaded coupling and then formed to a J-shape by
hot bending over a jig. The portion of the tubing
(drilled rod) external to the furnace is wound with
resistance heaters (Vs-in. OD) which are insulated
with swaged magnesia and encased in Inconel. By
using the heaters to maintain a temperature of about
800°C within the tubing, solidification of molten metal
or molten flux during transfer is prevented. The wound
section is insulated with Fiberfrax and potassium
titanate powder and enclosed in a stainless steel jacket.
The jacket protects the heaters, the insulation, and
the tubing against mechanical damage and oxidation.

The transfer line will be fastened to the M-2 furnace
cover and the waste receiver by means of solder seals.
An external bellows is incorporated in the waste re-
ceiver seal to allow for thermal expansion of the line.

The transfer line is being adapted for temporary
use with the M-1 furnace in order to carry out planned
stirring and transfer tests.

(4) Transfer Receiver Equipment

Flux and metal wastes from the skull reclamation
furnace will be collected in 8-gal pails for disposal.
These pails will fit the standard 6-ft waste container
used for disposal of solid wastes (see ANL-6900, pp.
112-113). The design of the transfer receiver equip-
ment, which is in the form of a fume hood, is compli-
cated by the requirement that it provide for purging
the transfer line, weighing the waste, and collecting the
fumes which accompany the transferred material.
(Purging of the transfer line is required to prevent
plugging during normal furnace operations. Accurate
weights of materials transferred are required at each
process step in order to maintain close control of alloy
composition. Contamination of the Argon Cell atmos-
phere by halide fumes may poison the atmosphere
purification catalyst.)

The main components of the transfer receiver equip-
ment will include (1) a secondary container for the
waste pail, (2) a movable platform scale, (3) an ele-
vating mechanism to raise the secondary container,
and (4) a rugged fume hood which encloses the other
components. A centrifugal blower will draw cell gas
through the hood and through a large filter to remove
metal and salt fumes before returning the gas to the
cell. Thesfilter will consist of a 4-in. deep layer of
glass fibers with an 18-in. square cross section. The
discharge end of the transfer line will enter the top of
the hood and discharge into the waste pail. The waste
pail will be held in the heavy secondary steel con-
tainer which will rest upon the movable platform secale.
After the platform scale has been rolled into position
under the hood, the elevating mechanism will engage
the secondary steel container. The container will then
be elevated by a screw mechanism until it forms a seal
against the top of the hood around the discharge end
of the transfer line. An argon pressure line that is con-
nected to and passes through the top of the hood will
supply argon for purging the transfer line back to the
furnace. When material is to be transferred from the
furnace, the secondary container (holding a waste
pail) will be lowered until it rests upon the scale plat-
form. In addition to providing accurate weights of ma-
terials transferred, the scale will indicate the start and
completion of the transfer operation. A separate waste
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pail will be used for collecting each waste stream to
be removed.

The design of the transfer receiver equipment is
complete and final drawings are being prepared. Fabri-
cation of components will begin in January 1965.

¢. RECOVERY OF URANIUM PRODUCT (W.
Miuer, J. Lexc, J. Harast, A. CHANDLER, R.
Pauvr)

In the current flowsheet for the EBR-II skull rec-
lamation process, the process stream from the uranium-
zine intermetallic decomposition step is a solution
which has the following approximate composition:
Zn-12 w/o Mg-10 w/o U (see ANL-6800, Figure I-8,
p. 61). Development work is being conducted on re-
covering uranium from this solution in a form suitable
for use as a supplementary make-up feed material for
the melt refining process. This work has included dis-
tillation of Zn-Mg alloy from the uranium product,

OOOOO!)

evaluation of beryllia crucibles, and uranium-hydrid-
ing experiments in tungsten erucibles.
(1) Retorting-Distillation Runs

Work is being continued on the recovery of uranium
from zinc-magnesium-uranium by retorting. Recent
retorting experiments have been conducted with a 7-kg
charge of nominal Zn-12 w/o Mg-10 w/o U. (This
scale of operation is about 17% of the plant scale and
about 45% of the pilot plant scale.) The experiments
are being conducted in a glovebox containing purified
argon. The glovebox with the retorting furnace in-
stalled in shown in ANL-6900, p. 123, Fig. 1-33. The
assembly of internal components of the retorting unit
is illustrated in Figure 1-25 of the present report.

A series of 15 retorting runs was conducted to re-
cover the uranium present in the Zn-12 w/o Mg-10 w/o
U (nominal) ingots from the uranium dissolution step
of seven pilot-scale demonstration runs of the skull
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reclamation process (see section I-A-2-a-(1), this re-
port). Since each ingot weighed from 10 to 13 kg, a
minimum of two retorting runs was required to re-
cover the total uranium product from one process
demonstration run.

In addition to uranium product recovery, these re-
torting runs had two further objectives: (1) to reveal
any major deficiencies in equipment design and (2)
to evaluate the performance of beryllia retorting cruci-
bles produced by various techniques by different ven-
dors.

The same general experimental procedure was used
in all 15 retorting runs. The Zn-Mg-U charge was first
placed in a beryllia crucible. The erucible and other
components of the retorting apparatus (see Fig. 1-25)
were then assembled. After the bell jar enclosure was
sealed, the system was evacuated overnight. On the
following day, the charge was inductively heated with
about 6 kw power output from a 10 ke generator for
Yo hr at pressures below 0.01 torr to remove water
vapor and other sorbed gases from the apparatus and
the charge (calibration runs had shown that a 6 kw
input for % hr heated the charge to approximately
300°C). Next, the valve to the vacuum pump was
closed and pressure of the retorting unit was increased
to 30 to 40 torr with argon. Heating of the charge at
the 6 kw power level was continued at this higher
pressure, The progress of the distillation was followed
by observing the graphite condenser temperature. The
temperature initially increased as the distillation pro-
ceeded and then decreased after the bulk of the vola-
tile metal in the charge had been vaporized. This step
took 4 to 5 hr. At this stage, the power output from
the generator was inereased to about 7.5 kw in order
to distill off any volatile material remaining in the
beryllia erucible and to melt and consolidate the resid-
ual uranium product at a crucible temperature of
1250°C. The crueible was maintained at this tempera-
ture for 1 hr, after which the run was terminated.
(Calibration runs which had been made with a thermo-
couple located in the retorting erucible had indicated
that a erucible temperature of about 1250°C was at-
tained in less than 1 hr with a 7.5-kw power output
from the 10-ke generator.) The retorting unit was then
allowed to cool under a partial vacuum (40 to 5
torr) for Vo hr before increasing the pressure to one
atmosphere with argon. Following overnight cooling
to room temperature, the unit was disassembled the
next day, and the uranium product was recovered from
the beryllia retorting crucible.

The weight of uranium product recovered in each of
15 retorting runs is presented in Table I-16. A photo-
graph of a typical retorted uranium product which
consists of a small solid button (or ingot) and some

TABLE 1-16. Recovery oF Uraxivm Propver rrom REe-
TORTING OF ZiNc-MagNesivm-Uranivm  INGOTS  FROM
Uranivm Dissorvmion Step oF EBR-II SkviL Recrasma-
TION PROCESS DEMONSTRATION RUNns®

Skull Rec- Zn-12 w/o l“'lfﬁhll_ of Re-
lamation Mg-10 w/o U tor ranium | .
Process | Retorting  (nominal) Product ;inl(r_:;)m:m:’
Demon- | Run No. Retorting |—n— | “A/'.:,,g
stration Charge Button| Fines | {
Run No. | (®) (®) ® |
O SR E o awte ity PRy A4
SKR-12 | GBD-14 | 5,017 | 317 | 78 7.80
| GBD-15 2,260 132 | 5.8
| GBD-16 | 5,240 413 f 7.90
!
SKR-13 = GBD-2 5,700 52 | 19 | 985
GBD-3 5,577 560 | 24 | 10.50
SKR-14 | GBD-12 6,420 509¢ | 17¢ | 8.20¢
GBD-13 5,497 372 | 14¢ | 7.05¢
| |
SKR-15  GBD-4 6,462 675 | 16 10.70
GBD-5 6,461 654 | 22 | 10.50
SKR-16 | GBD-7 6,915 647 | 13 | 9.5
| GBDS 6,225 584 | 15 : 9.60
SKR-17  GBD-9 6,770 601 8.90
GBD-10 6,400 452 | 53 7.90
SKR-20  GBD-17 5,771 636 | 1100
GBD-18 5,681 601 | 10.60

* See section I A 2 a (1), this report.

b Analysis of typical distillates showed uranium carryover
to be insignificant. See section I A 2 a (1) of this report.

¢ These figures do not include a portion of the retorted
uranium product that leaked through cracks in the beryllia
retorting (or primary) erucible into the graphite secondary
(-rurihle‘

fine powder is shown in Figure 1-26. The button con-
sisted of uranium and residual fission products (for
analyses, see section I-A-2-a-(1), this report). X-ray
diffraction analyses of the powder showed it was pre-
dominantly beta-UHjy . This hydride was presumably
formed by the reaction of the uranium with residual
gases (from out-gassing) during the cool-down period
at the end of the run. With few exceptions, the solid
button comprised about 96 to 98 w/ /o of the total
retorted uranium produet recovered in each run.

In Table I-17 a composite material balance is given
for the zinc-magnesium volatilized in this series of
runs. Examination of the data in Table 1-17 indicates
that the retorting assembly was very effective in con-
taining the metal vapors. An average of 96.8 w/o of the
volatilized zinc-magnesium in the retorting charge was
contained in the graphite distillate collector designed
for this purpose. An average of only 0.8 w/o of the
zine-magnesium was unaccounted for. This amounted
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Fig. 1-26.
Demonstration Runs

*

TABLE 1-17. ComposiTe MATERIAL BALANCE FOR
Zine-MAGNESIUM VOLATILIZED IN 15 RETORTING
Runs»

Total weight of volatile metal from all run charges:® 78,499 g

Percent of

Total Volatile
Location® of Condensed Metal after Run Weight | Metal in
| (g) Charge
| (w/o)
In Graphite Collector 75,987 96.8
On Fiberfrax Insulators 1,648 2.1
On Graphite Secondary-Crucible Cap 79 0.1
On Graphite Condenser 157 0.2
Material unaccounted for 628 0.8
TOTAL 78,499 100.0

* Weights shown represent total weights for the 15 retorting
runs. The charge material for these runs was from seven skull
SKR-12, -13,
20, see section I A 2 a (1) of this report)

recl
14,

b

ation process demonstration runs (No
16, -17, and
Squivalent to the total charge

weight (86,465 g) less the
total weight of retorted product (7,966 g) for the 15 retorting
runs

ee Figure I

to a total weight of 628 g of Zn-Mg. The density of the
condensed Zn-Mg was 4.7 g/ce; hence, the volume of
material which had escaped from the internal assembly
of the retorting apparatus into the bell jar enclosure
was approximately 134 ce. This material generally con-

densed on the inner surfaces of the enclosure as a fine

* See section I-A-2-a-(1), this report

11
i

|lr"['If""""l'l"”'”””]”

Typical Uranium Product Remaining after Retorting Zine-Magnesium Ingots from EBR-IT Skull Reclamation Process
(Major portion of product is in the form of a button; remainder is in the form of a fine powder.)

pn\\'tivl' that could be t‘:|>i])' ans of a
No visible
closure as a result of this material condensing on its

surfaces has ocecurred.

removed by m

vacuum cleaner. deterioration of the en-

A second bell jar enclosure (similar to the one being
used for the present retorting apparatus) is being modi-
fied to accommodate a plant-scale retorting assembly.
Installation of this retorting apparatus unit in Build-
ing 310 has begun. This unit will have a capacity for
f Zn-12 w/o0 Mg-10 w/o U
from the uranium <li~>n]unnn step of the plant-scale
EBR-II skull reclamation process. In initial tests of

retorting a 50-kg charge o

the retorting apparatus which will be performed with
the enclosure in an air atmosphere, 40-kg charges of
Zn-14 w/0 Mg (no uranium) will be distilled. The
atmosphere in the enclosure will be argon at low (20
to 40 torr) pressure. After the performance of the unit
satisfactorily demonstrated, the unit will
in the Inert Atmosphere Enclosure now
under construction in Building 310.

has been

be relocated

(2) Performance of Beryllia Crucibles in Retort-
Experiments

Thus far, four different beryllia erucibles have been
in retorting experiments in which uranium was
recovered from charges having a nominal composition
of Zn-12 w/o Mg-10 w/o U. These 5%-in. 0D, 9-in.
high crucibles were produced by different fabricating
techniques and manufacturers. Three of the
were formed by thixotropie casting

used

crucibles

had hemi-
a wall thickness of

lht'_\'
spherical bottoms internally and
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about %8 in. Two of the thixotropically cast erucibles

were purchased from the Brush Beryllium Company
of Elmore, Ohio, and the third was purchased from the
Coors Porcelain Company of Golden, Colorado. The
fourth erucible was formed by isostatic pressing; it had
a conical bottom and a wall thickness of Y& in. This
crucible was received as a test sample from Coors.

The first thixotropically cast crucible (Brush) per-
formed satisfactorily for nine runs. Several ecracks
were visible in the crucible sidewall after seven runs
These eracks became more pronounced after each of
the two remaining runs. After the ninth run, the eruci-
ble broke in handling. The broken erucible is shown in
Figure 1-27.

Three retorting runs have been completed in the
second thixotropically cast crucible made by Brush.
Although some hairline eracks are visible on the exter-
nal surface of the crucible, it has performed satisfac-
torily in retorting runs made to date. Additional runs
are to be conducted in this crucible to determine its
useful life.

The third thixotropically cast crucible (Coors) was
deemed unfit for further use after four retorting runs
During the last three runs conducted with the erucible,
some of the molten charge leaked through visible
cracks located in the lower 2 to 3 in. of the crucible
sidewall. The severity of these eracks is illustrated in
Figure 1-28.

The isostatically pressed crucible (Coors) with a
conically shaped bottom failed after one retorting run
A 3-kg charge of Zn-14 w /o Mg (no uranium) was
used in this run; at the end of the run numerous cracks
were apparent in the crucible. The lower tip of the
conical bottom was easily broken away from the re-
mainder of the erucible (see Figure 1-29). Another

Coors isostatically pressed crucible (hemispherical bot-
tom and 3&-in. sidewalls) has been obtained for testing

(3) Hydriding of Uranium in Tungsten Crucibles

In view of the rather limited useful life of the
beryllia retorting crucibles tested to date, tungsten
crucibles are being considered as alternatives for use
in the retorting step of the EBR-II skull reclamation
process. Tungsten crucibles are more readily available

in the relatively large size (11 liters) required for

plant-scale operations, and are not only initially
stronger than beryllia erucibles but do not deteriorate
with use. However, tungsten erucibles eannot be sub-
stituted for beryllia erucibles without some modifica-
tion of the skull reclamation process, The need for
the modification is brought about by the fact that the
uranium product remaining in the crucible after the
zine and magnesium have been distilled off at 800 to
900°C adheres to the bottom of the crucible. More-
over, during consolidation of the uranium product by
liquation (1150 to 1250°C"), the tungsten crucible is
attacked by the molten uranium. A possible means for
overcoming these difficulties might be the hydriding of
the uranium product at 250 to 330°C after the distilla-
tion of zine and magnesium had been completed to
convert the retorted uranium product to a free-flowing
powder that could be transferred from the tungsten
crucible

To test this procedure, a number of hydriding ex-
periments have been carried out in a 4-in. OD by
6-in. high tungsten crucible installed in the 7 kg-scale
retorting apparatus. The first experiment was designed
to demonstrate that uranium alone could be satisfac-
torily hydrided. The charge of 200 g of natural uranium
and 100 g of depleted uranium-5 w /o fissium alloy was

Broken Thixotropically Cast Beryllia Crucible. (Failure of the erucible occurred after nine retorting runs in which

uranium was being recovered from zinc-magnesium-uranium ingots.)
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108-8011

Fia. 1-28. Severely Cracked Thixotropically Cast Beryllia Crucible. (The cracks resulted from four retorting runs in which
uranium was being recovered from zine-magnesium-uranium ingots.)

108-7598

Fra. I-29. Broken Isostatically Pressed Beryllia Crucible. (Failure of the erucible occurred after one retorting run in which the

charge was zinc-14 w/o magnesium; no uranium was present.)

heated to 1200°C under vacuum to consolidate the
metal. After the charge had cooled to 250°C, the
furnace was filled with hydrogen (1-atm pressure)
and the charge was maintained at 250 to 330°C for 2

hr. Spectrographic analyses of the poured material

showed traces of tungsten, showing that liquation of
the uranium alloy at 1200°C' had caused corrosion of
the tungsten crucible. The hydride was successfully
produced and dumped from the erucible. The h\'(ll'ill(‘;i
product was then charged to a beryllia l‘l‘ll(‘iill(‘ and
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liquated (1200°C) under full vacuum to produce a
clean-looking button of metallic uranium.

The second experiment was designed to demonstrate
hydriding of the product from the uranium-zine inter-
metallic decomposition step of the skull reclamation
process. The Zn-Mg-U alloy added to the tungsten
crucible weighed 2260 g; its composition was Zn-12
w/0 Mg-8 w/o U. To this charge was added 194 g of
natural uranium. The zine and magnesium were dis-
tilled off at temperatures to 950°C' and an argon pres-
sure of 30 to 39 torr. The uranium remaining in the
crucible was hydrided at 275 to 320°C and one-atm
hydrogen pressure for 2% hr. Once again, the uranium
product was completely hydrided and easily dumped.
As in the first experiment, the hydrided material was
then charged to a beryllia erucible and melted under
full vacuum; a clean, high-density button of metallic
uranium was produced.

Two experiments were performed to determine
whether the hydriding technique could be applied to
the removal of the material which remains in the
tungsten crucible after the intermetallie decomposition
step has been carried out and the zine-magnesium
supernatant (Zn-50 w/o Mg) removed from the eruci-
ble (see ANL-6800, p. 61, Fig. I-8). This procedure
would have the advantage of eliminating the uranium
cake dissolution step which is now used as a means
for transferring the product of the intermetallie de-
composition step from a tungsten to a beryllia erucible.
By eliminating the dissolution step, the solvent (Zn-12
w/0 Mg) required to carry out this step would also be
climinated. Thus the volume of material transferred to
the beryllia erucible would be decreased substantially
and the need for large beryllia crucibles would be
climinated.

In the first of these experiments, the charge was
prepared from 200 g uranium by first simulating the
zinc-uranium intermetallic formation and precipitation
step of the skull reclamation process, then decomposing
the intermetallic compound and subsequently precipi-
tating metallic uranium and decanting the Zn-50 w o
Mg solution. The 346 g product of these steps was
metallie uranium dispersed in zine-50 w0 magnesium.
This Zn-Mg-U material, in the tungsten crucible in
which it was prepared, was loaded into the retorting
apparatus for the hydriding experiment. The charge
was exposed to 1 atm hydrogen pressure for 4 hr at
280 to 320°C. The hydrided product (fine powder and
some larger metallic pieces) poured easily from the
crucible. Colorimetric uranium analysis of a sample
of the large metallie pieces showed the uranium content
to be 29.8 w/0. X-ray diffraction analysis of the fine
powder indicated the presence of beta-UHjs and the
possible presence of a Mg-Zn intermetallic compound

and alpha-UHz. No UO., UC, or alpha-U was de-
tected.

The hydrided product was transferred to a beryllia
crucible which was installed in the retorting apparatus.
This hydride charge was decomposed at 500 to 600°C
and one torr (hydrogen) or less. The charge was then
heated to 1200°C to melt and consolidate the uranium
product. The consolidated product weighed 128 g, 37
w/0 of the product of the uranium precipitation and
Zn-50 w0 Mg decanting step. This average concentra-
tion is greater than that (29.8 w /o) determined for a
sample of one of the large metallic pieces in the hy-
drided material, indicating that a high Zn-Mg alloy
concentration hinders the hydriding process.

In the second experiment a 516 g charge of Zn-Mg-U
was prepared from 202 g uranium by the method pre-
viously deseribed. The tungsten crucible containing
this charge was hydrided in the retorting apparatus
for 44 hr at a 1 atm hydrogen pressure and 270 to
305°C. After hydriding, only 215 g of material poured
from the crucible. The poured material was returned
to the tungsten crucible, and the hydriding step was
repeated. After the second hydriding step, 315 g of
material poured from the crucible. The material re-
maining in the crucible was concentrated at the bot-
tom and in that portion of the crucible from which the
Zn-Mg solution had been decanted after the uranium
precipitation step of the charge preparation. The mate-
rial in the crucible was of two forms: (1) a brittle
material covering the erucible bottom and (2) a con-
tinuous metal phase which covered the brittle material
and extended up the erucible sidewall. The continuous
metal phase was difficult to remove from the crucible.
The hittle material, exposed after removal of the
continuous metal phase, was easy to remove from the
crucible. The appearance and location of the continu-
ous metal phase indicated that it was zine-magnesium
remaining from the final step of the charge prepara-
tion.

The 503 g of material recovered from the hydriding
step was loaded into a beryllia erucible in the retorting
apparatus. The hydride was decomposed and the ura-
nium product was consolidated as in the previous
experiment. The consolidated product weighed 173 g,
34 w0 of the charge which had been hydrided.

These two experiments indicate that precipitated
uranium enveloped in zine-magnesium can be freed
from a tungsten crucible by hydriding the uranium to
disintegrate the metallic structure. The ease with which
the material may be freed from the crucible appears
to depend upon the distribution of the uranium in the
Zn-Mg and the thickness of the Zn-Mg coating. Addi-
tional information is necessary to determine whether
a hydriding procedure would permit eliminating the
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uranium cake dissolution step of the skull reclamation
flowsheet.
A limited number of additional hydriding experi-

ments are planned in order to evaluate the potential
application of a hydriding step to the skull reclamation
process.

C. FUEL CYCLE FACILITY OPERATIONS (C. E. STEVENSON,

D. C. Hampson, M. J.

The first pyrochemical process being tested in the
EBR-II Fuel Cycle Facility is melt refining. Installa-
tion of equipment for this process and for the refabri-
cation of fuel elements is substantially complete and
start-up operations with irradiated fuel have com-
menced.

Following tests and modifications to improve the
performance of the interbuilding fuel transfer coffin,
the dismantler, and the decanner, tracer studies were
carried out to determine the path followed by iodine
in the melt refining and oxidation furnaces. Extensive
process development work has been conducted on the
injection casting furnace, the pin processing and

FeELpmaN, D. M. PaiGge)*

welding machines, the bonder and bond tester, and the
final assembly machine. Several hundred fuel elements
have been remotely manufactured from unirradiated,
enriched uranium serap, and a number of EBR-II
subassemblies have been fabricated, using fuel pins
reclaimed from fuel material disassembled at Argonne
National Laboratory, Argonne, Illinois. Fuel elements
from the first discharged, irradiated EBR-II core
subassembly have been processed through the prepara-
tion of acceptable castings. The Argon Cell atmos-
phere control systems have been maintained in satis-
factory operation, and techniques have been developed
for remote work with the eranes and manipulators.

1. Operations and Investigations with Equipment for Recovery of Irradiated Fuel
(D. C. Hampson, R. M. FryERr, D. L. MITcHELL) *

a. INTERBUILDING FUEL TRANSFER COFFIN
AND TRANSFER GRAPPLE

An interbuilding coffin (see ANL-6934) provides
for the shielded transfer of a fuel subassembly con-
taining spent or reconstituted fuel between the EBR-11
Reactor Building and the Air Cell of the Fuel Cycle
Facility. In addition to providing cooling of the sub-
assembly during transfer by means of an integral
blower and heat exchanger, the coffin serves as a reae-
tion vessel for the removal of the thin film of sodium
that is retained on the external surfaces of the sub-
assembly after discharge from the EBR-II reactor.

Several modifications have recently been made on
the coffin:

1. One of the insert tubes, which supports and lo-
cates a subassembly in the coffin, has been short-
ened to provide for more clearance (3% in. total
clearance) between the top of a subassembly in
the coffin and the lower surface of the sliding top
shielding plug. All (three) insert tubes have been
modified so that the grapples for the assembly
machine and the dismantling machine (see ANL-

* Idaho Division.

6875, p. 62, Figure 1-27) can be used for subas-
sembly transfer in the Air Cell.
2. The sliding top shielding plug has been motorized
to provide for safer, easier operation of this plug.
3. A mercury dump tank has been installed on the
side of the coffin to provide an emergency cooling
system for removing fission product heat. In case
of failure of the argon circulation blower, the
mercury can be introduced into the coffin cavity.
The 0.71-cu ft capacity of the dump tank will pro-
vide enough mereury to submerge the subassembly
m the coffin. The mercury prevents a subassem-
bly meltdown by transferring the fission produet
heat from the subassembly to the coffin body.
Tests were conducted to determine a suitable method
of drying the coffin cavity to prepare it for return of a
refabricated subassembly to the reactor. The tests
showed that both vacuum and air drying methods are
adequate, although the air drying method is faster.
The dismantling machine transfer grapple has been
received, installed in the Air Cell and tested. This
grapple provides forced air cooling of a subassembly
during transfer between the interbuilding coffin and
the dismantling machine or the storage pits in the Air
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Cell floor. The cooling air is drawn through the sub-
assembly by means of dismantler cooling blowers. The
grapple is handled by means of the Air Cell crane.

b. SUBASSEMBLY DISMANTLER

The Fuel Element Removal Machine (FERM),
which was developed by the Remote Control Division
at Argonne, Illinois, is an attachment to the subassem-
bly dismantling machine and provides a semi-auto-
matic method for separating fuel elements from the
subassembly. At present, fuel elements are removed
individually from the cluster, using a master-slave
manipulator. The FERM was received, tested in the
mockup area, and then remotely installed on the dis-
mantler, where its operability was demonstrated. It
was then removed and transferred again to the mockup
area to allow technicians to be trained in its operation,
while out-of-cell wiring and controls were being in-
stalled.

¢. FUEL ELEMENT DECANNING

A considerable number of tool bit failures were
encountered during initial operation of the fuel element
decanning (and pin chopping) machine.* These fail-
ures were determined to be a result of improper heat
treatment of the tools by the supplier. (When another
group of these tool bits, which had been properly heat
treated, was tested at a later date, they performed
satisfactorily.) While the causes of these failures were
investigated, several new tool steels were tested. One
of these, a high-speed steel tool material containing
cobalt, was found not to be as brittle, and, thus, did
not chip as readily as the tool material now being used.

High-speed motion pictures (1000 frames sec) were
taken to investigate difficulties caused by the interac-
tion of the spiral decanner and fuel pin chopper. These
films showed that the action of the chopper does mo-
mentarily stop the forward motion of a fuel pin during
the decanning operation. This stoppage can cause ex-
cessive wear on the drive rolls and tool bits. This
phenomenon was not observed when the decanner
speed was reduced by one-half. Consequently, the
decanner was modified to operate at one-half its origi-
nal speed. The reduction in speed does not markedly
increase the operating time per subassembly.

d. IODINE TRACER EXPERIMENTS

A series of ™'T tracer experiments were conducted to
aid in determining the fate or disposition of iodine in
the melt refining equipment, skull oxidation equipment,

* Fuel elements are placed in the spiral decanner (and pin
chopper) (see ANL-6605, p. 59) where the stainless steel cans
are removed and the fuel pins are cut to proper length for use
in the melt refining furnace.

injection casting equipment, and associated off-gas
handling equipment.

The systems designed to handle the off-gas from the
melt refining furnaces and the skull oxidation furnace
are shown in Figure I-30. The in-cell filters (see ANL-
6687, p. 69) used in these systems consist of two see-
tions: (1) a 2-in. layer of activated carbon through
which the gas first passes, and (2) a high-efficiency
glass media filter section; both sections are contained
in a canister approximately 9 in. OD by 11 in. high.
The melt refining furnace off-gas first passes through
the in-cell filter and then through a vacuum pump
and an oil separator, which are located in the subeell,
to a shielded hold-up tank (500 cu ft) containing ap-
proximately 1000 Ib of activated carbon. When me-
teorological conditions are favorable, the gas in the
hold-up tank will be discharged through a heated
(430°F) bed of silver nitrate-coated packing (silver
nitrate tower), an exhaust pump, a bank of high-
efficiency filters for removal of submicron particles,
and then to the atmosphere through a 200-ft high
stack. The nominal flow of air through the stack is
70,000 cfm, whereas the discharge rate from the hold-
up tank ranges from 1 to 5 efm. The various instru-
ments used to monitor off-gas activity (' Xe, "1, and
other radioactive gases) are located immediately after
the exhaust pump and at the base of the stack.

The skull oxidation furnace off-gas system is some-
what different and is separate from the melt refining
furnace system. The oxidation furnace gases also pass
through an in-cell filter and then to a separate hold-up
tank (12 cu ft) in the subcell. When meteorological
conditions are favorable, the gas is discharged through
the lmqk of AEC filters and out the 200-ft high stack.
The gases from the oxidation furnace are not passed
through the off-gas system for the melt refining fur-
naces because of the possibility of any unused oxygen
reacting with the activated carbon in the large hold-up
tank. However, if the activity level in the oxidation
furnace off-gas is too high, provision is made to allow
the gas to be passed through the off-gas system for the
melt refining furnaces.

The injection casting furnace, which is used to cast
fuel pins from the ingot resulting from melt refining,
also has a separate off-gas system. The gas from the
bell jar first goes through an in-cell sintered stainless
steel filter, then to the bank of high-efficiency filters
and the 200-ft high stack, either directly from the
furnace, when the furnace is vented after casting, or
via a vacuum pump and ceramic pore filter, when the
furnace is evacuated during the melting operation or
purged prior to or at the completion of a run.

The first two **'I tracer experiments were performed
in the melt refining furnaces, where, in each case, one
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Fia. I-30. Melt Refining and Oxidation Furnace Off-Gas Systems.

curie of 1T (as palladium iodide which decomposes at
350°C) was volatilized. In the first test, which was
conducted in melt refining furnace A, the ™1 was
charged to a stainless steel beaker. The beaker was
then placed in a melt refining zirconia crucible and
this assembly was heated to 850°C and held for 45
min. No fume trap was used in this run. In the second
test, which was carried out in melt refining furnace B,
the T and 8270 g of unirradiated, depleted uranium-
fissium pins were charged to a melt refining crucible.
The crucible was heated to 1400°C, and held at this
temperature for 3 hr. The melt was then poured from
the crucible into a mold, leaving a skull of uranium-
fissium in the crucible. The erueible during this run

was covered with a fume trap which had been previ-
ously coated with sodium to simulate conditions in a
melt refining run using sodium-bonded fuel pins. Table

[-18 summarizes the disposition of the #!I after each
run. In the cases where a direct sampling technique
could not be used, the iodine activity was estimated
by using a Geiger-Mueller (GG-M) counter inside the
Argon Cell. The activity of an object was measured
by holding the G-M instrument at a distance of
greater than four times the object’s major dimension.
(Precautions were taken in order to eliminate as much
background error as possible.) The measured activity
was then assumed to emanate from a point source, and
the appropriate caleulations were made to determine
the total activity. This method was estimated to be
accurate within =10 to 15%. All other activity meas-
urements were made by counting samples in a multi-
channel gamma-ray spectrometer. All the values in
Table 1-18 are time-corrected for decay to the assay
date of the charged 11,
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The results show that most of the 1 liberated was
retained within the furnace and the in-cell filter,
whereas only a small fraction of the original charge
escaped to the off-gas system. In test 2, the two thief
samples of the furnace off-gas were taken at a point
in the subcell piping immediately following the 1-in.
vacuum line feedthrough. The first sample was taken
Yo hr after reaching a melt temperature of 1400°C,
whereas the second sample was taken 3 hr after reach-
ing the melt temperature. All of the gas removed from
the system was passed through a caustic scrubber and
a separate activated carbon filter prior to being
pumped to the holdup tank.

The crucible and skull from test 2 were charged to
the skull oxidation furnace. An estimate that the skull
contained approximately 22 me of "1 (see Table 1-18)
was based on an in-cell reading with the G-M tube
counter, Following the oxidation step, a sample of the
skull oxide was transferred out of the Argon Cell and
analyzed for ''I. The analysis, when corrected for
decay, showed that 27.9 mc of "1 was contained in
the total skull oxide collected in the oxidation run.
Analysis of samples of the oil from the skull oxidation
furnace vacuum pump, the gas from the oxidation
furnace holdup tank, and the solution used to scrub
all gas discharged from the holdup tank revealed no
detectable amounts of 1.

Two additional experiments were performed in melt
refining furnace B to determine if the residual radio-
active iodine could be displaced either by the addition
of inactive iodine or removed by sublimation with
heat. In the first test, in which no fume trap was used,
approximately one gram of inactive, erystalline iodine
was charged to a stainless steel beaker which was then
placed in a zirconia crucible. This assembly was heated
in the furnace to 850°C and held at this temperature
for 3 hr. The purpose of the second test was to deter-
mine if the ™1 could be sublimed by the application
of heat and was performed in conjunction with the
first enriched uranium run (EUF-1) made in furnace
B. In this run, in which a new fume trap was used, the
furnace was heated to 1400°C and held at this tem-
perature for %o hr. Oil samples from the vacuum pump
for furnace B were taken before and after each run.
The results of the analysis of these samples showed
that the oil had gained 0.607 ue of I during run
EUF-1 as compared with 0.332 uc gained in the in-
active iodine test. From these experiments, heating at
elevated temperatures appears to be the more effective
technique for displacing *1; however, buildup factors
and migration rates cannot be evaluated on so few
experiments. Iodine behavior will be followed in future
processing operations.

Following each of the iodine experiments in the

TABLE I1-18. DistriBuTiON OF I0oDINE-131 1IN COMPONENTS
oF MELT REFINING FURNACES AND OFF-Gas SysTEM

Test 1 (melt refining furnace A). One curie of I charged as
palladium iodide to a stainless steel beaker (placed inside a
melt refining zireonia crucible) and heated to 850°C for 35 hr.
No fume trap was used in this test.

Test 2 (melt refining furnace B). One curie of '*'1 as palladium
iodide charged with 8270 g of unirradiated, depleted uranium-
fissium pins to a melt refining zirconia erucible and then heated
to 1400°C and held at this liquation temperature for 3 hr. The
crucible was covered with a fume trap which had been previ-
ously coated with sodium to simulate conditions in a melt re-
fining run using sodium-bonded fuel pins.

Test 1 | Test 2

| |
Ttem I my | Percent | wy ‘ Percent
| Retained* |  of Retained* of
| (mc) | Charge (mc) Charge
T caRme | |
Fume Trap® | — f o = ‘ 800 | 80
Bell Jar® LT00 0 150 |15
Base Plate® 150 | 15 | 8 | 8
Crucible Plus Skull® i S | 2
Stainless Steel Beaker® 10 | 1 | — }. -
In-cell Filter® | 3.5 | 0.5 | 03 0.05
Ingote o — | o0.07 | o0.007
Ofi-gas Thief Sample 8 X 10-*% —_ 2X 10 —
No. 1ed ‘ !
Off-gas Thief Sample — — |86X107| —
No. 2¢.d ‘
Vacuum Pump Oil® 7% 10~ — 8X 10| —
Caustic Serubbercs | 8 X 10~ — | 585X 10 { —

Activated Carbon Fil- — — | 5x10|
tere-o [

» Corrected for decay.

b Activity estimated by in-cell monitor (Geiger-Mueller
tube) reading. All readings are accurate to 157,

¢ Activity measured on multichannel gamma-ray spee
(rum(-u-’.

4 Sampling point located at bottom of vacuum line feed-
through in the subcell (see Figure 1-30).

¢ Off-gas from system passed through scrubber and separate
activated carbon filter prior to discharge to delay tank. The
scrubber and carbon filter are not ordinarily part of the off-
gas system and were used in these tests for analytical purposes
only.

melt refining furnaces, samples of Argon Cell gas were
analyzed for ™1 content ascribable to iodine from
open melt refining furnaces (see below). A sample of
the cell gas was taken five days after the first iodine
experiment in furnace A. The 1 concentration
amounted to less than 1.5 X 10-7 pe/ml. Two cell-gas
samples were also taken on the sixth and ninth days
following the first experiment in furnace B. The *']
concentrations were approximately 1.1 X 10~% ue/ml
and 9.1 X 10~7 ue/ml, respectively. These values,
time corrected for decay, amount to approximately
0.1% of the iodine charge. These results would indicate
that '*'I is released very slowly from furnace compo-
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nents and fume trap at ambient in-cell temperature
(~90°F).

The melt refining furnaces were open (bell jar re-
moved) for most of the time after the iodine runs were
completed. Furnace A was open continuously after the
first iodine test ended. During the three-day span be-
tween the times the cell-gas samples were taken after
the second iodine experiment, melt refining furnace B
was open for two days and was used one day for the
first iodine displacement test.

The off-gas from the iodine runs was discharged to
the stack from the holdup tank. A sample stream from
the discharge of the tank was scrubbed with sodium
sulfite solution, and no detectable amounts of T
were found in the serubber solution.

The fuel pins resulting from an injection casting
run on the melt-refined ingot (sce Test 2, Table 1-18),
as well as the heel material from this injection casting
run, showed substantially the same concentrations of
iodine as the charge ingot. About 1% of the iodine
contained in the ingot was found in the oil of the
vacuum pump from the injection casting furnace. The
off-gas from the vacuum pump was not sampled.

One additional iodine experiment was performed in
order to test the holdup efficiency of the off-gas holdup
tank. One curie of elemental "1 was volatilized and
introduced into the off-gas line about 50 ft from the
inlet to the holdup tank; a flow of argon gas was pro-
vided to carry the iodine to the holdup tank, which
contained activated carbon.

During the volatilization step, a monitor was placed
on the pipe at the inlet to the off-gas holdup tank. The
activity reading increased from essentially zero to 120
mr/hr (almost instantaneously) when the flow of ar-
gon carrier gas was started. Subsequent caleulations,
based on the activity level readings taken at the
holdup tank, indicate that approximately one-fourth
of the original one curie of "1 which had been vola-
tilized reached the off-gas holdup tank.

During the three days following introduction of io-
dine into the system, the gas from the tank was
pumped out daily through the silver nitrate tower and
a sample of gas from the tank was taken during each
pumpout. The tank was filled with fresh argon prior
to the second and third pumpouts. The analytical re-
sults from the sample taken during the first pumpout,
corrected for decay, showed that the estimated total
1T activity in the gas pumped from the tank to the
silver nitrate tower was 0.14 pe. The iodine concen-
trations in the gas from the second and third pump-
outs were less than the limits of detection. Based on
the estimated amount of ™' reaching the holdup
tank (0.25 curie), the iodine removal efficiency for the
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activated charcoal in the tank was calculated to be
greater than 99.99%.

e. SKULL OXIDATION

A skull oxidation furnace (ANL-6900, pp. 116-123)
and a control system for oxidizing the skull material
that remains in the melt refining zirconia crucible after
the purified metal has been poured has been installed
and tested in the Argon Cell. Oxidation of the skull has
the following objectives:

(a) to provide a free-flowing powder, allowing re-
moval of the otherwise tightly adhering skull from
the erucible,

(b) to oxidize all of the skull material and thereby
eliminate problems of pyrophoricity during storage or
future handling,

(¢) to prevent nitridation of the skull by the nitro-
gen (up to 5% nitrogen) in the Argon Cell atmosphere,
which would yield a material more difficult to process
by the proposed skull reclamation process (ANL-
6818),

(d) to reduce the volume for storage of the skull by
removing it from the erucible.

The installation and shakedown of the equipment
(furnace, oxide dumper, control system) proceeded
without difficulty, and the equipment has been used
for the routine processing of skulls from the melt re-
fining runs. The skulls have come from the melt re-
fining of unirradiated, enriched fuel, *'T tracer runs
(see Todine Tracer Experiments earlier in this report
section), and irradiated fuel (see below).

f. INSPECTION AND PROCESSING OF IRRA-
DIATED FUEL

Three irradiated subassemblies were received from
the EBR-II reactor: an oscillator rod (OSR-1), an in-
ner blanket (A-718), and a core (C-115). These sub-
assemblies were removed from the reactor after the
core subassembly had attained about a 0.1 a/o burnup.
Sodium was removed from each of the subassemblies
while each was contained in the interbuilding coffin.
No problems were encountered in the sodium removal
step. The activity level of the removed sodium was low
since the reactor had been shut down for a week prior
to transfer of the subassemblies. (At the time of trans-
fer to the Air Cell, the blanket and core subassemblies
had been cooled for 9 and 10 days, respectively.) The
self-heating of the core subassembly, which was calcu-
lated to he 380 watts, masked the heat effect (chemi-
cal) of the sodium reaction steps. This indicated that
the design of the sodium cleanup system, which is
based on slow conversion of sodium to sodium hydrox-
ide, was adequate in this respect. After the sodium re-
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moval step, the oscillator rod subassembly was re-
turned to the reactor building, and the inner blanket
subassembly and the core subassembly were trans-
ferred to the Air Cell for dismantling operations.

Considerable difficulty was encountered in removing
the inner blanket subassembly (A-718) from the inter-
building coffin. This difficulty was later determined to
be a result of the upper pole piece being bent approxi-
mately % in. from the subassembly centerline. It is
not known where the bending took place. After re-
moval from the interbuilding coffin the inner blanket
subassembly was dismantled and five of the 19 rods
were inspected for swelling. No evidence of swelling
was noted. The 19 rods were then transferred to the
Argon Cell.

The core subassembly (C-115) was grappled and
removed from the coffin with no difficulty. Radiation
from the core subassembly when it was introduced into
the Air Cell was approximately 10° r/hr at 1 ft. The
core subassembly was then dismantled. All of the fuel
elements were checked and were found acceptable for
bow and tip condition.* Eleven fuel elements, repre-
senting a cross section of fuel elements through the
subassembly, were segregated for sampling and inspec-
tion and eight of these were transferred to the Argon
Cell for future dimensional checks. (The remaining
eighty elements were also transferred to the Argon
Cell.) Three of the segregated fuel elements [represent-
ing the shortest (Pin No. 78), average (Pin No. 22),
and maximum (Pin No. 46) radii from the center of
the core subassembly] were decanned, and Y4-in. long
samples were taken at approximately 1'% in. intervals
along the pins and submitted for analysis. Figure 1-31
represents the relative burnup (horizontal and verti-
cal patterns) of these three pins. These data are based
on the "La concentration in the samples which was
determined by multi-channel gamma analysis. Anal-
ysis of the pins also indicated that, at the reactor
operating temperatures (maximum cooling outlet tem-
perature of 443°C), about 0.2 of the fission product
cesium formed in the fuel was found in the bonding
sodium. Because of this migration of cesium to the
bonding sodium, cesium is not used for burnup deter-
minations of the EBR-II fuel.

The core fuel elements, inner blanket rods, and sub-

* If a fuel element is bowed too much, i.e., greater than 1-in.
bow over its entire length, it may jam or bend in the decanning
machine. The first step of decanning is to shear the spade end
tip (see ANL-7020, p. 4) from the element at the juncture of
the spade and the fuel. This shear position is gauged from the
spade end. If the tip is bent or shortened, the shear point
would then be into the fuel.
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Fig. 1-31. Axial and Radial Burnup Distribution for Core
Subassembly C-115. (Burnup data obtained by determining
WLa concentration in fuel pin segments.)

assembly hardware, which were surveyed for activity,
exhibited the following radiation levels:

Radiation Time (days)

Reading After
(r/hr at Reactor
A S T I 1ft)  Shutdown
Core Subassembly C-115
91 Fuel Elements 8.3 X 104 12
Upper lqunke( Elements 190 12
Lower Blanket Elements 215 12
Lower Fixture 0.450 12
15-in. long Sample—taken next to 40 16
spade end of pin No. 46
Blanket Subassembly A-718
Blanket Rods 3000 9
Hex Tube 50 9

After transfer to the Argon Cell, the eighty core fuel
elements were decanned, chopped, and charged to the
melt refining furnace for the first melt refining run
(MR-1) with irradiated uranium. The charge (8.6 kg)
to the furnace consisted of chopped pins (5.4 kg), in-
jection casting serap (2.9 kg) and re-enrichment ura-
nium (0.3 kg). The charge was liquated for 3 hr at
1400°C. The resulting ingot (Figure 1-32) weighed 7.95
kg for a yield of 92.7%. Two samples were obtained
from the ingot and transferred to the analytical caves
for analysis.

Analytical results of the fission product removal ob-
tained in the melt refining run are as follows:
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¢ i

€ t
Element Removal Element Removal

Cerium 99 Barium 99.9
Iodine 99 Cesium 99.99
Lanthanum 99.9 Zirconium 50

Except for the high zirconium removal, these results
are in good agreement with results previously obtained
in small-scale experiments (ANL-6696). Zirconium
removal will be followed in subsequent melt refining
processing of other spent irradiated core subassemblies
to determine if the same high removal continues to be
experienced. The retention of 1% of the initial iodine
content of the fuel in the ingot is substantially higher
than the 0.007% previously found in the ingot after
a palladium 1odide tracer run (see Test 2, Table 1-18
of this report). Analysis of the fume trap showed that
it contained 80% of the iodine charged, a value which
is consistent with the tracer iodine results.

The furnace was allowed to cool over a weekend
immediately following the run. Prior to opening the
furnace, the following temperature readings were ob-

tained:
Cell Ambient S
Mold Reference 18°(
Crucible (base reference) 0 C
Fume Trap (top reference) 97°C

The above-ambient temperatures of the mold, cru-

cible and fume trap are assumed to be due to the self-
heating effects of the fission products.

The melt refining crucible containing the skull from
un MR-1 was transferred to the oxidation furnace
(ANL-6900, pp. 116-120), and oxidation (Run SO-1)
of the irradiated skull was carried out. The skull
charge weight was 632 g and the oxide product weight
was 750 g, indicating complete conversion of the
uranium to U;Og. The crucible failed structurally
when 1t was dumped into the waste can (ANL-6800,
pp. 168-175).

Eleven grams of the skull oxide was removed from
the cell for various analyses, including an analysis for
zirconium, to determine the behavior of certain fissium
elements during melt refining and skull oxidation. The
zirconium analysis was made in an effort to determine
if an excessive amount of zirconium from the zirconia
melt refining crucible was being picked up by the
oxide product. These results show that approximately
3Ve ¢ of zirconia was added to the oxide as a result of
spalling or other action of the crucible. This quantity
of zirconia resulted in an increase in the zirconium

|

content of the skull oxide of approximately 49

o.

There was no indication of partitioning of molyb-
denum between the ingot and skull.

The ruthenium content of the skull oxide was about
20% lower than expected. This does not indicate a
partition of the ruthenium since there was no buildup
of ruthenium in the ingot. No ruthenium was found in

Ingot Produced from Melt Refining of Irradiated EBR-IT Fuel. (Ingot weight: 7.95 kg.)
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a sample from the melt refining furnace fume trap.
Some ruthenium may have volatilized as the tetroxide
during the skull oxidation; however, no ruthenium
was found in the off-gas stream during skull oxida-
tion.

The ingot resulting from Run MR-1 was injection
cast into fuel pins, as is described later in this section.
The amount of iodine retained by the cast metal in
this run differs markedly from that retained in the '*'1
tracer run described earlier in this report section. For
the tracer run, approximately 98% of the iodine was
retained in the cast metal and, within the limits of ex-
perimental determination, the iodine material balance
was complete. For the irradiated fuel run (Run 3001),
however, only 0.6% of the iodine was found in the cast
metal. Less than 0.01% was found in the vacuum
pump oil and less than 1079 was found in the vacuum
pump off-gas, which was serubbed with a sodium sul-
fite solution. The overall material balance accounts
for less than 1% of the iodine initially contained in
the ingot.

After completion of work in the Air Cell, the core
subassembly fuel elements, all radioactive serap and
blanket material were transferred from the Air Cell
to the Argon Cell. The Air Cell was then carefully
cleaned by vacuuming, after which it was entered and
surveyed for radioactive contamination. Little con-
tamination was found, other than a few stainless steel
chips on the dismantler.

The decanning and melt refining operations intro-
duced radioactive contamination into the Argon Cell
atmosphere. The major areas where localized activity
was detected were on the cooling coils of the Argon
Cell cooling system, in the oil and oil separator of the
melt refining vacuum pump, and in the holdup tank.
Remote monitoring heads from the gamma detectors
(Geiger-Mueller tube and Juno) which are located
in each of the subeells were positioned at the cooling
coils and at the vacuum pumps. These instruments
were not calibrated for the longer detector cords used,
but the readings did show relative changes in activity
levels. During the decanning operation, the readings
at the cooling coils increased by a factor of 10. When
the melt refining furnace was opened after the irradi-
ated fuel run, the cooling coil reading increased by an
additional factor of 15 to 20. During the melt refining
run, the activity level of the oil in the off-gas vacuum
pump gradually increased to a final radiation reading
of two to three times that before the run. When the
furnace was pumped down after the cooldown at the
conclusion of the melt refining run, the activity level
at the vacuum pump increased by about a factor of 30.

-1
511

Readings obtained with Geiger-Mueller tubes and
Juno (ionization chamber instruments) during and
after the melt refining run are as follows:

R_m&[ion Reading (mrﬂ)

After
Pumpdown
During Run _of Furnace
At outside of shielding on holdup 0.1 2
tank
At outside of ventilation housing ) | 35
on vacuum pump
Cooling coil-cell gas recircula- 2.5 554
tion system
Filter-cell gas recirculation sys- 1.3 7™
tem

Oil separator—melt refining vac- —
uum system

* Melt refining furnace open.

The activity level at the outside of the holdup tank
shielding deereased from 2 mr/hr to 1.4 mr /hr after
approximately 24 hr. Analysis of a gas sample from
the Argon Cell revealed the presence of 1, "“9La,
195Ru, and **Co. The *Co is believed to have origi-
nated from the stainless steel jackets removed from
the fuel elements during decanning.

The radiation level at the surface of a 10-ml oil
sample obtained from the vacuum pump for melt
refining furnace B was found to be 180 mr hr. A
radiochemical analysis of the oil showed that it had
picked up approximately 675 pe of I during the
run. However, the major activity detected was xenon,
both "Xe and '"Xe. A calculated value for '*'I in
the pump oil (based on the amount of "1 in the ir-
radiate® fuel charged to the furnace and the decon-
tamination factors obtained in the ™I tracer runs)
agreed within a factor of two with the quantitatively
determined amount of ™1 in the oil. These results
indicate that the decontamination factors obtained in
the tracer runs are reasonably valid for calculation of
iodine removal.

Analysis of a gas sample removed from the skull
oxidation holdup tank following skull oxidation run
SO-1 revealed no detectable amounts of 1. Based
on the activity level of the Argon Cell circulation filter
system, the amount of contamination of the cell at-
mosphere did not change when the oxide was dumped;
however, it did increase by a factor of 2 to 3 when
the crucible was dumped. A baffle has been installed
on the dumper (see ANL-6800, pp. 170-176 for a
description of this equipment) to attempt to reduce
the spread of activity when the crucible is dumped
into the waste can.


file:///rgon
file:///rgon
file:///-actium
file:///nalysis
file:///rgon
file:///nalysis
file:///rgon

76 I. Compact Pyrochemical Processes

g. BEARING MATERIALS TESTS (with Gi. A, Bex-
NETT*)

A program has been initiated to investigate the
effects of atmosphere (within the range of that antici-
pated for the Fuel Cyecle Facility Argon Cell) on the
life of bearing materials. In previous work on this
subject (ANL-5973), the low levels of oxygen en-
countered in the Argon Cell were not investigated and
the moisture content of the experimental environment
was not controlled as closely as can be done in the
gloveboxes utilized for this program. In addition to
extending the range of investigation on these two
variables (oxygen content and water content), it is
also intended to investigate the effect of nitrogen con-
tent on bearing wear. Also, new materials, recom-
mended or developed since the previous investigation,
will be evaluated.

The overall purpose of this investigation will be
threefold:

1. to determine impurity levels (0., N», H.O) in
the Argon Cell atmosphere that will be aceept-
able with regard to bearing wear.

2. to test new bearing materials.

3. to develop an understanding of the causes of
bearing wear in inert atmospheres.

The same equipment is being utilized for this ex-
periment as was used in the earlier work. A test con-
sists of contacting a test material against a rotating
polished steel cylinder in a glovebox containing the
desired test atmosphere.

Initial runs were made which repeated the tests of
Carson and Morris (ANL-5973) in order to obtain
base line confirmatory data.

Wear rate tests of selected graphitic-base materials
were carried out in argon atmospheres containing
oxygen, water vapor (35 ppm) and nitrogen (~1%).
Preliminary results indicate that lowering the oxygen

* Chemical Engineering Division.

content to 10 ppm greatly increases the wear rate as
compared with similar tests conducted at oxygen con-
tents of 50 to 1000 ppm.

The investigation of materials was extended to very
low concentrations of oxygen and water (3 ppm and
1 ppm, respectively) in argon. These conditions re-
sulted in the greatest wear on bearing materials yet
experienced. Whether this is an effect of low oxygen
content, of low water content, or of both has not yet
been ascertained.

The limited amount of available data indicates the
following:

(a) Carbon graphites are better base materials
than fully graphitized materials, However, unim-
pregnated materials wear rapidly under the test con-
ditions regardless of whether they are primarily car-
bon or fully graphitized.

(b) The addition of silver, molybdenum disilicide,
resins, or molten saltst as impregnants to the gra-
phitic-base materials is an effective means of reduc-
ing bearing wear.

(¢) Cadium, copper, and Babbitt metal are ineffec-
tive impregnants under the test conditions.

Future experiments will be carried out for these
purposes:

(a) to differentiate quantitatively between various
impregnated earbon-base bearing materials,

(b) to compare metallic bearing materials with the
carbon-base materials,

(¢) to ascertain whether low concentrations of oxy-
gen, low concentrations of water, or both are the pri-
mary reasons for the high wear encountered in a very
high-purity argon atmosphere, and

(d) to ascertain the effect of radiation on the
wearability of selected bearing materials.

1 The composition of these salts was not revealed by the
bearing manufacturer. This is considered proprietary informa-
tion.

2. Operations with Equipment for Fuel Fabrication (M. J. FELDMAN,
J. P. Bacca, V. G. EscrEN, D. E. MAHAGIN) T

a. INJECTION CASTING

The basic method of this process is injection or
pressure casting of molten fuel into precision-hore
Vycori] (silica) tubes or molds to produce fuel-pin
castings of finished diameter but of excess length. In
this casting operation, the fuel is melted in a crucible

1 Idaho Division.

11 Vyeoris the trade name for high-silica glass manufactured
by Corning Glass Company.

inside a closed furnace (see Figure 1-33). Above the
crucible, the Vycor molds are suspended vertically in
a pallet. The tube molds are open at their lower ends
and closed at their upper ends. When the melt is at
the casting temperature (about 1300 to 1400°C), the
furnace is evacuated, and then the crucible is raised
until the molten fuel covers the lower ends of the
molds, The furnace is then pressurized to about 25
psia, which forces the molten fuel up into the molds
where it solidifies to form the castings. The erucible is
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:

103-F5374
Fic. 1-34. Disposable Pallet and its Transfer Cart.

A. Center Tube (permanent)

B. Disposable Pallet Section

C. Center Tube Lock (permanent)
D. Special Transfer Cart

E. Pallet in Special Transfer Cart

lowered before the residual fuel or heel in the erucible
freezes to the ends of the molds.

(1) Equipment Status

The basic injection casting equipment was installed
and placed in operation. It is operating as described
in a report (ANL-6605) and a journal article.'® Mod-
ifications have been made in the loading and casting
operations and equipment. These have included the
addition of an immersion thermocouple, the use of a
disposable pallet for the molds, and the use of helium

(replacing argon) as the pressurizing-quenching gas.

Initially, the casting cyele was controlled on a
timed basis, with a thermocouple housed below the
crucible as an indicator of the casting sequence. Since
some variation in the heating and cooling cycles of
the casting sequence is expected with variation in
burnup, charge

size, and charge composition, it was
felt that a direct thermocouple indication of the melt
temperature is necessary. To this end, a thermo-
couple in a tantalum protection tube has been in-
serted in the center tube of the mold pallet. Operating
experience to date has verified the value of this ap-

13 Jelinek, H. F. and G. M. Iverson, Equipment for Remote
ing of EBR-II Fuel, Nucl. Sei. Engr. 12 (3),

Injection C
105-411 (1962).

proach and has also shown that some improvement
is needed in the method of mechanical attachment of
the thermocouple, The tantalum protection tube has a
limited life in the molten uranium-fissium alloy, and
investigation of the use of a tungsten tube or a ce-
ramic-coated tube is planned. Beryllia tubes have
been used successfully, but their brittleness makes
them undesirable for remote handling.

In an attempt to control more closely the solidifica-
tion and quenching portions of the casting cycle, two
experimental runs (Run 0.29 described below and Run
3001 with irradiated fuel deseribed earlier in this re-
port section) have been made using helium as the
pr
purpose of the helium gas experiments was to im-
prove control of the castings’ cooling rate (and
thereby control the ratio of phases present), the ex-
periments indicated that improved control of the
pressurization rate was also possible.

surizing and quenching gas. Although the initial

Results from the two helium casting runs indicate
that more of the high-temperature gamma phase is
retained (thereby increasing the efficiency of the
shearing operation) than when argon was used as the
pressurizing-quenching gas and that the average
length of the castings is longer (thus increasing the
probability of obtaining a usable casting length). In
the second of the two runs (Run 3001), there was evi-
dence that the pressurization rate was too high. This
i raging development, since the argon pres-
le, of nee

ssity, had been operated with
the control valves fully open up to this time. The use
of helium thus provides the opportunity for investi-
gation of an optimum pr

ssurization rate.
The disposable pallet (see Figure 1-34) consists of
two match-drilled steel plates and three sp:

3 r()'l.‘.
The rods are used to maintain the proper distance and
orientation between the plates. The pallet is loaded

with coated molds in the Thoria Laboratory and is
transferred via the Air Cell to the Argon Cell through
the small lock (by means of a special cart) to the
work table inside the Argon Cell at window 9. At this
location, it is combined with the center tube and lift-
ing bar assembly to allow insertion of the loaded pal-
let in the furnace. The remote assembly operation
requires approximately ten minutes. To date, the pal-
let has been used for ten runs, and no difficulties have
been encountered.

(2) Remote Injection Casting Experience

A series of eight ting runs with unirradiated,
enriched fuel material was carried out remotely in the
Argon Cell. The results of these injection casting runs
are shown in Table 1-19. Experience in the fabrica-
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tion of Core I of the EBR-II reactor indicates that a
casting batch efficiency of 80% (good castings x
100/total molds cast) is the maximum to be expected.

b. PIN PROCESSING

The purpose of the pin-processing operations is to
produce finished fuel pins ready for the cladding op-
cration. In the transition from raw castings to finished
pins, the metal is removed from its mold, sheared to
length, inspected for length, diameter, weight, and
porosity and stacked in an assembly-loading maga-
zine (see Figure 1-35). The byproducts of the process
are waste molds and chopped fuel. The chopped fuel
comes from both reject castings and the shearing opera-
tion.

(1) Equipment Status

The original concept of the pin processing opera-
tion as described in a report (ANL-6605) and a jour-
nal article' has been modified and somewhat simpli-
fied by the introduction of a sealed master-slave
manipulator (Model A) for use with one of the pin
processing stations (at window 5 of the Argon Cell).

During the initial checkout of the pin processing
machine, each of the operating modules (shearing,
weight measurement, length measurement, ete.) was
operated successfully, but transport between opera-
tions as designed could not be successfully accom-
plished. In particular, the two feed trays, which were
designed to transport pregnant molds into the de-
molder and to transport demolded pins to the shear,
did not operate consistently.

To overcome these feeding difficulties, the demolder
module of the pin processor was removed and mounted
separately. Since this module was separated, feeding
of both the demolder module and the shear module has
been accomplished by means of the manipulator. Design
concepts were investigated for refinement of the two
automatic feed operations. Although it is believed that
these operations can be improved to a point where
remote automatic operation is possible, no immediate
additional effort is contemplated.

(2) Pin Processing Machine Calibration

Both the accuracy and precision of the measure-
ments made by means of the pin processor are highly
important. These were analyzed by two sets of com-
parative measurements.

In the first series of determinations, the precision
was investigated by measuring two fuel pin standards

M Carson, Jr., N. J. and S. B. Brak, Equipment for the Re-

mote Demolding, Sizing, and Inspection of EBR-II Cast Fuel
Pins, Nucl. Sci. Engr. 12, 412418 (1962).

TABLE 1-19. Svmmary oF Insection CastiNG Runs
wiTH UNIRRADIATED, ENRIcHED URANIUM
FueEL MATERIAL
Equipment remotely operated

| Cast ! Number of | Number

e | Charge | Metal Number of Castings 15/of Accept-
Rt No| (kg) Produced | Castings in.or | able

. (kg) | | Longer I Castings*
021 | 10.1 8.1 100 9% | 8
0.22 ‘ 11.6 8.4 110 s | 62
0.23 11.2 8.2 110 e
024 | 95 | 6.5 80 67 | 5
0.25 | 10.2 7.2 9% 71 | 48
0.26 | 81> | 4.9 /S RO R
028 | 85 | 56 76 70 50

0.29¢ ‘ 7.9 4

4 56 4 | &

* The acceptable casting data are from the pin processing
operation. These castings are within tolerance for diameter,
weight, length, and porosity.

b The charge for injection casting run 0.26 had a high scrap
and dross content.

¢ First run in which helium was used as the pressurizing-
quenching gas.

for a total of 25 times each. These two standards had
been carefully calibrated in the laboratory to at least
one significant figure more than was determined with
the pin processing machine. The results of these deter-
minations are shown in Table 1-20. The results indi-
cate that the precision of the measurements is ade-
quate for the determination of acceptability of the
fuel.

A second series of comparisons was made, whose
purpose was to determine the relative accuracy of the
pin progessor measuring devices. A pin-by-pin and
batch comparison of data from six pin processing
machine runs (Batches 21, 23-26, and 28-29) with
duplicate laboratory measurements has been made in
order to determine the batch and individual precision
of the data. The mean and the standard deviation
for each batch were determined and are compared in
Table I1-21. In addition, the correlation coefficient,
r,* was determined for each batch.

From the data presented in Table 1-21, the follow-
ing conclusions can be drawn:

Length measurements. Comparison of the means
and the standard deviations for the laboratory and
pin processing machine measurements indicates that
in general the same population is being described. The
r values indicate that with 95% assurance a correla-

LY w-—9

*r=w———-—~ . from G. W.Snedecor, Statis-
-G tical Methods, Towa State
College Press, Ames, lowa.
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tion exists between the laboratory and pin processing
machine values. With one exception (batch 21 for
which r is 0.323), there is a 99.9% indication of cor-
relation.

Weight measurements. As in the length measure-
ments, comparison of the means and the standard
deviations for the weight measurements performed in
the laboratory and in the Argon Cell indicates that
the two sets of measurements describe the same popu-
lation. The correlation coefficients for these sets of
measurements are higher than those for the other
three parameters. The correlation coefficient, r, is de-
signed so that a value of 1 indicates perfect correla-
tion whereas zero indicates random variation.

Volume. This dimension is not per se a eriterion for
acceptance or rejection of fuel pins, but it plays an
important part in the control of sodium level in the
fuel element. Comparison of means and standard
deviations indicates that the same populations are be-
ing measured. The key to successful sodium level con-
trol is indicated by the relatively narrow spread of
the values encountered.

Density. The spread in values for the density meas-
urements was not expected to indicate good correla-
tion of duplicate populations since the method utilized
by the pin processing machine is subject to three
separate measurement errors, This parameter is not
a criterion for pin acceptance but may have statistical
value in radiation damage studies where a large num-
ber of pins have been examined.

(3) Data Handling System

An addition to the data display system which has
been deseribed in the literature™ is an IBM card
system. As the data are displayed for an accept-

TABLE 1-20. Precision oF PIN PROCESSING
MacHINE MEASUREMENTS

Mean Value,| Std. Dev.,

Fuel Pin |Mean Value,

Parameter | Pin Proc. | Pin Proc.
ey Sample No.| Laboratory | yfachines | Machines
Weight (g) 4 (8.7689 68.765 0.010
15 690009 68.944 0.014
Length (in.) 4 14.209 14.200 | 0.007
15 14.205 14.201 | 0.005
Volume (cc) 4 3.8334 3.835 ; 0.010
15 3.8554 3.843 0.009
Density (g/cc) 4 17.939 18.04 0.055
15 17.897 18.05 0.045

» Based on 25 measurements.

TABLE 1-21. CompaRrisON OF LABORATORY AND PIN
Processor DATA ForR Batcues 21, 23, 24, 25,

26, 28, aND 29
: | Mean | 1637 | . | U | Correla-
| No.of | Value, . . De: o tion
Batch | Pins | Labor- P::g;?‘ Labo- h:;::‘:ci Coeffi-
‘ atory |Machine| ™7 |Machine | i
Weight (g)
. —
21 85 | 68.27 | 68.27 0.247 | 0.245 | 0.734

23 67 | 68.18 | 68.25 | 0.248 | 0.192 | 0.876
24 68.20 | 68.26  0.359 | 0.326 | 0.971
25-26 57 |68.25 | 68.24 | 0.216 | 0.215 | 0.982
28 | 50 | 68.29 |68.17 | 0.238 | 0.185 | 0.361
29 5 |67.70 |67.73 | 0.166 | 0.163 | 0.974

Length (in.)
21 8 | 14.205 14206 0.021 | 0.020 0.323
| 14.216  14.212 | 0.006 | 0.005 @ 0.865
| 14.217  14.214 | 0.015 | 0.004 | 0.369
25-26 57 | 14.228 | 14.226 | 0.014 | 0.014 | 0.993

28 | & ‘ 14.238 | 14.231 | 0.006 ‘ 0.007 | 0.900
2 | 50 |14.238 14.232 | 0.003 | 0.004 | 0.589
Volume (ce)
21 8 | 3.805| 3.7% | 0.014 | 0.017 | 0.442
23 {2 0F 3.800 3.806  0.010 | 0.027 [ 0.292
24 51 | 3.811 | 3.811| 0.014 | 0.012 | 0.749
25-26 1 57 3.811 | 3.810 | 0.011 | 0.018 | 0.527
28 50 | 3.823  3.825 | 0.012 | 0.013 | 0.745
29 5 | 3.811| 3.812| 0.009 | 0.021 | 0.718
° Density (g/ce)
21 8 | 17.4 | 17.93 0.067 | 0.087 | 0.459
23 67 |17.91 17.90 0.119 | 0.056 | 0.200
24 51 ‘ 17.89 | 17.92 0.086 | 0.097 | 0.829
25-26 ‘ 57 17.91 | 17.88 0.035 @ 0.047 @ 0.285
28 50 |17.85 |17.76 0.018  0.041 | 0.259
2 | 5 |17.76 |17.70 0.025  0.070  0.239

reject decision by the operator, the data are also re-
corded on a standard IBM card.

If the fuel pin being processed is accepted, the card
that is generated follows that length of fuel through
all of the succeeding fabrication steps. When the fuel
pin, after being clad, is used in the manufacture of a
subassembly, its position in that subassembly is noted
on the IBM card and the card filed. Upon return of
the subassembly from the reactor to the Fuel Cycle
Facility, the individual clad fuel pin can be position-
identified, and any parameters of interest can be com-
pared with preirradiation data.
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(4) Remote Pin Processing Experience

The products of the eight injection casting runs de-
seribed in Table 1-19 were processed with the pin
processing machine. Table 1-22 shows the pertinent
results of these operations. In general, these aceept-
ance rates are higher than those expected for the
initial stages of remote operation.

In order to have data for future comparison, a time
study was conducted of one of the pin processing runs
(0.24). The results are shown below:

Step Time (min)
1. Demolding 70
2. Calibration of Physical Measurements 70
3. Processing* (72 castings) 195
4, Data Card Handling 45
5. Serap Handling 30
Total Operating Time 410
6. Machine Downtime (repair) 120
Total Time for 72 Castings 530

* Processing refers to shearing and measuring the fuel pin.
(5) Reclamation of Fuel Alloy Scrap

In the demolding operation, varying amounts of
metal (fuel alloy) serap are collected along with the
crushed glass mold material. Initially, a study was
undertaken to ascertain the amount of serap metal
present in the broken glass for Runs 0.21 to 0.29.
Table 1-23 shows the result of this study.

On the basis of the information in Table I-23, a
scrap reclamation step is believed to be necessary.

Since the metal serap in the broken glass is a mixture
of short pin castings and metal adhering to the out-
side of the mold, the general approach chosen was to
grind the mixture in a ball mill and then to sereen it.
In the initial attempts to grind and sereen the mixture,

TABLE 1-22. Pix ProcessinG Runs with ENRICHED
Reacror Fren

l&r:::‘i? Number Rejected

(,‘aslinvg - Pins |- -
S Num- |Weight S [ h.},"’n ‘l)ium-‘l’orns»
ber (kg) ¢ A Length| eter | ity

- ings* '
0.21 | 100 ‘ Sl 86 1| 18 | — ‘ —
0.22 99 8.4 | 62 ‘ 15 | 2 | — | —
0.23 9% | 8.2 71 10 15 | —
0.24 72 | 6.5 52 5 13 R
025 | 95 | 7.2 18 2 | 23 ‘ e ‘ i
0.26 76| 4.9 | 9 “ 62 4 —~ -
0.28 76 | 5.6 ' B 20 | —| =
0.29 | 5 | 4.4 50 | —

2 ‘ g e

| \

» Castings less than 15 in. in length will not shear correctly

and are termed short castings. Castings over 15 in. in length

do not always shear to z¢ within the specification of 14.21 +
0.030 in. and are rejected then as length rejects,

TABLE 1-23. Arroy MeraL PreEseNt wiTH GLASS
Scrar FROM THE DEMOLDER OPERATION IN
PIN PROCESSING

i Estimated Weight of
| Injection Cast Metal | Uranium-bearing
Batch No. Produced Metal in Scrap
(kg) Mixture®
0.21 8.1 450
0.22 8.4 86
0.23 8.2 506
0.24 6.5 649
0.25 7.2 261
0.26 4.9 779
0.28 5.6 285
0.29 4.4 28

|

« Weight estimated by weight difference between injection
cast metal produced and pin processing product.

TABLE 1-24. Scrap MeTAL RECOVERY FROM CRUSHED AND
BarL-MiLLep Girass MoLps

Estimated | |
\l\;'eigl‘n of RMetal ; |
ranium- ecovere :
Batch No. bearing with Air- “%ﬁ:’els:," Recovery
Metal in Type | ® (%)
Scrap Separator
Mixture* ()
(g) | ‘
0.21 450 ‘ 448 ’ 9 98.0
0.22 86 57 | 1 98.3
0.23 506 354 | 9 97.5
0.26 779 593 { 4 99.3

» Weight estimated by weight difference between injection
casting product (see Table 1-23) and pin processing produet.
b By chemical analysis.

it was obvious that the fine silica dust produced
by ball milling would be a problem in in-cell handling.
In current work, the product of the ball mill has been
processed through an air-type separator. The results
of four runs for the recovery of metal scrap are shown
in Table 1-24. Chemical analysis of the reclaimed
metal to determine the amount of silica carry-over
is underway.

¢. FUEL ELEMENT ASSEMBLY AND WELDING

In the assembly and welding operations the ac-
cepted fuel is placed in the sodium-loaded stainless
steel jacket. The partial assembly is then heated to
liquify the sodium, and a restrainer is added and
welded in place.

(1) Equipment Status

The fuel element assembly operation is a simple
one and is carried out by means of a master-slave
manipulator. The addition of the restrainer-cap to
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the fuel element, which was at one time a mechanized
operation’® is now also done by means of the master-
slave manipulator.

(2) Argon Shroud Gas for Fuel Element Weld-
ing

A shroud gas is used during welding of the end caps
on fuel element cans, The shroud gas was changed
from helium to argon when preliminary results by the
Chemical Engineering Division indicated that helium
contamination of the argon atmosphere was a poten-
tial source of difficulty with electrical systems in the
Argon Cell. The change to argon required an increase
in the power to the welder. This was accomplished
by the addition of two 17,000 pf, 150-volt electrolytic
capacitors to the ten already in the circuit (ANL-
6605), making a total of twelve,

Welds made at the increased power and with argon
shroud gas have been acceptable as leak-tested. There
has been a minor problem of a slumping or off-center
weld bead, which is discussed below in the section on
leak detection.

(3) Sodium Level Control

In the fuel element assembly operation, the amount
of sodium needed to produce the required sodium
level (0.65 = 0.05 in. above a fuel pin in its cladding
can) is determined from the volumes of the cladding
can and the fuel pin. Data on the control of sodium
level are discussed below in the seetion on bonding and
bond testing.

d. LEAK DETECTION

(1) Equipment Status

The leak detection stations are operating basically
as deseribed in a report (ANL-6605) and a journal
article.'® The leak detection method involves sealing
the top one-half inch of a fuel element in a test cham-
ber of known volume. This top one-half inch contains
the weld, the fuel cans having been leak tested before
they were placed in the cell. A metered amount of gas
(helium) is forced into the known volume, and the re-
sulting pressure is recorded. If the weld is tight, the
metered volume of gas in the calibrated cavity pro-
duces a known pressure which remains constant. If
the element has a defective weld, the pressure drops
below the original value to one corresponding to the

15 Cameron, T. C. and N. F. Hessler, Assembling, Sodium
Bonding, and Bond Testing of EBR-IT Fuel Rods, Nuel. Sei.
Engr. 12, 424-431 (1962).

16 Grunwald, A. P., Leak Testing of EBR-IT Fuel Rods,
Nuel. Sci. Engr. 13, 419423 (1962).

sum of the volumes of the cavity and the gas void in
the element.

(2) Operating Experience

A total of 400 fuel elements which utilized accept-
able fuel pins from previously deseribed runs 0.21 to
0.29 were remotely welded and leak detected. Of the
400 welded elements, 28 were rejected for leaks.

As previously mentioned in the section on welding,
the off-center welds on the end caps constituted a
minor problem. The head (top hat) of the leak de-
tector restricts the overall size of the weld diameter
to 0.180 in. (the tubing diameter is 0.176 in.). Thus,
an off-center or slumped weld would not, in all cases,
enter the leak detectors. To correct these potentially
rejectable elements, a small pneumatically operated
swaging station was added to the leak detector sta-
tion. The swage is capable of correcting welds that
are less than 10 mils over tolerance (to the time of
writing, all of the off-center welds have been less than
10 mils over tolerance).

e. BONDING AND BOND TESTING

The purpose of bonding and bond-testing operations
is to insure the quality and quantity of the sodium
heat transfer envelope. The bonding operation is a high
temperature (500°C) vibrating impaction step which
removes voids in the sodium. The testing operation
utilizes an eddy current detection system which meas-
ures the integrity of the bond and the sodium level.

(1) Equipment Status

Initial ®xperience with solenoid-powered, cyelie, im-
pact bonders indicated that inadequate energy for
successful sodium bonding was being imparted to the
fuel elements. Attempts to increase the impact energy
were not successful. The basie bonding machine'® was
modified by replacing the electrically energized sys-
tem with a pneumatically actuated system. This
change provided adequate energy to achieve success-
ful bonding.

A study was made of the effect on bonding efficiency
of the major parameters, impact energy and number
of impacts. The impact energy (measured as ampli-
tude of element rise) was varied between % and 14
in. The number of impacts was varied from 100 to
1000. (Earlier work by the Reactor Engineering Di-
vision, ANL-6724, had fixed the optimum bonding
temperature at 500°C.) As a result of this work, an
amplitude of 1% in. and a total of 1000 impacts were
chosen as the operating parameters for the sodium
bonding operation.
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(2) Effectiveness of Eddy Current Devices for De-
tecting Sodium Level and Defects in Sodium
Bonding

Interpretation of the eddy-current signals of the
bond tester for the determination of sodium level and
sodium bonding efficiency was an integral part of the
startup of the bonding operation. Sodium levels de-
termined by X-radiography (X-ray) of fuel elements
were correlated with levels determined with the bond
testing machine. These correlations showed interpre-
tation of the eddy-current trace to be accurate to
“+0.030 in.

Voids or bubbles (a bubble is a large void above
the fuel pin and below the restrainer) in fuel elements
indicated by eddy-current traces were correlated with
the voids or bubbles found by stripping the cladding
from the same fuel elements and observing the clad-
ding-sodium interfaces. Approximately 100 eclements
were stripped. In all cases, a void was observed at the
point indicated by the eddy-current trace; conversely,
close inspection of the interface revealed no voids
(14 ¢-in. dia. or larger) that had not been detected by
the test coil.

(3) Operating Experience

Table 1-25 summarizes the bonding and bond test-
ing effort on the enriched material (36 kg) which was
remotely processed in the Argon Cell. Experience in
fabrication of Core I indicated approximately 10%
rejections for defects and 15% rejection for level.
These runs (omitting 0.22) indicate 1%% rejection
for level and 13% rejection for defects.

In other work, a group of 2500 fuel elements from
the initial manufacture of core subassemblies for the
EBR-II reactor were transferred to the Fuel Cyecle

TABLE 1-25. StmMarY OF Sopivm-Bonp TESTING FOR

1. Compacl Pyrochemical Processes

Facility. A large portion of these fuel elements had
been made into special backup subassemblies for dry
and wet critical tests in the EBR-II reactor. These
backup subassemblies had subsequently been dis-
mantled to free the fuel elements for reactor use. A
sampling of these fuel elements indicated that the
subassembly and the dismantling operations had al-
tered the sodium bond to an extent that rebonding
and bond testing were necessary before these fuel
clements could be used for reactor subassemblies.
Table 1-26 summarizes the results of this reclamation
work.

(4) Control of Sodium Level

It is apparent from Table 1-25 that, with the ex-
ception of one run (0.22), little difficulty in obtaining
an acceptable sodium level has been encountered.
Statistical analysis of the data from each of the runs
has indicated the quality of the operational control.
As an example, the results for Run 0.23 indicated a
mean sodium level of 0.72 in. and a standard devia-
tion of 0.085. From the data, the predicted acceptance
level was 81%. The actual acceptance level was 90%
For batch 0.24, the mean sodium level was 0.651 in.
and the standard deviation was 0.068. The predicted
acceptance level was 979% and the actual acceptance
level was 97.5%.

f. FINAL ASSEMBLY AND TESTING

The function of the final assembly and testing op-
erations is to combine completed fuel elements into
a core subassembly that is acceptable for insertion
into the reactor. The feed material consists of ac-
cepted elements from the bond and sodium-level in-
spection station, as well as the externally produced

Fuer ELemeNTs MaNUvFacTURED IN THE EBR-II FueL

CycLe Faciuimry

Initial Bonding Rebonding Total
Batch No. Reject Reject
Accept S |7 KocepE s —_— Accept Reject
i Level i Void Bubble Level Void ‘ Bubble

0.21 55 0 6 6 6 0 0 ‘ 4 61 )

0.22 11 37 3 | 0 -_ —_ —— | — 11 40

0.22A% 26 g ) 8 i T T 1 | 2 30 7

0.23 50 1 11 1 8 | 3 0 2 58 5

0.24 36 1 0 ‘ 12 4 | 1 0o 8 10 9
0.25-0.26 38 0 7 7 5 0 v | 2 43 9

0.28 31 0 10 2 3 0 ¥ i | 2 34 9
Recycle I¢ 12 | 0 12 | 0 5 0 6 | 1 17 X

0.29 Data Incomplete

* Includes 3 damaged fuel elements,
b Level rejects from Batch 0.22 were stripped of cladding and
¢ Rejects from Batches 0.21 to 0.24.

recanned.
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TABLE 1-26. RecLAMATION 0F NONIRRADIATED
FuerL ELeMENTs FrROM EBR-II SUBASSEMBLIES

Subassemblies from initial core manufacture.

T Number ¢
Number of | yumber of

Group No. Flkinets Reclamation| Accepted Rejected
Cycles*
350 91 2 84 v
351 91 2 88 3
352 91 2 83 8
353 91 2 86 5 (1)
354 91 2 91 0
356 91 2 91 0
357 91 2 89 2
91 2 86 5 (2)
91 2 87 4 (2)
[ o 2 86 5 (2)
[ 91 2 88 3
91 89 2
91 2 89 2 (1)
91 2 10 (7)
89 1 N/A
369 91 2 86 5(1)
370 91 2 86 5
371 91 1 78+ N/A
372 91 1 82+ N/A
373 91 1 81+ N/A
C-100 89 1 79+ N/A

* A normal, first reclamation bonding cyecle consists of a
total of 1000 impacts at 500°C followed by a room-temperature

bond test, with the rejects subjected to a 130°C bond test. A

second reclamation cycle follows the same pattern as the first,

except that the number of impacts is reduced to 750 at 500°C

b The numbers in parentheses are the numbers of fuel ele
ments rejected because of physical damage during remote
handling. N/A means “not available”

components (blanket ends and hexagonal tubing)
These materials are fabricated into a subassembly for
the reactor. The actual assembly and final welding

operations are preceded by an inspection and sizing

operation, The final step of the remote refabrication
operation is a tensile and straightness test on the com-
plete subassembly.

(1) Equipment Status

The assembly machine,'™ with very minor modifica-
tion, was installed and is operating in the Fuel Cycle
Facility Air Cell. A second machine (deseribed in
ANL-6605), whose function is to tensile test and
gauge the straightness of the subassembly, has not

proved to be as successful; its tensile testing capa-
bilities have been satisfactorily demonstrated, but the

straightness testing portion of the machine has not

17 R. H. Olp, Remote Assembly of Reprocessed Fuel Sub
assemblies for EBR-II, in Proceedings of the Eighth Hot
Laboratories and Equipment Conference, San Francisco, Calif
Dec. 13-15, 1960, American Nuclear Society, USAEC Report
TID-7599, Vol. 2, p. 429.

n

103-F5456

FiG. I-36. Castings Produced in First Injection Casting
Run of Irradiated EBR-II Fuel Material (Run No. 3001
108-8546

been adequate. Since it is also intended to straighten a
subassembly that is not within specification (0.080-
in. TI.R.*), a new machine has been designed and is
being tested which will function as a straightness
tester and straightener. Tensile test capabilities are

being added to the assembly machine
(2) Operating Experience
Twenty-two subassemblies have been fabricated

and tested by remote methods. All 22 passed the ten-

sile test, but only four were indicated to be str

within the requirements of the test machine. Since this
fuel had not been irradiated, it was possible to check

the straightness of each subassembly in the labora-

* T.L.R. represents Total Indicator Reading upon rotatior
about a fixed axis
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tory. The results of the laboratory inspection indi-
cated that the T.I.R. of rejected subassemblies ranged
from 0.035 to 0.065 in. Our present testing machine,
which was designed to reject subassemblies which
deviate from straightness by =#0.040 in., has been ac-
cepting with a conservative bias.

2. INJECTION CASTING AND PIN PROCESSING
OF IRRADIATED EBR-1I FUEL

As deseribed earlier in this report section, an ir-
radiated EBR-II core subassembly (C-115) has been
dismantled, decanned, and melt refined. The resulting
ingot (MR-1) was transferred to injection casting.
The injection casting run (No. 3001) had a charge of
7.95 kg and used 65 molds. The metal cast weighed
5.04 kg. Figure I-36 shows the castings as they were
removed from the furnace.

The 65 castings were transferred to the pin proc-
essing station. The 65 molds yielded 56 castings which
were suitable for processing. Of the 56 castings proe-
essed, 36 were accepted, 2 rejected as short castings,
6 rejected for length, 10 rejected for diameter (sur-
face defects), and 2 rejected for internal porosity.
This injection casting run was the second of two runs
in which helium was used as the pressurizing and
quenching gas in the casting sequence. It is believed
that the relatively low yield of acceptable castings is
due to the high pressurization rate used.

Both the casting and pin processing operations pro-
ceeded mnormally. With the low burnup (approxi-
mately 0.1 a/o), no effects of radiation or self-heat-
ing were noted, except that the glass molds were
darkened appreciably. This is not known to have any
effect on the process.

3. Fuel Surveillance Program (M. J. Feroman, D. E. Manacin, D. C. HAmMpPsON,
D. L. MircHELL)*

EBR-II Fuel and Blanket Material

The first two of a series of irradiated surveillance
subassemblies were examined. The two, one core sub-
assembly (C-115) and one blanket subassembly
(A-718) had been irradiated in the EBR-II reactor
to the equivalent of 0.1 a/o burnup. (Transfer of these
subassemblies from EBR-II to the Fuel Cycle Facil-
ity, dismantling of the subassemblies, and processing
of the core subassembly are described earlier in this
report section.) The blanket subassembly (A-718)
was visually inspected and no deterioration of the
chromium and the stainless steel surfaces was noted.
No straightness test was attempted since the upper
pole piece had been damaged. Five of the individual
blanket rods were visually examined; their diameters
were checked with a “go no-go” gage, and all rods
were accepted by the gage.

The core subassembly (C-115) was visually ex-
amined, and no surface degradation was noted. This

* Idaho Division.

subassembly passed the straightness test (less than
“+0.040 in. deviation).

Eleven fuel elements (constituting a diametrical
row on a core radius) were visually examined; their
diameters were checked, their sodium and bonds and
levels tested. No hot spots or sodium leaks were noted
in the visual examination. In the diameter check, a
0.176-in. “go” gage (0.1765-in. hole) accepted all
eleven elements. The bonding and sodium level test
indicated some minor void formation and a small
statistical increase in sodium level. These effects do
not indicate any serious change in the fuel elements,
but they do establish the initial points of possible
trends.

Eight fuel elements of the eleven have been stored
to await further examination. (Three were decanned
to provide radiochemical analysis samples, as is de-
seribed earlier in this section.) Equipment is being
prepared to allow determination of the pressure, vol-
ume, and composition of the gas in the fuel elements
and for the measurement of length, diameter, and
weight of the fuel pins.

4. Performance of Process Auxiliaries (D. M. Paice, W.F. HoLcoms, J. O. KLErrNER)*

a. CONTROL OF TEMPERATURE AND PRES-
SURE OF ARGON CELL ATMOSPHERE;
CELL ATMOSPHERE PURIFICATION

Because radioactivity has been introduced into the
Argon Cell, control of the cell pressure at a pressure

* Idaho Division.

below atmospheric is required at all times. The sys-
tem' for argon pressure control has operated excep-
'8 Schraidt, J. H., L. F. Coleman, W. F. Holcomb, M.
Levenson and J. O. Ludlow, Establishing and Maintaining a
High Purity Atmosphere in EBR-II Fuel Cycle Facility Argon
Cell, Proceedings of the Eleventh Hot Laboratories and Equip-
ment Conference, New York, Nov. 18-21, 1963, pp. 181-190.
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tionally well over the past six-month period. The
control has been mainly effected by supplying more
or less cooling of the cell atmosphere as demanded by
the pressure sensing system. Several times, however,
the temperature sensing system took control, in part
owing to high cell temperature (>100°F), and oper-
ated very satisfactorily.

Several samples of cell gas have been taken
for mass spectrometric and chemical analyses to de-
termine the concentrations of impurities in the Argon
Cell atmosphere. Table 1-27 shows some of the values
from a recent typical sample.

At approximately the same time that the gas sam-
ples were taken, the readings of the gas analyzer in-
struments on the cell system were 8.56 v/o nitrogen
and 40 ppm oxygen. The high reading on the nitrogen
instrument, can be explained if it is assumed that the
instrument is eight times as sensitive to helium as it
is to nitrogen (this is the ratio of the thermal con-
ductivities of the two gases as compared to argon).

An in-cell experiment was run to determine the
cffectiveness of Linde 5A Molecular Sieves® for re-
moving CO. from the Argon Cell atmosphere (see
ANL-6900, p. 103). Carbon dioxide may be intro-
duced from the radiolytic decomposition of organic
materials (lubricants, ete.) in the Argon Cell. The
adsorbent was first completely regenerated to remove
all water. About two cell volumes of gas were then
passed through the bed, and gas samples for CO,
analysis were taken before and after the run. Analyti-
cal results showed CO, concentrations of 74 ppm be-
fore and 24 ppm after the run, representing approxi-
mately 2.5 cu ft of CO. removed. Since water will
displace the CO. on the bed, another regeneration of
the bed is required before it can be used for water
adsorption. The cell gas will be periodically sampled
to determine whether the CO. concentration is in-
creasing.

Since the last argon fill (February 1964), it was de-
termined that the Argon Cell atmosphere can be main-
tained at levels as low as 5 ppm water and 8 ppm
oxygen. However, because a high rate of wear of car-
bon bearings and motor brushes was assumed to be
the result of operation at this low moisture level, the
water and oxygen concentrations in the cell atmos-
phere were increased to and purposely maintained at
40 = 20 ppm each. Thus far, operation at these new
water and oxygen concentrations has worked out very
satisfactorily ; however, some higher levels of water
and oxygen have occurred over weekends when the
purification system has been shut down.

Only one item of mechanical difficulty has been

* Linde 5A Molecular Sieves is used in desiccant bed of
argon purification system.

TABLE 1-27. CONCENTRATION OF IMPURITIES IN A
SAMPLE FROM THE ARGON CELL ATMOSPHERE

Contaminant v/o
N. 5.85
He 0.40
H, <0.001
CO. 0.0019 (chemical analysis)

noted in the purification system since the last argon
fill in February 1964. A ball bearing on the turbo-
compressor became overheated because of excess lu-
brication. Inspection of the bearing showed that the
grease chamber was completely filled. Because of the
use of remote grease connections and long fill pipes,
it is difficult to use normal lubrication techniques.
Removal of this excess appears to have solved the
problem.

In general, the minimum air in-leakage rate ob-
served (caleulated from oxygen buildup) has been in
the range of 0.003 scfm at a cell pressure of minus 3
in. of H.O. Higher rates have usually been traced to
air leaking through lock gaskets or through process
equipment piping outside the cell. If it were not for
these occasional higher rates, it would be possible
gradually to reduce the nitrogen content of the cell
atmosphere by dilution with fresh argon as required
for lock transfers or pressure adjustments. A short test
of this nitrogen dilution approach was made using
1810 cu ft of fresh argon; the nitrogen content was
reduced from 6.86% to 6.58% or 0.015% per 1000 cu
ft added argon in the 6% nitrogen range. Since the
test was short (<1 hr), no correction was made for
the air iffeakage rate of 0.3 cfh. This indicates that
approximately 400 cu ft of fresh argon per day would
be required to keep up with a minimum leak rate
(0.3 efh). This is the amount of fresh argon that is
required when making a large lock transfer, and pre-
sumably argon added in amounts greater than this
would reduce the nitrogen content.

b. CRANES AND MANIPULATORS

Table 1-28 summarizes the total hours of usage of
the motor drives of the cranes and manipulators for
6 months (May through October 1964). The manipu-
lator bridge drive was the most used component, aver-
age usage per manipulator being in the range 40 to
70 hr. The next most used unit was the manipulator
hoist drive (30 to 50 hr per manipulator), followed by
the manipulator carriage drive (about 25 hr per ma-
nipulator). Crane bridge drive and manipulator grip
and rotate drive usage was of the order of 5 to 25 hr
each.
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TABLE 1-28. IN-CeELL CRANE AND ELECTROMECHANICAL
MantruLATOR COMPONENT USAGE
May through October 1964

Total Hours of Use for Each
Type of Unit

Type of Unit I‘ :fult“;::f: | — e
‘ | Grip [Rotate| Hoist m“;é Bridge
Argon Cell Ma- G 90 | 45 160 | 130 210
nipulators | ‘ |
Air Cell Manipu- pecil0 10 100 50 135
lators ‘
Argon Cell Cranes 2 — 40 167459550
Air Cell Cranes 5 gl —ielggalt JoNleetn

* One unit out of service for 213 months.

(1) Cranes

One five-ton crane is installed in the Air Cell, and
two are installed in the Argon Cell. Once reprocessing
of radioactive fuel has commenced, radioactive con-
tamination is expected to make direct personnel access
to these cells impossible. Therefore, a considerable
effort has been spent on making the cranes (and all
other mechanical equipment in the cells) reliable and
remotely maintainable.

Since the preceding semiannual report (ANL-
6900), a new lifting tool for the crane-bridge drive
unit has been designed and built. The lifting hooks
are spring-loaded and are provided with indicators
to warn operators of interference or binding during re-
moval or installation of a drive unit. This feature is
desirable because the drive units are located in lead-
shielded boxes on the crane-bridges close to the ceil-
ing of the cells and it is rather difficult to observe the
removal or replacement operation.

The cranes have been operating with no discernible
difficulties, except that the up-limit switch on the Air
Cell crane was thought to have failed several times.
On careful study, the trouble was traced to the brush
contact on the Air Cell bus bars. These bars had been
corroded by water leaking through the roof at vari-
ous locations. This corrosion was not severe enough
to effect the 220-volt lines, but the 24-volt lines were
not making adequate contact at several points. Clean-
ing the bars and coating them with a conductive
graphite seems to have solved the problem (the roof
leaks are being repaired also). The slip clutches in-
stalled between the gear motor and the main hoist re-
ducer approximately one year ago appear to have
protected the mechanical parts from damage to a
significant degree.

The manipulators have operated without difficul-
ties, except for an accident due to an operational
error.

On July 23, 1964, a manipulator carriage in the Air
Cell was accidentally dropped while being removed
for transfer into the Argon Cell as part of a main-
tenance operation. The removal was done remotely
with the jib-crane located on the Air Cell roof and
involved dropping the jib-crane hook through one
of the roof penetrations. Apparently, the hook engaged
one of the outer lifting lugs on the lifting beam
adapter for the manipulator carriage. These lugs are
intended only for transportation of the unloaded beam
when using a manipulator dual hook and are not
designed for lifting the beam with a carriage attached.
The jib-crane hook should engage a heavy cross-bar
in the center of the beam adapter. However, it is very
difficult to observe the hook when it is located above
a manipulator carriage on a bridge. The operator, who
attempted to get the best possible view of the opera-
tion under a simulated remote transfer condition,
thought the hook was properly engaged. The assump-
tion that the hook was properly engaged was sup-
ported by the fact that the carriage was lifted clear
of the bridge. It was not until the bridge had been re-
moved and the lowering of the carriage had started
that the outer lug of the lifting beam adapter broke
off. The carriage and beam dropped about 12 ft and
fell onto one of the collapsible service stands situated
on the transfer cell hatch cover in the Air Cell. It
dented the cell hatech cover, twisted the stand, and
came to rest on the floor tilted at a 45° angle.

The impact drove the telescoping arm up through
the carriage, tilting the lifting beam so that the lifting
lugs on the carriage were sheared off. The mounting
plate for the manipulator hoist mechanism was torn
loose and bent, and there was other damage such as
sheared bolts, bent shafts, broken mineral-insulated
cables, ete. However, it appears that most of the major
components of the manipulator carriage can be reused
and that the damage was surprisingly light consider-
ing the distance of fall. A large portion of the impaect
energy was undoubtedly absorbed by the Air Cell
hatch cover and the service stand. Other equipment in
the Air Cell was not damaged. The carriage has been
dismantled, new parts ordered, and repairs of the
damaged parts initiated. One of the six manipulator
carriages in the Argon Cell has been transferred to
the Air Cell to help carry the work load there. (When
this was done, it was discovered that the carriage mo-
tion was the reverse of that indicated by the control
box. Necessary corrections consisted of reversing the
two leads to the field of the Air Cell carriage motor
and reversing the armature leads in the control cabi-
nets for the Air Cell manipulators.)
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c. DRY ARGON COMPRESSORS

Two horizontal 2-stage dry compressors are used to
supply compressed argon at 100 Ib/sq in. for the vari-
ous in-cell pneumatic equipment items (see ANL-
6800, p. 154). Because of the very dry atmosphere, the
piston ring (horizontal pistons) wear has been exces-
sive.

The compressors were originally supplied with pis-
ton rings of carbon-filled Teflon. The wear rate for
these piston rings is shown in Figure 1-37 as a func-
tion of piston-to-cylinder clearance. The data show
a reliable service life of only 1700 hr. Piston rings of
carbon- and glass-filled Teflon were tried and wore to
the minimum clearance in 500 hr of operation, which
was unsatisfactory service life. For future testing, a
different formulation of carbon-glass-Teflon is being
obtained. Piston rings of this material should pro-
vide increased service life if the increase is as great as
that obtained by the Metallurgy Division, Argonne,
Illinois, with the same material installed in a similar
compressor operating with helium.

d. CELL VIEWING DEVICES

The periscope in the Air Cell has been used to take
several detailed pictures of irradiated fuel subassem-
lies removed from the EBR-II reactor. Very good
pictures can be obtained if the object is held station-

ary; approximately 10-min exposures are required
with fast film.

A closed-circuit television monitor system was set
up and tested in the Air Cell (no activity present in
the cell). A very good picture was obtained on the
monitor, especially with an auxiliary light mounted on
the camera. The system appears to be useful for
special maintenance jobs or for finding items lost
under equipment. For use in the Air Cell, the leads
could be brought through one of the floor conduits.
For use in the Argon Cell, a special feed-through would
be required with coaxial cable for the one lead. It is
recognized that normally the system could be used
only for short periods because of the high radiation
levels expected in both cells.

e. HIGH-LEVEL-ACTIVITY SOLID WASTE HAN-
DLING

Plans are now well formulated for handling the high-
level-activity solid wastes generated in the Air and
Argon Cells (see ANL-6900, p. 112). The primary
container will be a steel pail, 10-in. dia. by 11 or more
in. deep, similar to those used for paint, that can be
sealed remotely. Up to five or six of these pails will
be placed in a 6-ft high steel can, after which it will
be sealed. The sealed can will be loaded into a
shielded cask (8% in. of lead) through the floor
shielding plug at the west end of the Air Cell. The
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cask (18 tons) will be transported to the nearby burial
ground by means of a speeial low-bed trailer being
fabricated.

Final disposal will be in a 12-ft deep hole lined with
steel pipe (V4-in. thick wall by 16-in. dia.). After the
cask is positioned over one of these holes, the 6-ft can
will be dropped from the bottom of the cask. Gravel
can then be added as backfill to a depth of 6 ft to form
a shield. To seal the hole, a cover will be welded to
the hole liner; the waste will then be doubly contained.
The holes will be suitably marked, and records will

be kept of the material (estimated) in each hole.

To date, the primary containers and the 6-ft tall
‘ans have been handled very satisfactorily within the
cells. (Several, containing active waste, are stored in
the Argon Cell pits.) The shielded cask has been re-
ceived and set up, but has not been loaded at the Air
Cell yet. Construction of the special trailer has been
completed. Work is completed on the burial ground
and the road servicing it. Approximately 30 of the
2500 holes planned have been drilled and liners with
covers installed.

D. CHEMISTRY OF LIQUID METALS (I. Jounson, H. M. FEDER)

The chemistry and thermodynamic properties of
liquid metal systems and metallic alloys are being in-
vestigated to provide basic data for the pyrochemical
processing of nuclear fuels and for liquid alkali metal

technology. The results of these studies also provide
data for the testing of theories of liquid metal solu-
tions.

1. Liquid Sodium Chemistry

The inereasing utilization of liquid alkali metals as
heat transfer media in high power-density, nuclear
reactors and other power sources makes essential a
continuing advancement of alkali metal technology.
To insure the soundness of such an advance the sup-
port of fundamental research is needed. A program to
elucidate the chemistry of the reactions that occur in
liquid alkali metal solutions has been undertaken;
special emphasis will be given to liquid sodium be-
cause its practical importance is greatest.

Sodium of known, high purity is needed for sig-
nificant research. Therefore studies are being made in
the closely related areas of purification, analysis, and
contamination during handling. Three common con-
taminants in sodium—oxygen, hydrogen, and car-
bon—appear to be particularly important with regard
to its corrosive properties. An understanding of the
major reactions involving these contaminants in liquid
sodium will furnish a basis for a better understanding
of corrosion mechanisms and possibly lead to new
methods for corrosion control.

a. SODIUM ANALYSIS
(1) Oxygen (G. Lurz,* K. E. ANDERSON)

A fast-neutron activation method (ANL-6800, p.
189) which involves the reaction 0 (n,p) N has been
chosen for the analysis of total oxygen in sodium (ap-

* Post-doctoral Fellow, now at U.S. Bureau of Standards.

prox. 1-g samples). A major obstacle to the realization
of this method is the requirement of a sample en-
capsulation material which does not interfere because
of its own oxygen content. Two approaches have been
applied to this problem.

The first approach was the conventional one of using
an encapsulation material with as low an oxygen con-
tent as possible. Two samples of 28 aluminum and one
of OFHC (oxygen-free high conduetivity) copper were
examined. The 28 aluminum samples were formed
into capsules whose oxygen blanks were 10 and 30
ppm. After repeated irradiation (to obtain adequate
counting statistics for samples low in oxygen) and
counting of the aluminum capsules, no appreciable
buildup of long-lived activity was found within the
energy range used for counting "N, There is reason to
believe that if capsules were made of aluminum
which has been vacuum liquated and bottom poured,
the oxygen content would be low enough to permit
analysis of sodium samples containing about 10 ppm
oxygen. The protective oxide layer which forms on
aluminum can be kept to about 20 A thickness if the
surface is cleaned properly and protected from sub-
sequent contamination, particularly by chlorides. Such
a surface layer would contribute only one to two miero-
grams of oxygen to the blank.

Capsules made from OFHC copper indicated oxygen
contents equivalent to about 30 ppm. However, re-
peated irradiations gave rise to the buildup of a long-
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lived activity which counted in the same energy range
as "N, The impurity in copper responsible for this
induced aetivity has not been identified.

The second approach was to irradiate the sodium at
one end of an 8-in.-long polyethylene tube and then to
transfer the sodium to the other end for counting. An
estimate based on ideal geometry alone indicated that
counting of sodium at the unirradiated vs. the irradi-
ated end of the tube would decrease the blank due to
oxygen by a factor of three. Only a 309 reduction was
actually found. The polyethylene- and copper-encap-
sulation techniques were abandoned after finding that
28 aluminum capsules gave significantly lower oxygen
blanks.

Routine analysis for oxygen in sodium by fast-
neutron activation has been turned over to the Chem-
istry Division. Samples of sodium which contain 50
ppm oxygen or more (i.e., a majority of the samples)
can be analyzed using the apparatus and 28 aluminum
capsules now available. Further improvements in qual-
ity of the capsule materials, higher neutron fluxes, and
more reproducible irradiation and counting geometries
should make this method suitable down to 10 ppm
oxygen in sodium.

(2) Carbon (C. Lu~er, C. CrLiFToN)

Various current studies require a method for the
determination of carbon in sodium. Most of the ana-
Iytical techniques described in the literature'®=* are
based on the oxidation of carbon to carbon dioxide
and subsequent measurement of the quantity of
evolved gas. The principal variations occur in the oxi-
dant used and the method of liberating and measuring
carbon dioxide. For example, the oxidation of carbon
may be carried out by direct combustion with oxygen
or by use of a strong oxidizing agent, such as Van
Slyke reagent. Some of these techniques were recently
tested®® in a cooperative study by various laboratories.
The results were highly scattered, and it is not clear
whether they afford a valid comparison of the ana-
lytical methods or, in fact, reflect differences attributa-
ble to variations in sampling and sample preparation
techniques.

In the light of this uncertainty, it was felt necessary

W L. P. Pepkowitz and J. T. Porter, I1., KAPL-1444, Nov.
28, 1955.

20 J. Herrington, AWRE-0-62/62, November 1962.

2 8. Kallman and R. Liu, Anal. Chem. 36, 590 (1964).

2T, G. Mungall, J. H. Mitchen and D. E. Johnson, Anal.
Chem. 36, 70 (1964).

= R. W. Lockhart and W. W. Sabol, in letter to AEC, “Re-
sults of the First Round Robin Analysis for Carbon in Sodium,”
General Electric Co., Atomic Products Equipment Depart-
ment, San Jose, Cal., Feb. 23, 1962.

to pursue further the problem of reliability of analyti-
cal and sampling techniques. Two variants of the so-
called “dry” oxidation method have been tried. The
sample is first burned in low-pressure (150 torr), puri-
fied oxygen to form a residue of mixed sodium oxide
and carbonate. The combustion tube is loaded in a
helium-filled glovebox to avoid exposure of the sample
to air. The oxygen used in the reaction is of ultra high
purity and is further purified by passage through two
furnaces containing both platinum and copper oxide
at 950°C, two ascarite traps, and a cold finger kept
at —180°C by liquid oxygen.

In the first variant the residue is heated in a silica
boat to 1100°C in oxygen. The carbon dioxide liberated
by the reaction of sodium carbonate and silica is col-
lected in a cold trap (liquid oxygen coolant) and sub-
sequently measured manometrically. Reagent blanks
of 4 ug or less have been consistently obtained. After
each analysis, the reaction tube is treated with phe-
nolphthalein solution to determine whether any sodium
oxide has deposited in the cold zone where it might
reabsorb carbon dioxide.

In the second variant, which is a modification of
the method reported by Kallman and Liu®' the so-
dium is burned as in the “dry” oxidation, but carbon
dioxide is released from the residue by the addition of
dilute sulfuric acid. The liberated gas is then measured
by gas chromatographic techniques. The reagent
blanks in this method have consistently been 1.5 to
2 PE.

A comparison of the two variants was made with
various samples withdrawn over a short interval of
time from a pot of liquid sodium. The results of this
comparifon are shown in Table 1-29. The fairly good
agreement between the average results of the two
methods indicates their general equivalence. However,
the rather large spread of apparent carbon contents
points to the likelihood that there is a sampling prob-
lem. This problem is further discussed in part ¢,
below.

TABLE 1-29. Arprarext Carsox CoxteExts (PPM) or
Liquip Sopivsm At 158°C BY THE “DrY”
OxipaTion METHOD

Acidification Reaction

High Temperature Reaction

88 47

106 87
55 112
71 48
72 62
63

Average 76 = 18 71 = 27
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b. SODIUM PURIFICATION (C. Luxer, C. Crir-
TON)

One of the principal requirements of the experi-
mental program is a supply of ultrapure sodium. Such
sodium would be an aid in the development of the
methods for analysis of carbon and oxygen in the parts
per million range. Ultrapure sodium is also required
for experiments designed to examine various reactions
of liquid sodium. Three methods for the purification of
sodium are now being examined.

Vacuum distillation has been frequently mentioned
in the literature as the method of choice. Accordingly,
a stainless steel still has been constructed and operated.
Spectroscopic analysis of sodium distilled in this ap-
paratus indicates that the metallic impurity content
has been decreased; however, carbon contents below
about 50 ppm have not been achieved. Because this
may have been due to contamination by back diffusion
of pump oil, the pumping system has been modified to
include a trap containing Linde Molecular Sieves,
Type 13X. Further work on the vacuum distillation
method will be carried out.

Centrifugation has not been previously applied to
sodium as a method of purification. Carbonaceous par-
ticulate matter capable of passing through a 5p-poros-
ity filter has been found in all samples of sodium that
we have examined. (Such particles may also be en-
trainable in distillation.) Calculations indicate that
particles larger than 1p should be removable by cen-
trifugation at reasonable speeds and temperatures. A
high temperature centrifuge (500°C maximum) capa-
ble of operating in a helium-filled dry box has been
designed and is now being constructed.

Zone refining of sodium has not been reported in the
literature although the technique has been used ex-
tensively for the purification of other metals. In prin-
ciple, the method depends on the difference in solubility
of an impurity between the solid and liquid phases of
the material being refined. Zone refining may also pro-
vide removal of particulate impurities by their segre-
gation to a moving liquid-solid interface. Simple zone
refining equipment has been ordered to test the fe
bility of purifying sodium by this technique.

¢. “SOLUBILITY” OF CARBON IN LIQUID SO-
DIUM (C. Luner, C. CrLirroN)

It has been established that various metals may be
significantly carburized or decarburized when in con-
tact with liquid sodium. This phenomenon presents a
potentially serious problem relative to the use of liquid
sodium in nuclear reactors. Undesirable changes in the
mechanical properties of structural materials, such as
steel, may result from small changes in carbon con-
tent.

Various mechanisms of carbon transport have been
proposed in the literature but the problem remains
unresolved. A study of the transport of carbon in so-
dium must commence with understanding the chemi-
cal nature of carbon in sodium. The present study has
been directed toward the determination of whether or
not a true solubility of carbon in sodium exists.

A cross-section of the solubility apparatus is shown
in Figure 1-38. Distilled sodium was added to the
charging vessel under a helium atmosphere; it was
then pressured into the reaction vessel through a 5u-
porosity stainless steel (S.8.) frit. The filtered sodium
was held at various temperatures in a graphite crucible
which had been previously outgassed at 1000°C in vac-
uum. Samples were taken by lowering a tantalum sam-
ple tube whose lower end was closed by a 5u-porosity
8.9, frit into the melt and pressurizing to about 3 atm
with purified helium. The sample tube was isolated
by means of the two ball valves, and the sampling
apparatus was then disconnected at the Cenco cou-
pling and removed to a helium-filled glovebox without
exposure to the atmosphere.

The analyses were performed by the high tempera-
ture “dry” oxidation method. All the individual anal-
yses of replicate experiments are given in Table 1-30.
Noticeable in the data are their tendency to scatter er-
ratically. If there is, in fact, any significant inerease
in carbon content with temperature, it is concealed by
other sources of variability. These results suggested
that the original sodium contained carbonaceous par-
ticulate matter capable of passing through a 5u-poros-
ity S.8. filter.

To check the particulate hypothesis, graphite which
had been pulverized in the dry box was intentionally
added to sodium in a graphite crucible and the previ-
ous experiment was repeated at a constant temperature
of 316°C. The results were revealing. Although the
starting sodium (sampled as a solid) had a carbon con-
tent of 220 ppm, the first filtered sample obtained
after eight days of contact, one hour of stirring, and
one hour of settling contained 760 ppm of carbon.
After six days of settling, two samples contained 70
and 230 ppm of carbon. It is evident from these experi-
ments that particles of graphite were readily dispersed
in sodium, that some of these particles were small
enough to pass through 5u-porosity filters, and that
the degree of aggregation of the dispersion depended
in some complex way on its previous history. Briefly,
this study does not appear to support the existence of
a readily measurable equilibrium in the graphite-so-
dium tem, such as that reported by Gratton.*
Further work is required to clarify this situation.

“J. G. Gratton, KAPL-1807, June 30, 1957.
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Fic. 1-38. Solubility Apparatus for Determination of Carbon in Sodium.

d. SODIUM-GAS REACTIONS (J. G. SCHNIZLEIN,
R. A. Bromquist)

Impurities can be introduced into sodium by reac-
tions with contaminants present in cover gases. Be-
cause such reactions are important with respect to
sodium technology for nuclear reactors, the reactions
of sodium with various gases are being investigated.
Helium containing various contaminants has been
bubbled through liquid sodium and the extents of the
reactions have been qualitatively determined by mass
spectrometric analysis. More detailed studies of the
kinetics of reactions of pure gases at low pressure are
being made in a static system.

The apparatus for bubbling contaminated helium
through sodium consists of a Toepler pump, sampling

bulbs, a S.S. 304 reactor, and an associated vacuum
system. The sodium is supported on a S.8. frit of 5u-
pore size in a 13-in.-ID reactor. The frit disperses
the gas, thereby assuring good contact with the so-
dium. The Toepler pump recirculates the gas at a flow
rate of 100 cc/min (10 em /‘min linear velocity ).

In preliminary experiments the helium was contami-
nated with 1000 to 2000 ppm each of the following
gases: oxygen, nitrogen, carbon dioxide, carbon mon-
oxide, hydrogen and methane. The concentrations of
the contaminants in the gas were determined by mass
spectrometric analyses of samples collected at various
times up to 6 hours. Experiments were conducted at
190, 300, 385 and 455°C.

In all experiments, as was expected, oxygen and
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TABLE 1-30. AprpareNT CARBON CONTENTS OF
Soprum ConNtaiNep IN GraPHITE CRUCIBLES
(S);:'lllt[:li(:l(g Temp. (°C) Carbon Content (ppm)
1 158 88, 106, 55, 71, 72, 63
2 307 41, 56, 58, 57
3 455 101, 116, 108
4 291 61, 80, 47
5 157 74, 66, 130
b 375 | 59, 127, 96, 130, 45

* Taken from Table 1-29, Column 1.
b A second master batch of sodium was used in this experi-
ment.

carbon dioxide were found to be consumed rapidly and
completely within analytical limits of detection. Al-
though the mass spectrometer did not distinguish be-
tween carbon monoxide and nitrogen because of their
coincidence at mass 28, in all likelihood the carbon
monoxide reacted completely while the nitrogen was
unaffected. Hydrogen contents decreased to levels
which were, presumably, in equilibrium with unsatu-
rated solutions of hydrogen in sodium. Methane re-
acted rapidly at 455°C, but only negligible changes in
its concentration were noted at lower temperatures.

1. Compact Pyrochemical Processes

After the reaction of methane with sodium at 455°C,
purges at 300°C with either pure helium or helium con-
taining about 1% hydrogen did not liberate methane
from the sodium into the gas phase. These observations
are not consistent with some recently reported experi-
ments®® which were interpreted in terms of an equilib-
rium between gaseous methane and the carbon and
hydrogen dissolved in sodium. Further studies will be
made to determine if equilibrium can be established
between methane in the cover gas and carbon in so-
dium and, if such an equilibrium exists, whether the
presence of sodium influences the equilibrium C +
2H, = CH,.

Preliminary experiments in the static system were
conducted at 150 to 350°C with carbon monoxide at
pressures from 0.3 to 9 torr. The reaction kinetics ap-
pear to be very complex. The results so far indicate:
(1) an induction period or a minimum temperature for
reaction; (2) a strong influence of sodium purity; (3)
considerable variation of the kinetic order of reaction
with respect to carbon monoxide; and (4) a small
temperature coefficient of reaction.

2 . L. Johnson, Chromatographic Analysis of Gases over
Sodium, NAA-SR-8448, Sept. 15, 1964.

2. Thermodynamics Studies

Three methods of obtaining thermodynamic infor-
mation on metallic systems are in use in this labora-
tory. (a) Galvanic cells have proved to be especially
useful for the measurement of activities in liquid metal
solutions and for the determination of the free energy
of formation of the equilibrium solid phase in solid-
liquid two-phase alloys. (b) Measurement of decom-
position pressures by the Knudsen effusion method
has been effective for the two-phase regions of systems
composed of several well-defined intermetallic phases.
(¢) A vapor phase optical absorption method is being
employed for certain systems in which the components
have appreciable vapor pressures but only small dif-
ferences in electrochemical potential.

a. THERMODYNAMICS OF NEODYMIUM-CAD-
MIUM SYSTEM (EMF STUDIES) (1. Jouxsox,
R. Yonco)

The thermodynamies of the cadmium-rich portion of
the neodymium-cadmium system has been studied by
emf measurements using galvanic cells of the type

Nd | NdCl; , KCI-LiCl(eutectic), LiF |

Nd-Cd(two-phase alloy).

The cell reaction consists of the dissolution of neo-
dymium into the fused salt at the pure neodymium
electrode and deposition of neodymium at the alloy
electrode. The two-phase alloy electrode consisted of
a cadmium-rich liquid phase in equilibrium with the
solid intermetallic compound NdCd;,. The cell re-
action may be written

Nd(s) — Nd(satd liqg Cd soln).

Thus the emf, E, of the cell gives directly the activity
of neodymium, ay,, in the saturated solution:

RT In axg = —3 FE.

The free energy of formation of NdCd,, may be com-
puted from the equation
AGf* = RT In axq + 11 RT In acy

where the two activities refer to the saturated liquid
solution. The small term 11 RT In acy was estimated
from the cadmium content of the saturated solution
and the activity coefficient of cadmium. This latter
quantity was computed using the Gibbs-Duhem equa-
tion and the assumption that the dependence of the
activity coefficient of neodymium on concentration is

ks 2 3
of the form log yxq = Axd, , where 4 is a temperature-
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TABLE 1-31. Free Exercy or FormaTiON,
LANTHANON-CADMIUM INTERMETALLIC
Compovnps or the Tyre MCd,,

400°C
Compound ] —AGf® (keal /mole)
LaCdy, 43.1
CeCd, 40.5
PrCd,, 39.0
NdCd,, ‘ 37.4

dependent constant and z¢, in the atom fraction of
cadmium in solution. The free energy of formation of
NdCd,; may be represented by the equation

(352 to 504°C) AGf* (cal/mole)
= —62,610 + 3729 T.

These measurements complete this phase of our
study of lanthanon-cadmium systems using the emf
method. The free energies of formation of the cad-
mium-richest intermetallic compounds in the four sys-
tems which have been studied are compared in Table
1-31. The decrease in the negative free energy of forma-
tion as one proceeds from LaCd,; to NdCd,; parallels
the corresponding inerease in the solubility of these rare
earth metals in liquid cadmium.

b. THERMODYNAMICS OF BINARY ALKALI
METAL SOLUTIONS (F. Carasso, V. Knaxsa,*
R. MURRAY)

The thermodynamic properties of binary alkali
metal solutions are being determined by a vapor pres-
sure method which utilizes the principles of absorp-
tion spectrophotometry. In this method, light of char-
acteristic frequency (resonance radiation) is passed
through the vapors above either a pure alkali metal
or its alloys. The quantity of resonance radiation which
is absorbed is a measure of the concentration of an
alkali metal in the vapor. Comparison of the absorp-
tion by an alloy to that by a pure alkali metal is, in
principle, a direct measure of the thermodynamic ac-
tivity of that metal in the solution.

The thermodynamic activity of sodium in several
liquid Na-K solutions was determined in the range
135 to 150°C. Over this short range, no temperature
variation of the activity outside of the expected ex-
perimental error could be observed. Therefore, the re-
sults are given in a single figure, Figure 1-39, which
shows the variation of the sodium activity with solu-
tion composition. It is evident that sodium and potas-
sium form solutions which exhibit positive departures
from ideality.

* Post-doctoral Fellow.
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F1G. 1-39. Variation of Sodium Activity in Sodium-Potas-
sium Solutions at 414°K.
108-8550

A clearer exhibition of the thermodynamic proper-
ties of the Na-K system is shown in Figure 1-40. On
this plot are given the Gibbs excess free energy of mix-
ing, AG** (derived by Gibbs-Duhem integration of the
present results), the heat of mixing, AHY (measured=®
at 111°C but assumed to be valid at 141°C), and the
excess entrophy of mixing (from 7AS* = AHY — AG™).
Inspection of Figure I-40 shows that even for this very
simple system (1) the curves of AG™ and AH vs. atom
fraction awe asymmetrie, and (2) except for dilute solu-
tions of potassium in sodium, the system is not regular,
e, AS™ 3 (. Tentative conclusions have been drawn
from the data; namely, that the size effect may pre-
dominate over the electronic effect in the system, and
that calculations involving both may be required to
fit the data.

¢. EUTECTIC TEMPERATURES IN THE LnCd-Ln
FIELDS OF THE LANTHANON-CADMIUM
SYSTEMS (E. Vereckis, E. VAN DEVENTER)

The standard free energies of formation of inter-
metallic phases in a binary system can be obtained
from a knowledge of the corresponding partial molar
free energies of one of the components in each two-
phase field of the phase diagram. Such information is
presently being obtained for various lanthanon-cad-
mium (Ln-Cd) alloys by a recording effusion bal-

* T. Yokokawa and O. J. Kleppa, J. Chem. Phys. 40, 46
(1964).
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Fia. I-40. Thermodynamic Functions for the Sodium-Po-
tassium System at 414°K.
108-8553

ance.”” Optimum experimental conditions for this
method are realized when the alloy sample is solid
and the partial pressure of cadmium is in the range
0.001 to about 1 torr. In order to ensure the presence of
solid alloys for effusion experiments in the LnCd-Ln
fields, upper temperature limits, namely, the eutec-
tic temperatures, were determined by differential ther-
mal analysis using apparatus described elsewhere.**
The eutectic temperatures measured for eight sys-
tems are listed in the upper part of Table 1-32. With
the exception of lanthanum, europium and ytterbium
(which were expected to show anomalous behavior),
the results show an upward trend with increasing
atomic number. Continuation of this trend would in-
dicate that the eutectic temperatures for the remain-
ing systems would be well above the range in which
the effusion measurements are normally performed.
It was of interest, however, to estimate the eutectic
temperatures of the remaining systems by the follow-
ing procedure. The eutectic compositions in the LnCd-
Ln regions of the first eight systems of Table 1-32 were
21 1. Veleckis, C. L. Rosen and H. M. Feder, J. Phys. Chem.
66, 2127 (1961).
% A. F. Messing, M. D. Adams and R. K. Steunenberg,
Trans. Quarterly, A.S.M. 66, 345 (1963).

TABLE 1-32. Mgeasurep ANp Estimatep Evrecric Tem-
PERATURES IN THE LnCd-Ln REGIONS OF THE
LANTHANON-CADMIUM SYSTEMS

T. (°K) AH,,
System . |————u{ T1* (°K) (kcal/ Jin
Measured mole)
La-Cd 749 1193 1B 0.670
Ce-Cd 690 1070 1.24 0.726
Pr-Cd 708 1208 1.65 0.615
Nd-Cd 750 1297 1.71 0.625
Sm-Cd 827 1345 2.06 0.617
Eu-Cd 712 1099 2.0 0.608
Gd-Cd 992 1585 ik 0.672
Yb-Cd 731 1097 1.8 0.664
Estimated
Th-Cd | 951-1043 1629 2.2 0.650 + 0.033%
Dy-Cd 1179-1258 1680 3.8
Ho-Cd 1233-1312 1734 4.1
Er-Cd 1252-1333 1770 4.1
Tm-Cd 1204-1376 1818 4.3
Lu-Cd 1364-1453 1925 4.5
Y-Cd ‘ 1038-1136 1775 ‘ 2.4

* K. A. Gschneider, Jr., Rare Earth Alloys, D. Van Nostrand
Co., Inc., 1961, p. 24.
b Average of first eight values.

approximated from the ideal freezing point lowering
29

equation®

R AH,.(Tw — T.)
2.3 RTLT
in which: fr, = 2, /(¥ry + Toaca) ; AH,, is the heat
of fusion of Ln; T,, and T, are the melting point of
pure Ln and the eutectic temperature, respectively, in
°K; and R is the gas constant. The eutectic composi-
tions thus calculated were averaged to give fr, = 0.650
=+ 0.033. Conversely, this same value was used to
estimate the eutectic temperature ranges of the re-
maining lanthanon-cadmium systems. Results of these
caleulations, which are shown in the bottom half of
Table 1-32 support the expectation that the eutectic
temperatures would increase with atomic number.

ERRATA
Equation (3), p. 132, ANL-6900 should read:

AG'm = — 3 AGi—n = RT > Arln Pivy (3)
=1 =1 i

: ?f See K. Denbigh, “The Principles of Chemical Equi-
librium,” The University Press, Cambridge, 1961, p. 259.
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E. PREPARATION OF FUELS FOR FAST REACTORS (A. D. TEVEBAUGH)

Refractory compounds of the actinide elements, such
as uranium monocarbide and uranium mononitride,
show promise as fast reactor fuels capable of with-
standing high temperatures and large burnups. Meth-
ods are being investigated for the preparation of these
refractory fuels. The more promising methods are
being used to prepare sufficient quantities of these fuels
for use in fuel element fabrication and irradiation
tests. The major problems encountered in these studies
are the control of stoichiometry and purity. In the
case of the mixed uranium-plutonium ceramie, which
is a highly desirable fuel for fast breeder reactors, one
encounters the additional problem of preparing a solid
solution of the ceramic.

Mobile blankets for fast breeder reactors may have
significant economic advantage over solid blanket ma-
terial. These potential economic advantages are pri-
marily in the areas of decreased reactor downtime,
increased Carnot cyele efficiency as a result of a
potentially higher average temperature of the reactor
coolant, and decreased fabrication and blanket proc-
essing costs. Pastes of ceramic fuels in liquid metals
have been chosen for the initial mobile blanket studies.
The problems currently being studied are wetting of
ceramic fuels with liquid metals, and flow character-
isties of the liquid metal-ceramic fuel pastes.

1. Preparation of Uranium Monocarbide by a Liquid-Metal Process
(E. J. Perkus, M. A. BowpEN)

The liquid-metal process for the preparation of
uranium monocarbide (UC) involves the following
steps:

(1) dissolution of metallic uranium in a zine solu-

tion containing 14 to 18 w/o magnesium,

(2) addition of a degassed carbonaceous material

(usually activated charcoal) at about stoichio-
metric quantities for UC formation,
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(3) reaction of the constituents with stirring for 8
to 19 hr at 800°C,

(4) a phase separation to remove the bulk of the
supernatant liquid metal (Zn-Mg) from the
precipitated UC, and

(5) vacuum distillation to remove the residual mag-

nesium and zine from the UC product.
The first four operations were performed in the trans-

’{ THERMOCOUPLE WELLS

. |
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FiG. I-41. Equipment for Uranium Monocarbide Preparation by the Liquid-Metal Method.
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fer furnace (see Figure I1-41), and the vacuum distil-
lation was done in the retort. Both the transfer furnace
and the retort are attached to a vacuum-helium glove-
box (ANL-6725, p. 80) when being used through a
flange in the floor of the box.

After the phase transfer (step 4), the reaction eru-
cible was moved into the vacuum-helium glovebox. The
transfer furnace was removed, and the retort was at-
tached to the glovebox for loading of the reaction
crucible. After retorting, the reaction crucible con-
taining the finely divided UC powder was moved into
the glovebox for unloading into a Mason jar for
storage.

Twelve normal UC production runs and two runs
with fully enriched UC have been completed on a 500-
or 1000-g scale of uranium metal; these runs were
made to prepare UC having a carbon content near the
theoretical value of 4.80 w/o and as low an oxygen
content as possible. The UC prepared was sent to the

TABLE I-33. ANALYTICAL AND PROCESS DaATA FOR
Urantom MoNocArBIDE (UC) PREPARED BY
THE L1Quip-METAL METHOD

Run UC-11 UC-12 UC-13 UC-14
Secale (uranium 1000 g 1000 g 500 g 500 g
charge) |
Reaction Time, hr 8 12 12 19
C/U Atom Ratio 0.90 1.02 1.02 1.02
in Charge
Phase Separation | Pressure-| Pressure-| Pressure-| Pressure-
Siphon Siphon Siphon Siphon
UC Product
Yield, g 444 | 714 388 471
Oxygen, w/o 0.29 0.18 0.24 0.56
Nitrogen, ppm 20 190 230 300
Total C, w/o 4.56 5.24 5.34 5.04
Free C, w/o 0.36 ‘ 0.7 1.5 1.6
Free C/U 0.08 | 0.16 0.32 0.34
Uranium, w/o 94.2 ; 93.0 94.2 92.9
Magnesium, w/o,  0.01 0.08 0.07 0.11
Zine, w/o 0.08 ‘ 0.20 0.14 0.20
X-ray, Species uc ucC uc ucC
X-ray, Parame- | 4.960A | 4.960& | 4.960A | 4.960&
ter |

Metallurgy Division for fabrication and irradiation
tests. Results of the Metallurgy Division tests are
not yet available. Preliminary studies have indicated
that the UC products are easily compacted to a high-
density material. The current series of runs has been
completed and the equipment placed in storage.

Data for runs UC-11 through UC-14 are shown in
Table 1-33. Data for runs UC-2 through UC-7 and
UC-10, UC-11, and UC-12 were reported in ANL-
6900, p. 136. Runs UC-13 and UC-14 were runs with
93% 25U, Samples of UC from the runs in Table 1-33
have been mounted and polished for detailed viewing
by an electron probe. These studies will be completed
and reported at a later date.

Material with an oxygen content of 0.2 w/o or less
probably can be produced consistently in any future
preparations. The source of most of the oxygen is the
degassed activated charcoal. The higher oxygen con-
tent of run UC-14, (0.56 w /o) was due to the UC
powder being inadvertently unloaded in an air contami-
nated glovebox. In later runs (UC-12, UC-13, and
UC-14) the carbon content of the product was con-
sistently near the maximum of 52 w/o desired by
the Metallurgy Division.

The yield of UC product was increased from 61.6%
to 83.5% (see Table I-34) in the latter runs. This was
done by the following modifications in procedure and
equipment :

(1) an increase in reaction time from 8 hr to 19 hr
so that the reaction between the dissolved
uranium and the activated charcoal would more
nearly approach equilibrium,

(2) an increase in settling time from 1 hr to 3.75
hr so that the fine UC particles would have
more time to settle on the bottom of the reac-
tion vessel,

(3) a change in the transfer tube so that the

opening faced upward toward the Zn-Mg melt
(see Figure I-41) instead of toward the settled
UC particles. Thus, when a phase transfer was
made, a sweeping action over the settled UC

TABLE 1-34. Process VARIABLES AND YIELDS FOR URANIUM MoNOCARBIDE (UC) PREPARATION BY Lmrw-Ml-:-mL MEeTHOD

Reaction Settlin e %
Run U Charge Time Timeg Type of Transfer Tube UC Yield \ (h\ anal\ 515; U in U‘“ e
8) (hr) (hr) ® ‘ n UC | (U Charge s 100)
vUC-10 503 8 1 Straight 343 | 90.4 \ 61.6
VC-12 1004 12 1.6 Straight 714 93.0 66.2
UC-13 470 12 1 Bent Upward Toward Zn-Mg 388 04.2 77.8
Melt
UC-14 524 19 3.75 Bent Upward Toward Zn-Mg 471 92.9 83.5
Melt ‘
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was prevented and the amount of entrained
UC particles present in the transferred super-
natant liquid was decreased.

The largest increase in yield occurred when the

transfer tube tip was bent upward. The yield in run
UC-13 was 11.6% greater than the yield in run UC-
12, although both runs had similar reaction and set-
tling times.

2. Preparation of Uranium Monocarbide by a Fluid-Bed Process (E. J. PETkUsS,
C. C. PayNE, J. P. BARTOS)

The work on a fluid-bed process for the preparation
of uranium monocarbide (UC) (ANL-6900, p. 139)
has been continued. The process steps are:

(1) formation of uranium hydride (UHy) particles
by reacting uranium metal with hydrogen at
10 psig for 2 to 5 hr at 250-300°C,
heating of the UHj; particles to the reaction
temperature (500-700°C') while fluidizing the
particles with a mixture of hydrogen and a
hydrocarbon gas at atmospheric pressure (dur-
ing the heatup period, the UH; particles are
converted to uranium metal particles), and
continuation of fluidization at 500 to 700°C for
2 to 6 hr to convert the uranium to uranium
monocarbide.

The 1-in. dia. fluid-bed reactor used in the runs is
shown in Figure 1-42. There is a 6-in. long heated zone
and a 3-in. dia. particle deentrainment section which
contains a porous stainless steel filter. Isolation valves
at the top and bottom protect the pyrophoric UC from
contamination by the atmosphere during transfer to
an inert-atmosphere glovebox. A U-tube prevents the
powder from pouring out of the heated zone. Runs
UCF-1 through UCF-3 were made with the stainless
steel column in the air atmosphere; however, loading
and unloading of the materials were done in a glove-
box. All the runs after UCF-3 were made with the
stainless steel column in a vacuum-helium glovebox
(ANL-6725, p. 80).

First attempts at the synthesis of near-stoichiomet-
ric UC were not successful because the gas fluidizing
velocity was such that most of the uranium particles
were entrained by the gases and removed from the
heated reaction zone. In these initial experiments, a
fluidizing velocity greater than 1.0 ft /sec was be-
lieved necessary to prevent sintering of the unreacted
uranium metal particles, Subsequent work showed that
sintering could be prevented by a hydrogen-hydro-
carbon gas fluidizing velocity as low as 0.25 ft/'sec, if
the fluid bed was initially operated at 0.75 it /sec for 15
min and then at 0.50 ft sec for an additional 15 min;
this diminished the problem of particle entrainment
to the cold zone of the fluid bed. When the fluidizing
velocity was decreased to 0.75 ft/sec and lower, ura-
nium monocarbide was easily made (see Table 1-35).

(2

(3
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Fic. 1-42. Fluid-Bed Reaction Vessel.

A low fluidizing velocity is also desirable because
the total volume of gases passing through the bed and
the amount of impurities introduced into the UC
product from the gases are decreased. The fluidizing
properties of UHy and UC with helium at 0.25 ft/sec
and room temperature were visually observed in a
glass column. The material appeared to be fluidized
at this low velocity.

On the basis of literature data-32 it appeared

3 A. D. Tevebaugh and E. J. Cairns, Saturated Hydrocar-
bon Fuel Cell Program, ARPA, Order No. 24761, December 31,
1962, Table 6, p. 108.

¥ H. 8. Kalish et al, NYO-2688, The Development of UC as
a Nuclear Fuel, First Annual Report, May 1, 1959 to April 30,
1960, also NYO-2600 (October 1960), ORO-366 (September
1960).

2 E. J. Cairns and A. D. Tevebaugh, CHO Gas Phase Com-
positions in Equilibrium with Carbon, and Carbon Deposition
Boundaries at One Atmosphere, J. Chem. Eng. Data 9, 453
(1964).
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TABLE 1-35.
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PrerarATION OF Uranium Monocarsipe (UC) BY taeE Fruip-Bep METHOD

100-g scale
Reactant Gases* Analysis of Product ‘Phases Determined by X-ray Diffraction
Temp Time
Run No. o
un No 2C) (hr) CyHs H. Total C | Oxygen Maj Mo
(v/0) (v/0) (w/0) (w/0) gl
UCF-2 600 5 80 20 4.4 1.5 UcC B UH,
Possible UO,
UCF-4 600 5 90 10 6.5 2.2 UucC Possible UC,
UCF-5 600 5.6 90 10 6.4 2.1 uc Probable UC,
UCF-6 600 5.5 80 20 6.0 2.0 ucC Probable UC,
Possible U0,
UCF-7 600 5 30 70 5.3 0.90 uc Probable UC,
Possible UO,
UCF-8 600 5 20 80 3.2 1.0 UC and g UH; | UO.
UCF-9 700 3 20 80 5.4 0.70 B UH;* Possible U0,
uc
UCF-10 700 2 20 80 3.3 0.55 uc BUH: (UO: and
UC; very minor)
UCF-11 500 2 20 80 | 2.1 0.80 UC and g UH; | Unknown

» Fluidizing gas velocity initially 0.75 ft/sec for 15 min, then 0.50 ft/sec for 15 min, and then 0.25 ft/sec for balance of each run
except runs UCF-2 and UCF-4. In run UCF-2, the velocity was initially 1.00 ft/sec, and then 0.75 ft/sec; in run UCF-4, it was in-

tially 0.75 ft/sec, and then 0.50 ft/sec.
b Possible sample mix-up.
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Fic. 1-43. Preparation of Uranium Monocarbide (UC) by the Fluid-Bed Method. (w/o C in UC Product versus v/o Hs in the

H,-C;H; Fluidizing-Gas Mixture).
Charge:

100 g U

Fluidizing Gas Velocity: 0.25 ft/sec

Reaction Time:
Bed Temperature:

probable that the carbon content of UC could be con-
trolled by the proper choice of the variables: the hy-
drogen-to-hydrocarbon ratio in the gas, the reaction
temperature, and the reaction time. Carbon deposition
due to decomposition of the hydrocarbon can be pre-
vented at equilibrium in a hydrogen-hydrocarbon gas
mixture by proper adjustment of the H/C ratio.** 3% The
atom percent of hydrogen at equilibrium to prevent free
carbon deposition at 600°C is 90.70 (C = 9.30 a/o).

5-6 hr
600°C

This is a gas concentration of 91.4 v /o hydrogen and 8.6
v/0 C3Hy . In a fluid bed and at the temperature of 500
to 700°C, equilibrium conditions probably are not estab-
lished since the gases rapidly pass thl.'ough the bed;
however, the equilibrium data are useful as a guide in
the choice of experimental conditions.

T‘uhlv I-35 and Figure 1-43 show the results of pro-
duclpg'l'(‘r on a 100-g scale in a fluid-bed apparatus
consisting of a 1-in, stainless steel column, Figure 1-43
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shows the decrease in total carbon content of UC with
increasing hydrogen content of the reactant gases at
600°C. Hyperstoichiometric UC was produced when
the hydrogen content was about 70 v/o or less. Above
70 v/o hydrogen, there was a sharp decrease in total
carbon content such that at 80 v/o hydrogen only 3.2
w/o carbon was present in the product. Gas mixtures
containing 70 to 80 v/o hydrogen will be studied in
runs at 600°C.

A few runs were made at 700°C, and these had a
higher reaction rate than at 600°C. For example, in
run UCF-9 (Table 1-35) at 700°C, there was 54 w/o
carbon in the UC product after 3 hr at 80 v/o hydro-
gen whereas in run UCF-8 at 600°C, there was only
3.2 w/o carbon in the UC product after 5 hr at 80
v/o hydrogen. It would be advantageous to operate
at a higher reaction rate (higher temperature) in order
to decrease the total amount of fluidizing gases used
and thereby decrease the amount of impurities intro-
duced by the reactant gases. Further runs will be
made at 700°C and at higher temperatures.

The effect of reaction time on the total carbon con-
tent of the UC will be investigated further. In run
UCF-10 (Table I1-35), there was 3.3 w/o carbon

in the UC after 2 hr at 700°C and 80 v/o hydrogen,
while in run UCF-9 after 3 hr at 700°C there was 5.4
w/0 carbon in the UC.

The existence of UC (Table I-35) in the products
from the fluid bed experiments has been verified by
X-ray diffraction analysis. Products with a carbon
content of about 2.1 w/o or greater have consistently
shown UC to be present as a major phase, except in
run UCF-9. In run UCF-9, there exists the possibility
that the diserepancy between the X-ray data and per-
cent carbon content of the sample may be due to a
mix-up of samples. Product having a carbon content of
about 3 w/0 or less has had g UH; as a major phase.

To remove oxygen and moisture from the hydrogen
and propane, a Deoxo unit is used followed by a Lee-
trodryer unit. The Deoxo unit is a palladium catalytic
unit which converts oxygen to water in the presence
of hydrogen while the Lectrodryer unit is a molecular
sieve bed for moisture removal. In the most recent
runs, the oxygen content of the UC product (Table
1-35) has varied from 0.55 to 1.0 w/o. It is thought
that this impurity level can be reduced in future runs
by having a purer atmosphere in the glovebox and by
making the run time as short as possible.

3. Homogeneous Precipitation of UC and (U-Pu)C from Fused Salts
(S. VOGLER, J. PAvVLIK)

Most of the methods deseribed in the literature for
the preparation of UC are heterogencous reactions
between two or more solid phases or between a liquid
phase and a solid phase. In a search for better methods
for the preparation of carbides, the idea of homogene-
ous precipitation of uranium monocarbide from salt
solutions was developed (ANL-6725, p. 80). The early
experiments demonstrated that magnesium sesqui-
carbide is soluble in molten salts and that addition of
magnesium sesquicarbide to a 35 m/o LiCl-65 m o
MgCls molten salt mixture containing UF, results in
uranium monocarbide precipitating from solution. In
similar experiments (ANL-6800, p. 145) the metals in
the compounds UF,, UsOy, MgUO,, ZrO., SiO.,
NaWOy, V.0;,V.0.Cl,, TaO., and NaMoO, were
converted to the following carbides, UC, UC,, ZrC,
B-SiC, WC, «-W.C, VC, TaC, and Mo.C. In these
initial studies, the pure carbides were not isolated and
the product yields were not determined.

In other early experiments (ANL-6800, p. 146;
ANL-6900, p. 139), the homogeneous reaction of PuCly
with Mg.Cy in fused salts was studied. X-ray diffrac-
tion data indicated that the product was primarily
Pu,Cy, and no evidence could be found for PuC in
the product. These results were disappointing since

it is known that UC forms a solid solution with PuC
but not with Pu.Cy; whereas the primary interest in
the homogeneous reaction process was its anticipated
use for the preparation of a uranium-plutonium mono-
carbide s8lid solution. In spite of these discouraging
data, the method appeared worthy of further study to
determine if simultaneous precipitation of the uranium
and plutonium carbides would yield the desired solid
solution, [U,Pu_,,]C. These studies are deseribed
below.

Because of plutonium toxicity, all experiments were
carried out in CENHAM gloveboxes.* A one-module
box with a purified helium atmosphere (ANL-6652)
was used to handle all materials and to load and un-
load the reaction vessels. This box, referred to as the
drybox, was connected by means of a vacuum lock to
a larger box with a nitrogen atmosphere. During rou-
tine operation, the drybox atmosphere was found to
contain 12-20 ppm water.

The experimental procedures used for the prepara-
tion of fused salts containing plutonium and uranium
and the subsequent reaction of the fused salt with

3 R. F. Malecha et al, Low Cost Gloveboxes, Eighth Hot
Laboratory and Equipment Conference, San Francisco, De-
cember 1960, Trans. Am. Nucl. Soc. 3 (2), 485 (1960).
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Mg,Cy were the same as those reported previously
(ANL-6800, pp. 145-147; ANL-6900, pp. 139-141).
Briefly, the process is as follows: Uranium and plu-
tonium metals are dissolved in liquid zine, which is then
contacted with molten salt (e.g., MgCls - 35 m/o LiCl).
The molten salt contains sufficient ZnCl, to oxidize the
uranium and plutonium to UCl; and PuCly. The
oxidized compounds are then transferred to the molten
salt phase. After the transfer of all of the uranium
and plutonium from the zine phase to the salt phase,
the liquid phases are cooled. The solidified salt and
metal phases are then mechanically separated, and
Mg.Cy is added to the salt phase. The salt phase is then
reacted with the added Mg.Cy at 625 to 650°C (in a
tantalum crucible) for approximately 1 hr. The salt
phase is then removed from the carbide product by
volatilization under vacuum at 850°C. The residue
contains the carbides of uranium and plutonium. This
carbide product was weighed and analyzed.

TABLE I-36. SumMmaAry ofF UranNium CarBIDE-PLUTONIUM
CARBIDE PRECIPITATION EXPERIMENTS

Experiment
1 ‘ 2 B el
Conditions
U (g) 9.10 10.58 | 10.62 8.70 9.02
Pu (g) 2.30 2.27 2.31 2.30 2.30
Zine (g) 300 300 300 200 200
LiCl (g) 19.3 19.3 53.3 73.5 74
MgCl: (g) 80.7 80.7 25 — —_
ZnCl, (g) 10.24 | 14.45| 14.25 | 13.79 | 13.76
Mg:C; (g)® 4.9 BBl 9.7 7.4 4.2
Product
Wt. (g) 8.60 9.48 | 11.88 — —
U (w/0) 84.5 | 89.0 | 67.6 | 38.4 | 63.9
Pu (w/o) 6.4 3.3 11.5 10.2 12.1
C (w/o) 4.12 4.46 7.69 . 5.81
0O (w/o) 1.34 1.0 0.94 . 2.20
Insoluble (w/o) ~3 1.1 6.7 1.2 (~10
Free Carbon (w/o)| ~2 0.9 4.8 1.0 1%
Phases shown by
X-ray Dif-
fraction®
Major FCC | FCC |FcCC FCC | FCC
4.96 4.959 5.47 4.96 4.959
FCC | BCC
4.96 8.09
Minor | BCC
‘ 8.13

* Not determined.

b Mg.C; plus unreacted magnesium.

¢ Lattice parameters of pertinent phases are: UO, , 5.468;
PuO. , 5.396; PuO, 4.96; PuC, 4.950-4.973; UC, 4.961; U,C; ,
8.088; Pu,C; , 8.129.

In four of the five experiments (see Table I-36),
the ratio of the plutonium to uranium in the carbide
product was much less than the corresponding ratio
in the fused salt prior to the reaction with Mg,C; . In
run 4, the ratio in the carbide product was essentially
the same as in the fused salt prior to the addition of
the Mg.Cy . The overall yield of carbide product, based
on the weight of the uranium plus the weight of the
plutonium used, varied from 70 to 88 w/o for the
three experiments where weight data are available.
The carbide product was found to contain 90 w/o or
more of the uranium used in the experiment; after pre-
cipitation of the carbides, the salt phase was found to
contain less than 10~* w/o of the uranium and plu-
tonium. After removal of the salt phase from the
carbide product by vacuum distillation, however, the
salt phase was found to contain approximately 20-50
w/0 of the plutonium used in the experiment. These
data indicate that the fused salt reacted with the plu-
tonium carbide during the vacuum sublimation step
to form PuCly, which distilled along with the LiCl-
MgCl, salt mixture. A similar reaction has been ob-
served between UC and LiCl-MgCl, at 650°C; the
color of the salt phase indicated the presence of UCl,,
and a metallic film (presumably Mg) sublimed to a
cold section of the reaction vessel.?* The reaction was
apparently :

2UC +3MgCl.=22TUCl; + 3Mg +2C

Such a reaction was not observed at the same tempera-
ture when the salt phase was LiCI-KC1.3* On the basis
of these data, LiCl was used as the salt phase in the
last two experiments (runs 4 and 5, Table 1-36) in
place of the LiCl-MgCl, mixture used in the previous
experiments. At 1000°K the AF; for LiCl is —79 keal
per mole and for MgCl, it is —58 keal per gram atom
of chlorine (%2 MgCl.). Thus, the greater stability of
LiCl than of MgCl. was expected to prevent the re-
action of the carbides with the LiC] during the vacuum
sublimation step. In the fourth experiment, where only
LiCl was used as the salt phase, the plutonium con-
tent of the sublimed salt phase was very low (at least
a factor of 100 less than in previous experiments) ;
however, in the fifth experiment the plutonium con-
tent of the sublimed salt phase was once again high. No
explanation can be offered for these latter results.
For the carbide product from the first two experi-
ments (Table I-36), examination by X-ray diffraction
techniques indicated that the dominant phase ex-
hibited face centered cubie crystal symmetry with a
lattice parameter of 4.960A. This is the lattice param-

# M. Adams, Argonne National Laboratory, Private Com-
munication.
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eter for UC and is the value to be expected for solid
solutions of (Pu-U)C up to approximately 15 to 20 a/o
plutonium.*® Possible very minor phases in experiment
1 were PuOCIl, UO, , or Mg.

In later experiments, X-ray results revealed the
presence of a body centered cubic erystal symmetry
with a lattice parameter of 8.09A and 8.13A. These
values are the lattice parameters of U,Cy and Pu.Cy .
In these later experiments, the plutonium content of
the precipitate was greater than in the first two ex-
periments.

From the results, it is difficult to say that a true solid
solution of UC-PuC had formed, since the plutonium
contents of the carbide products from the first two
experiments were low and if plutonium had been pres-
ent as the sesquicarbide, it might not have been de-
tected by X-ray diffraction analysis. In the last two
experiments (runs 4 and 5) in which the plutonium
content of the precipitate was higher, the sesquicar-
bide phases were observed to be present.

The total carbon contents of the U-Pu carbide
products were determined by combustion of individual
samples in oxygen and measurement of evolved CO, .
This method measures the total carbon present as car-
bide and as occluded free graphite. The data in Table
1-36 indicate a wide variation in the total carbon
content of the precipitated carbide products. Free
carbon was also measured (Table 1-36), and varying
amounts were found in the U-Pu carbide products.
This free carbon is probably formed as a product of
the precipitation reaction and by thermal decomposi-
tion of the Mg.Cy . Although the stoichiometry of the
precipitation reaction has not been established, the
following reaction appears reasonable.

4 UCly + 3 Mg.,Cy — 4 UC + 6 MgCl. + 5 C

S, Rosen, M. V. Nevitt, and A. W. Mitchell, J. Nuel.
Mater. 9, 137-142 (1963).

Free carbon is also an end product for a similar reac-
tion with magnesium dicarbide (MgCa).

The major impurity measured other than free car-
bon was oxygen. The results in Table I-36 show that
the oxygen contamination was at least 1%. Since
uranium and plutonium carbides are known to be sen-
sitive to moisture, it was thought possible that the
carbide product had reacted with moisture in the
drybox atmosphere. A crude experiment demonstrated
this: a portion of the product of an experiment was al-
lowed to stand in the drybox (box atmosphere ~20
ppm water) for two days. The oxygen content of the
carbide rose from 0.94 to 1.3%. Thus, although it is
difficult to evaluate the magnitude of the increase in
oxygen level, it is probable that substantial oxygen
contamination occurred during sampling of the re-
covered product. In the early experiments, the oxygen
impurity was attributed to inadequately purified salts.
In the last two experiments, the oxygen content of the
LiCl was below the detectable limits (<0.02 w, 0 oxy-
gen). Thus, even if all the oxygen in the LiCl had been
transferred to the product, the oxygen content of the
product should not have exceeded about 0.1%.

No further work is planned on the homogeneous
precipitation method (using Mg.Cy) for the prepara-
tion of a solid solution of uranium and plutonium
monocarbide for the following reasons:

1. PusCy was apparently formed instead of the de-

sired solid solution of (U-Pu)C.

2. Large amounts of free carbon were found in the
carbide products, and the bound carbon contents
were variable.

3. .\lug{l(-sium sesquicarbide was difficult to pre-
pare in pure form, and the yields were low (40
to 50%) (see ANL-6800, p. 145). Another metal
carbide such as lithium carbide or sodium carbide
might be a better choice than Mg.C;, but no
experiments with these carbides are planned at
this time.

4. Studies of Mobile Blanket Fuels for Fast Reactors

Mobile blanket fuels for fast breeder reactors show
promise of reducing reactor down-time for fuel shuf-
fling, improving sodium coolant utilization and, thus,
power conversion efficiency, and decreasing fuel proc-
essing and refabrication costs. Experimental work has
been initiated to develop a paste blanket fuel consist-
ing of a uranium-containing ceramic fuel dispersed in
a liquid metal. Currently, the most attractive of the
mobile blanket fuels which have been considered is a
paste of uranium mononitride (UN) in sodium.

a. REACTOR REQUIREMENTS FOR MOBILE
FUEL BLANKETS (P. NeLsox)

If reactors with mobile fuel blankets are to have an
economic advantage over reactors with solid fuel
blankets, the advantages must be gained without great
changes in the core design. The nuclear characteristics
of the core, the ease of removal of the core fuel, and
the core fuel cycle costs have much greater effects on
the overall economics of the reactor than do blanket
characteristies. Since core characteristics are optimized
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for minimum power costs consistent with safety, gross
changes in the core to accommodate a mobile blanket
would negate the potential economic advantages of a
mobile blanket fuel. Accordingly, it is believed that a
mobile fuel would not be suitable for axial blankets
since removal of the core fuel would be complicated by
such blankets, particularly the top blanket. Mobile
blanket fuel appears to be best suited for reactors re-
quiring large radial blankets and producing a high
fraction of the breeding in the radial blanket.

b. PROPERTY REQUIREMENTS OF PASTE
BLANKET FUELS (P. A. NeLsox, M. G. CHAsA-
NOV)

The nuclear requirements for blanket fuels are less
stringent than for core fuels because most of the nu-
clear interactions, particularly the fissions, take place
in the core. However, a high uranium density in the
blanket fuel can be beneficial in providing high neu-
tron capture efficiency for a relatively thin blanket.
For this reason, pastes with liquid-metal vehicles con-
taining at least 50 v/o solid fertile material appear to
be more attractive blanket fuels than dilute slurries or
molten uranium salt solutions.

The shift of a given amount of fuel in the blanket
has a smaller effect on reactor reactivity than a shift
of the same amount in the core. However, even in the
blanket, shifts in uranium density are undesirable.
This consideration again favors low-mobility settled
pastes, since these appear to be more stable than slur-
ries, owing to the fact that the latter depend on fluid
motion to maintain an even distribution of solid parti-
cles.

Although a static paste fuel contained in sealed
tubes in much the same way as solid fuel might be
feasible, the present experimental effort is being di-
rected toward developing a paste fuel which could be
circulated. The advantages of a circulating paste fuel
are as follows:

1. Fission product gases can be continuously sepa-

rated from the fuel by circulating the fuel through
a separating device.

2. Fuel in a circulating blanket system may be fre-
quently or even continuously removed for re-
processing without reactor shut-down.

3. The build-up of plutonium to high concentra-
tions in the region of the core and the associated
heat removal problem which is common to re-
actors with stationary fuel may be avoided by
circulation of the fuel.

These advantages can be gained by having a flow

velocity of only a few feet per hour, a velocity that is

easily obtainable with a heavy paste. Good paste
flow characteristics may require finely ground solid

I. Compact Pyrochemical Processes

particles with a narrow size range. In order to main- =
tain these flow characteristics, the particles must be -
nonsinterable under reactor conditions. Low solubility
of the solid particles in the liquid metal vehicle is also

a necessity, since mass transfer effects, i.e., growth of -
the particles and deposition of material, might result
in stopping of the flow of blanket paste. Another phe-
nomenon which would stop paste flow and also result
in overheating of the fuel would be sudden dewetting
of the solid particles by the liquid metal. This might
result from (1) a gradual change in the composition
of the solid or liquid phases of the paste, or (2) gas
evolution from the solid.

It would be impractical to remove the heat de-
veloped in paste blanket fuel by circulating it to an
external heat exchanger because the pumping rate
required would be too high for a viscous paste. There-
fore, it would be necessary to contain paste blanket
fuel in tubes and to remove the heat from the tubes
by a coolant such as sodium, as is done in solid-fueled
fast reactors. The rate of heat removal (which equals
heat generation at equilibrium) from a paste contained
in a tube is given by the following relationship for
heat transfer from a rod with uniform internal heat
generation:

g = 4 kAT
where
g = heat generation rate per unit volume,
k = thermal conductivity of fuel,
AT = temperature differential between the ecenter

line and the periphery of the fuel rod, and
radius of fuel rod.

It is apparent that the boiling point of the vehicle of
paste fuels, which controls the maximum allowable
center-line temperature, and the thermal conductivity
of the fuel are important fuel characteristics. A so-
dium-vehicle paste would require a center-line tem-
perature limitation set safety below the 1621°C boil-
ing point of the sodium vehicle. Alloy vehicles with a
lead or bismuth base would have an advantage over
sodium since they have higher boiling points. However,
this advantage would be partially offset by the rela-
tively low thermal conductivity of bismuth, lead,
and their alloys.

Compatibility of the fuel with the container ma-
terial is a stringent requirement because the expensive
circulating system must endure for five to ten vears to
be economical. It would seem easier to meet this goal
with a sodium vehicle than with 5 vehiele of bismuth

s

or lead alloys which are more corrosive than sodium
to stainless steel, the probable container material. It
is also possible that tubing containing the paste “'(;uld
be attacked by decomposition products frop, o ceramic
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fertile material constituting the solid phase of a
blanket paste. In uranium carbide-sodium pastes,
carbon which is transferred from hyperstoichiometric
UC through sodium may cause failure of the tubing
by carburization.® In uranium dioxide-sodium pastes,
sodium may reduce the oxides of fission products®™ to
form sodium oxide which would render the sodium
more corrosive to stainless steel tubing.®® Since UN
is compatible with sodium®® and stainless steel * it ap-
pears that a paste of UN in sodium would be innocu-
ous for use with stainless steel.

In summary, the following characteristics are de-
sirable for the components and the paste fuel to be
used in the blanket of a fast reactor:

A. Fertile Particle Characteristics

1. Nonsinterability
2. Low solubility in vehicle
3. Chemical stability relative to vehicle, fission
products, and container
. High bulk density
. Fine, uniform particle size
. High thermal conductivity
B. Vehicle Characteristics
1. Noncorrosiveness
2. High thermal conductivity
3. High boiling point
(. Paste ('haracteristics
1. Stable wetting of particles by vehicle
2. Uniform high uranium density
3. Compatibility with container
4. Stable fluidity
5. High thermal conductivity

A paste consisting of UN suspended in sodium ap-
pears to fulfill many of the requirements listed above
better than the other pastes considered. Experiments
are underway to prepare and test the selected paste
to determine whether it can meet the exacting require-
ments of paste blanket fuel.

¢. PREPARATION OF URANIUM MONONITRIDE
(P. A. Neuson, C. F. LEnMANN)

o T o

Uranium mononitride powder was prepared by re-
action of nitrogen with uranium turnings at 900 to
1350°C' and subsequent grinding of the product. The
method developed in this work produces UN powder of
unusually high bulk density.

Several methods for preparing UN are described by
Katz and Rabinowitch.*' The standard procedure is

3 B. A. Webb, NAA-SR-6246, May 1963.

% L. F. Epstein and J. Nigriny, AECD-3709, 1948.

% E. G. Brush, Corrosion 11, p. 229t, 1955.

¥ R. A. Wullaert et al, DMI-1638, June 1963.

40 8. Katz, J. Nucl. Mater. 6, 172, 1963.

4 J_J. Katz and E. Rabinowitch, The Chemistry of Uranium,
Doven Publications, Inc., New York, 1951.

first to prepare mixed crystals of U.N; and UN, by a
method similar to the following:

(1) Direct reaction of uranium with nitrogen at

800 to 1000°C.

(2) Reaction of UH; with nitrogen at 250 to 350°C.

(3) Reaction of UH3 with NHj at 200°C.

The product of these preparations is then decomposed
to UN and N, by heating to 1300°C or higher under
reduced pressure. These methods yield products with
bulk densities of 3 to 7 g/cc.

The object of the present work was to shorten the
time of preparation by carrying out the reaction at a
temperature high enough to avoid formation of the
higher nitrides. In addition, it was reasoned that such
a preparation might yield a product of high bulk
density. Uranium, in the form of turnings, was nitrided
at 200 to 400 torr pressure. The temperature was main-
tained at 900 to 1050°C for several hours. Before a
nitrogen-to-uranium ratio of one was reached, the
temperature was gradually increased to about 1300
to 1350°C. The higher temperature was maintained un-
til nitriding was complete.

In an experiment with 90 g of uranium turnings, 40
of the nitrogen reacted at temperatures above 1100°C.
The reaction stopped after 20 min at the final reaction
temperature of 1300°C. (The nitride coating on the
turnings contained the molten uranium, m.p. 1132°C,
during the last step of this process.) The pressure was
reduced to 5 x 107 torr in a period of 15 min with
no evidence of nitrogen evolution from the reaction
product. The product was dark gray and in the form of
the original turnings. It was easily ground into a coarse
(~100 megh) powder having a bulk density of 8.0 g
ce, which 1s higher than is usually obtained for un-
compacted UN powder. X-ray analysis of a sample of
—400 mesh powder indicated a major phase of UN
with a minor phase of the U,N; of hexagonal struc-
ture** and a lesser amount of UO. The lattice constant
for the UN phase was 4.890X, which is in good agree-
ment with a recent literature value.** Analysis of the
product for nitrogen by combustion to UzOg and cor-
rection for the oxygen content (0.095%) of the sample
vielded a nitrogen content of 5.60°%. (The nitrogen
content of stoichiometrie UN is 5.557%.)

In a second UN preparation by this general pro-
cedure, the reaction terminated before the temperature
reached 1300°C. Nitrogen was evolved as the pressure
was reduced, thereby indicating that higher nitrides had
formed during nitridation. The bulk density of the
powdered product, 6.1 g/ce, was considerably less than

“D. A. Vaughan, X-ray Diffraction Study of the Nitrides
of Uranium, J. Metals 8, AIME Trans. 206, 78, (1956).

4 P.E. Evans and T. J. Davies, Uranium Nitrides, J. Nuel.
Mater. 10 (1), 43 (1963).
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the value of 8.0 g/cc obtained in the first run (in which TABLE 1-37. Summary or Contact ANGLES DETERMINED

less of the higher nitrides were formed).

d. WETTING OF CERAMIC FUEL MATERIALS
BY LIQUID SODIUM (M. G. CuHasanNov)

The wetting properties of liquid sodium for ceramic
fuel materials are of importance in the choice and op-
eration of a mobile blanket system based on slurries or
pastes of these materials. In order to make a prelim-
inary survey of the wetting properties of liquid sodium
for uranium ceramics, an apparatus for the determi-
nation of contact angles by the sessile drop method
was installed in a helium glovebox. The equipment em-
ployed was quite simple. A plaque of the ceramic ma-
terial was heated on a hot plate in the glovebox; a
drop of distilled sodium was placed on the plaque and
then photographed by means of a camera and a low-
power telescope. The image was captured on Type 55
Polaroid film. Sample temperature was measured using
a chromel-alumel thermocouple in contact with the hot
plate surface next to the plaque; temperature control
was about #=10°C. While the atmosphere in the glove-
box was quite good (oxygen <10 ppm, nitrogen <20
ppm, moisture ~1 ppm or less), a drop of molten so-
dium would nevertheless become heavily coated with
oxide in six or seven minutes.

Experiments were carried out with plaques of UO,,
UP, US, UC, and UN. The contact angles were de-
termined by visual examination of the photographs.
For those cases where the ceramic surfaces were rea-
sonably flat, the contact angle was calculated from the
drop parameters, using a method developed for sur-
faces of revolution by Mack and Lee.** The results
of these studies are presented in Table 1-37. For our
initial evaluations, these preliminary data were suf-
ficiently accurate. These values should be regarded as
tentative because of the relative crudity of the ex-
periments; use of a more refined apparatus such as
that employed by Bradhurst and Buchanan* would
probably lead to more exact data.

The data in Table 1-37 indicate poor wetting of the
ceramic fuel by liquid sodium at the temperatures in-
vestigated. Interestingly, all these data fall within
the limits observed by Bradhurst and Buchanan'® for

#“ (3. L. Mack and D. A. Lee, J. Phys. Chem. 40, 169 (1936).
4 ), H. Bradhurst and A. S. Buchanan, Australian J. Chem.
14, 397 (1961).

BY SEssiLE Drop MerHop ¥OR L1QUID SODIUM
AnNp U Ceramics

Contact Angle 6,

degrees
Ceramic] Tem{iec"?tum

visual ob-

servation calculated
MUE 210 130 + 2 | 130.6
o 260 130 £ 2| 120.9
US 240 150 + 4 i
ok - 144 £ 1| 143.6
UN 255 157' = 8| 0=

Data of Bradhurst and Buchanan®

U0, (oxygen-saturated 250 130 —
sodium)

UO: (oxygen-free so- 250 160 —
dium) | 1

U0, and sodium of varying oxygen content; these
data are included in Table 1-37 for comparison. An-
other technique of determining contact angles, the
vertical plate method,*® gives quite different results for
U0, and sodium; good wetting is indicated at these
temperatures.*” In this approach, the ceramic is first
completely immersed in liquid sodium and then the
force required to raise the sample from the sodium bath
is measured ; from the known dimensions of the sample
and the surface tension of sodium, one can then caleu-
late the contact angle. This contact angle would prob-
ably be more meaningful for a mobile blanket system
in which the ceramic particles are completely immersed
in molten liquid metal than would the sessile drop
values obtained in our experiment, which represent
the advancement of a molten metal over a porous sur-
face covered with a foreign gas. At present, no addi-
tional sessile drop studies on these systems are
planned.

The indications are that sodium has about the same
wetting properties for UN as for UQ. . Since sodium-
U0, slurries and pastes have already been successfully
made, no problems are anticipated in making a sodium-
UN paste.

8 C. C. Addison, D. H. Kerridge, and J. Lewis, J. Chem. Soe
2861 (1954).

¢ B. R. T. Frost, J. Nucl. Mater. 7 (No. 2), 100 (1962).
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II. Fuel Cycle Applications of Volatility and Fluidization
Techniques* (A. A. Jonke)

INTRODUCTION

Development work was continued on fluid-bed
fluoride volatility processes for the recovery of uranium
and plutonium from spent nuclear fuels. These proc-
esses are based on the ability to convert the uranium
and plutonium to volatile hexafluorides which can be
readily separated from associated fuel materials (clad-
ding, fission products) and purified by established
techniques. These processes are considered applicable
to a wide variety of fuels and are currently being de-
veloped for two main types of fuel which are of in-
terest. One is low-enrichment uranium dioxide-plu-
tonium dioxide clad in either Zircaloy or stainless steel.
The other is highly enriched uranium fuels which are
alloyed and clad with Zircaloy or aluminum.

A conceptual flowsheet for a process for UO,-PuO,
fuels was presented in ANL-6800, p. 197. A number of
alternative flowsheets have been considered and some
are under investigation. Some of these alternative
flowsheets are reviewed below.

Major process steps, shown in Figure 11-1, are: de-
cladding, fluorination, distillation, thermal decomposi-
tion, and conversion to final products. As outlined,
several of the steps are combined in series for alterna-
tive routes, depending on the desired form of the
products, The fuel elements, after removal of extrane-
ous hardware, are charged as bundles to a fluid-bed
reactor where they are immersed in a bed of high-
fired alumina. Decladding of both Zircaloy and stain-
less steel are accomplished through the use of gaseous
reactants at elevated temperature.

Decladding of Zircaloy. Zircaloy is readily attacked
by HCI at temperatures above the sublimation point
of ZrCly (331°C at 14.7 psia) as has been demonstrated
in the studies with the highly enriched uranium alloy
fuels (ANL-6900, p. 194). This step results in a sepa-
ration of the cladding from the uranium and plutonium
dioxides, which remain unattacked and are in the form
of pellets or pellet fragments on the fuel support plate.
The ZrCl, may be pyrohydrolyzed to a solid oxide
waste by reaction with steam in a second fluid-bed
reactor and the HCI may be recycled if desired.

The UO,-Pu0, pellets may be pulverized chemically
by reaction with an HF-oxygen mixture as in the case

* A summary of this section is given on pages 7 to 12.
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of decladding schemes discussed below. This step is
beneficial since partial fluorination to uranyl fluoride
(CO.F.) and PuF, is achieved with a reagent that is
appreciably less costly than fluorine; moreover, some
decontamination is achieved such as that obtained by
the formation of volatile molybdenum compounds.

Recent studies at Brookhaven National Laboratory
(BNL) and ANL indicated that an alternative scheme
for decladding Zircaloy may be feasible. Mixtures of
HF and oxygen attack Zircaloy at practical rates at
temperatures above 5350°C. The reaction products in
this case are solid ZrO, and ZrOF. , the proportions of
each apparently depending on the duration of the reac-
tion step. The oxide fuel also reacts with these mixtures
and the fuel is pulverized as the decladding proceeds.
The uranium and plutonium are converted, respec-
tively, to UO.F, and PuF, . Some UF, may also form. In
the reaction, fission products are converted to oxides,
oxy fluorides, or fluorides, some of which are volatile and
are separated. The uranium and plutonium fines, the
remaining fission products, and the cladding seale mix
with the alumina and are reacted further in a subse-
quent fuel recovery step, the fluorination step.

Decladding of Stainless Steel. Stainless steel also
was found to suffer destructive oxidation with HF-0.
mixtures labout 30 mils/hr at 550°C with 40 v/o
HF-60 v /o O.). The iron is converted mainly to a-
Fe,0y, and the UO.-Pu0, pellets are again pulverized
as deseribed above. The remaining cladding con-
stituents, mainly chromium and nickel, react and ap-
pear to remain in the bed as solids.

Work has been done on mechanical decladding
schemes, but, in general, these appear to be more
complicated than the chemical decladding methods
outlined above.

Fluorination. After the decladding step and after all
of the fuel has been reacted to form the compounds in-
dicated above, the fuel mixture is reacted with fluorine
that is diluted with a suitable fluidizing gas such as
nitrogen. The fluorination reactions of the fuel result
first in the formation of UFg which is volatilized from
the heated reactor. Several of the volatile fission prod-
uct fluorides also volatilize from the reactor, along
with the UFg. After much of the uranium has been
converted to the hexafluoride, PuF;, formed by the
reaction of PuF, and fluorine, volatilizes from the
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reactor, leaving the nonvolatile fission product fluo-
rides in the bed. Reeyele of fluorine is being considered
for this latter fluorination period because the efficiency
of fluorine utilization on a once-through basis is ex-
pectedly low.

Decontamination and Conversion to Final Products.
The hexafluorides, together with the fission products
whose fluorides are volatile at the temperature of the
reaction, are collected in a condenser, thus separating
the bulk of the uranium and plutonium from the fluo-
rine and possibly certain of the very volatile fission
product fluorides. At this point, several alternative pro-
cedures are possible. The mixture of hexafluorides
could be passed from the condenser to a vessel in which
the less stable PuFy is decomposed to the nonvolatile
PuF, (Alternative 1 in Fig. II-1). It is likely that the
PuFy product from this step would require additional
treatment to produce a fully decontaminated product.

The UFg and the remainder of the fluorides could then |

be introduced to a distillation column which provides
for a separation of the fission product fluorides from
the UFg , resulting in a highly decontaminated uranium

product. Another alternative is the direct distillation
of the UFg-PuFy mixture collected in the condenser
(Alternative 2 in Fig. II-1). This distillation would
produce a UFg stream which is highly decontaminated
but which would not contain all of the UFg. The re-
mainder of the UFy, together with all of the PuFg,
would be removed from the column near the bottom
and would be free from fission products. Should a plu-
tonium product completely free from uranium be de-
sired, this mixture of UF; and PuFy could be passed
through a thermal decomposition vessel where the
PuFy is converted to PuF, .

On the other hand, if the product from the separa-
tions process is to be an oxide, both the pure UFg
stream and the UFg-PuF,; stream could be con-
verted to the respective oxides by reaction with
steam-hydrogen mixtures in a ﬁl;i(i bed (Alter-
native 3 in Fig. II-1). Adjustment of the com-
pusitiop of the UFy-PuF, stream by variations in the
up('l':l'llng characteristics of the distillation step would
permit any desired composition of the oxide mixture
to be attained.
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PROCESS DEVELOPMENT STUDIES ON UO.-
PuO. FUELS

The main steps in the fluid-bed fluoride volatility re-
processing scheme for UO,-PuO, fuels are to be in-
vestigated in an engineering-scale alpha facility.
Equipment for the processing of batches of pellets to
a mixed hexafluoride product has been installed and
shakedown work on this unit started. A unit for studies
on the conversion of the mixed hexafluorides to dense
mixed oxide particles by reaction with steam and
hydrogen is also nearly complete.

Development engineering investigations aimed at es-
tablishing conditions for processing batches of unclad
pellets and related decladding work are in progress.
Studies on the behavior (reactions) of PuFg with
simulated glovebox atmospheres is continuing. In-
formation on the kinetics of these PuFg reactions is
expected to facilitate the design of clean-up systems
for glovebox exhaust streams.

Laboratory support work is continuing. Laboratory-
seale fluid-bed fluorinations of UO.-PuO. combined
with simulated fission product mixtures and declad-
ding reaction products are being performed in 1%s-in.
dia. and 2-in. dia. fluid-bed units. Equipment for basic
studies on solid-liquid equilibria in the system UFg-
PuFg has been installed and is being tested. Studies
on vapor-liquid equilibria with this system are to
start soon.

Studies on the chemical behavior of PuFy are con-
tinuing. An investigation of the PulFy sorption capacity
of selected solid materials is being made. Concluding
studies on the decomposition of gascous PuFy to Puly
and fluorine by alpha radiation have been made.

Corrosion work is also continuing. A survey of the
unclassified literature concerning the corrosion of
nickel by UFg, PuFy, and fluorine has been com-
pleted.

Application of volatility methods to the recovery of
plutonium from solid serap materials produced at the
Rocky Flats Division of the Dow Chemical Com-
pany has been investigated.

A study of the chemistry of neptunium hexafluoride
has been initiated. Other work included a study of the
reaction of molybdenum oxides with fluorine.

PROCESS DEVELOPMENT STUDIES ON
HIGHLY ENRICHED URANIUM-ALLOY
FUELS

Development work on a fluid-bed fluoride volatility
process for recovering highly enriched uranium from
uranium-alloy fuels was continued. The overall ob-
Jectives of this work are to develop and demonstrate an
economical, high-decontamination, and high (greater
than 999%) uranium recovery process that is applica-

ble to a variety of fuels. At present, applicability of
the process to both zirconium-based and aluminum-
based fuels is being established.

The process consists of two main chemical reactions
conducted in a single vessel. The first is a separation
step in which the alloying materials are volatilized
by reaction with gaseous hydrogen chloride; the sec-
ond is a recovery step in which the uranium, after re-
action with gaseous fluorine, is recovered as the hexa-
fluoride. The reactions are conducted in a bed of inert
alumina granules fluidized by reagent gases and nitro-
gen; the use of fluidized beds facilitates dissipation of
reaction heat as well as the heat due to the fission prod-
ucts in the spent fuel. The progress of the reactions

'an be followed continuously by measuring the con-
centration of key components in the off-gas stream
by the use of in-line thermal conductivity cells.

Hydrochlorination is carried out at temperatures
greater than the sublimation point of the chloride of
the alloying element (sublimation points at 1 atm for
ZrCly and AICIl; are 331 and 180°C, respectively).
Since the uranium is converted into particulate ura-
nium chlorides, separation of the fuel constituents is
achieved. The uranium chlorides remain, for the most
part, associated with the fluid-bed material. A por-
tion of the uranium chlorides is entrained in the gas
stream and is collected on a packed bed of alumina
which serves as a high-temperature filter. The uranium
chloride that passes through the filter is one source
of uranium loss. After the fuel charge has been com-
pletely reacted, the bulk of the solid chlorides are
converted to fluorides by reaction with HF at 350°C.
(This step was used in development work to avoid the
production of gascous chlorine and interhalogen com-
pounds which would be expected to form in the direct
reaction of the uranium chlorides with elemental fluo-
rine. However, it may not be necessary to include this
processing step in the commercial application of the
process.) The system is then fluorinated with elemental
fluorine and the uranium recovered as the volatile
hexafluoride (sublimation point for UFg at 1 atm
is 56.6°C). The uranium retained by alumina beds,
which are discarded as solid wastes, is a second source
of uranium loss.

Initial process development work, conducted in a
bench-scale unit with unirradiated fuel materials,
has now been concluded. The main objective of this
work, the establishment of optimum conditions for
achieving recoveries of greater than 99% of the ura-
nium in the fuel charge, was attained. A final analysis
of the data is presented in this report.

Demonstration of the process on a practical en-
gineering level (~20 kg of fuel) with unirradiated
uranium-aluminum and uranium-Zircaloy subassem-
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blies is continuing in a pilot-scale unit. The initial
seven runs were described previously (ANL-6900, pp.
194-200).

Studies with irradiated fuel materials were initiated
after completing shakedown work in the new bench-
scale facility installed in the Senior Cave of the Chemi-
cal Engineering Division.

An exploratory corrosion program in support of the
fluid-bed volatility program was concluded. In-proc-
ess corrosion work is continuing. Major emphasis is

on the evaluation of nickel as a material of construe-
tion,

Fundamental fluidization studies in support of the
applied program are continuing. An equation for pre-

dicting heat transfer coefficients from surfaces to gas-

fluidized beds has been derived. In order to use the
equation it is necessary to have experimental data on
the average residence time of fluidized particles at the
heat transfer surface. A study has been initiated to ob-
tain these data.

A. LABORATORY INVESTIGATIONS (M. J. STEINDLER)

1. Fluid-Bed Fluorination of U,0s-PuQ, Mixtures (R. JArry, W. GuNTHER, W. SHINN,
J. ST0cKBAR, T. BAKER, G. REDDING, T. GERDING, R. WAGNER, J. SAVAGE)

Laboratory-scale fluid-bed fluorinations of mixtures
of uranium oxide, plutonium oxide, and fission product
element oxides are being performed in support of stud-
ies on the fluid-bed fluoride volatility process. In this
process the spent fuel element, after chemical declad-
ding, is contacted with fluorine in a fluidized bed at
temperatures from 450 to 550°C to convert the ura-
nium and plutonium oxides to their respective hexa-
fluorides. The laboratory support work is being per-
formed to determine the optimum reaction conditions
under which the retention of plutonium on the alumina
fluid-bed material is minimized, and to obtain general
information which will be useful in the operation of
the fluid-bed fluoride volatility process pilot plant
(see ANL-6569, p. 110 and ANL-6800, p. 242).

The results of several fluid-bed fluorination experi-
ments which were reported in the preceding semian-
nual report (ANL-6900, p. 144) indicated the follow-
ing:

(a) In experiments performed to determine the
feasibility of reusing the alumina bed for several ad-
dition-fluorination cyecles, it was shown that high
plutonium recovery was achieved only by incorpo-
rating an extensive recycle-fluorination period after
each addition-fluorination. Using this scheme, several
addition-fluorination eyeles can be accomplished with-
out retaining more than 0.02 w/o plutonium on the
alumina.

(b) It was observed in these experiments that the
quantity of plutonium retained on the alumina in-
creased with an increase in the amount of either plu-
tonium or fission products in the feed to the reactor. «

(e¢) It was observed in experiments involving fluori-
nation of plutonium-free feed material (alumina), that
the residual plutonium concentration on the alumina

was dependent on the quantity of plutonium fed to the
reactor in the previous experiment. The residual con-
centration of plutonium in these “blank” experiments
varied from less than 0.001 to 0.007 w/o. A plutonium
concentration in the alumina of 0.003 w/o was con-
sidered to be the background level for this reaction
system.

(d) Autoradiographic analysis of alumina particles
showed that the plutonium was located on the surface
of the particles and that no plutonium was present in
the interior of the particles.

This report presents the results obtained for the
following types of experiments: (1) Experiments per-
formed to determine plutonium retention in the alu-
mina bed with reuse of the bed for several additions
and fluorinations of a UyO4-PuO,-fission product mix-
ture. The procedure for these experiments was based
on the results obtained in a preliminary alumina reuse
experiment which has been previously reported (ANL-
6900, p. 151, Table I1-3). (2) The evaluation of the
effect of the use of a nonfluidized static bed on plute-
nium retention in the alumina bed. (3) A series of ex-
periments performed to show the effect of flow rate of
fluorinating gas during the recyele-fluorination period
on plutonium retention on the alumina bed. (4) Ex-
periments were performed in which iron oxides were
added to show effect upon plutonium retention in the
alumina. (5) And finally, an experiment was performed
to evaluate Alcoa Type T-61 tabular
as the fluidized material.

For the experiments in Ttems 2
nation procedure was incorpor.

alumina for use

=5, a modified fluori-
; ated wherein the entire
charge of feed material was contained in the fluid bed
at the start of fluorination. This modification was die-

tated by the development of a decladdine process in
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which stainless steel or Zircaloy cladding is converted
to particulate oxides by reaction with a gaseous mix-
ture of hydrogen fluoride and oxygen. In this declad-
ding step, the oxide fuel material is converted to a
mixture of oxyfluorides and fluorides.

The modified fluorination procedure involves two
steps: (1) an initial period with dilute fluorine during
which the bulk of the uranium reacts, followed by (2)
a recycle-fluorination period using 100% fluorine.

a. MATERIALS, APPARATUS, AND GENERAL
PROCEDURE

The preparation of the UO4-PuO,-fission product
(F.P.) mixtures was described in a previous report
(ANL-6800, pp. 200 and 201). In a single experiment,
300 g of the UyOg-PuO,-F.P. mixture, containing about
0.4 w/0 plutonium, 84 w/o uranium, and 0.85 w/o fis-
sion product oxides, was used. The fission product mix-
ture used for one of the alumina reuse experiments and
all other experiments described in this report contained
the 10 fission product element oxides listed in Table
11-1, footnote ¢. For the other alumina reuse experi-
ments, the fission product mixture used contained
MoOy* in addition to those listed in Table 1I-1,
footnote c.

Prior to use, commercial grade fluorine was passed
through a sodium fluoride trap at 100°C to remove hy-
drogen fluoride from the fluorine. Nitrogen, which was
used as the fluidizing gas and also as diluent for the
fluorine, was passed through a trap containing molec-
ular sieves to remove water.

Two types of alumina were used in these experi-
ments, Type RR, a high-purity fused alumina pro-
duced by Norton Co., and Type T-61, produced by
Alcoa. Two mesh designations of Type RR alumina
were employed: (1) nominal 120 mesh having a me-
dian particle size of 90x and a particle range of 50 to
140p, and (2) nominal 60 mesh having a median par-
ticle size of 200x and a particle size range of 150 to
250p. The Type T-61 alumina had a median particle
size of about 150x and a particle size range of 80 to
250p.

Other materials used in these experiments were
UO.F, , PuF,, Fe.Oy , and a mixture of fission product
element fluorides. The UO.F. contained 77.3% uranium
(theor. 77.3%), and the PuF, contained 77.02% pluto-
nium (theor. 75.9%). Ferric oxide from two different
sources was used. Reagent grade material of 999 purity
was used in the first experiment. The second material
was prepared by the HF-promoted oxidation of type 304
stainless steel. The mixture of fission product element
fluorides was prepared by fluorination of a portion of a

* See ANL-6800, p. 201, for the proportions of the fission
products in the mixtures.

mixture of fission product oxides which did not contain
Moy .

The fluid-bed apparatus used in this work has been
previously deseribed (ANL-6725, p. 115, and ANL-
6763). The entire apparatus is contained within an
alpha box, and manipulation of the apparatus is ac-
complished through gloveports. Photographs of the
alpha box and of the fluid-bed reactor are presented in
a previous report (ANL-6800, pp. 202-203).

The general operating procedure for these experi-
ments was as follows:** The feed material for the
alumina reuse experiments consisted of 300 g of UyOg,
1.4 g of PuO., and 2.0 or 26 g of fission products,
which was mixed with 150 g of 120 mesh alumina and
fed into the fluid-bed reactor by the fluidizing nitrogen
stream. The mixture was contacted in the fluid bed
with a separate stream of 20 v o fluorine in nitrogen.
This portion of the reaction, designated as the feeding-
fluorination period, was performed at 450°C.

For the other experiments, the charge of plutonium
and uranium compounds and fission produets, and in
some cases iron oxide, was mixed with the alumina bed
(60 mesh, T-61 alumina), placed in the reactor, and
fluorinated. During the initial fluorination carried out
for about 1 hr, the gas phase contained 5 to 20 v/o
fluorine in nitrogen and the reaction temperature was
300, 350, or 450°C. During this portion of the reaction,
the gas phase was passed through the reactor and a
series of cold traps to remove the UFg and PuFg . The
remaining gases were then passed through an activated
alumina trap to dispose of the fluorine, and the nitro-
gen was vented to the box atmosphere.

After the initial reaction period, the system was put
on total recycle and the gas phase was changed to
100%% fluorine. During this portion of the reaction,
designated the reeycle-fluorination period, the gas was
passed from the reactor through the cold traps to re-
move UFg and PuFg . A remote-head Lapp diaphragm
pump was employed to recycle the fluorine gas stream
to the fluid-bed reactor. One or more recyele-fluorina-
tion periods were used at temperatures of 450, 500, and
550°C. Samples of the starting material and the bed
remaining after the experiment were analyzed for ura-
nium and plutonium.

b. RESULTS AND DISCUSSION

Effect of Reuse of Alumina on the Retention of
Plutonium

Experiments were performed in which an alumina
bed was used for the fluorination of several additions
of U304-PuO,-fission product mixture. The procedure

** A detailed description of the procedure was given pre-
viously in ANL-6800, p. 199.
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for these experiments was as follows: In each addi-
tion, 300 g of UyOg-PuO.-F.P. mixture blended with
150 g of 120 mesh alumina was injected into the 400 g
alumina bed at 450°C and there contacted with 20 v/o
fluorine in nitrogen. Following the feeding-fluorination
period, fluorination was continued for three recyele-
fluorination periods, the first at 450°C for 5 hr, the
second at 500°C for 5 hr, and the third at 550°C for
10 hr. In each experiment 20 g of fresh alumina was
added through the powder feeder at the end of the
feeding-fluorination period as a “wash” for the feed
line. At the end of each of the addition-fluorination
cycles, the alumina bed, which weighed about 570 g,
was removed from the reactor and sampled. Analyses
for plutonium, uranium, fluoride, and surface area were
carried out. A small amount of solids (about one gram)
remained in the disengaging chamber of the reactor
and was removed by rapping the outer wall of the
chamber; this residue was returned to the bed for sub-
sequent fluorination. The alumina bed was then divided
into two parts, 400 g for the bed of the next experiment
and 150 g for mixing with 300 g of the UOg-PuO.-F.P,
mixture to make up the next feed material.

The data obtained and the experimental conditions
used in these experiments are listed in Table 1I-1. The
results for the reuse series in which the fission product
mixture did not contain MoO, are listed in Section A
of Table II-1. For the first seven addition-fluorination
cycles, the UyzOg-PuO,-F.P. mixture contained about
0.4 w/o plutonium, while for the eighth cyecle the
U;04-Pu0,-F.P. mixture contained about 3 w/o plu-
tonium. The fission product content in the eighth ad-
dition was also increased proportionately.

In Section B of Table II-1, the fission product mix-
ture contained 22 w/o MoO; . For all of these eycles,
the U304-PuO,-F.P. mixture contained about 0.4 w/o
plutonium.

The results obtained for the reuse series in which
the fission produet mixture did not contain MoOy
(Table II-1, Section A) showed 0.0046 w/o plutonium
in the alumina after the first addition-fluorination
cycle and 0.0036 w/o0 plutonium in the alumina after
the second addition-fluorination cyele. These values
of plutonium retention on the alumina corresponded
to volatilization of 97.4 and 99.0% of the total plu-
tonium charged to the reactor, respectively. After the
third addition-fluorination eyele, the alumina bed
contained 0.193 w/o plutonium. This high level of
retention was considered to be due to malfunctioning
of the reactor filter blow-back system. The high level
of plutonium in the alumina bed was rectified with sub-
sequent addition-fluorination cycles, and after the
seventh cycle the plutonium content of the alumina
was 0.0088 w/o, corresponding to volatilization of

I1. Fuel Cycle Applications of Volatility and Fluidization Techniques

99.4% of the plutonium. After the eighth cycle, during
which the quantity of plutonium fed to the reactor
slightly exceeded the total quantity fed in the previous
seven cycles, the plutonium content of the alumina
bed was 0.025 w/o, corresponding to volatilization of
99.27% of the total plutonium fed to the reactor.

The results for the alumina reuse series in which the
F.P. mixture contained 22 w,/o MoO; are listed in
Section B of Table I1-1. After the first addition-fluori-
nation, the alumina bed contained 0.003 w/o pluto-
nium. The concentration of plutonium in the alumina
rose to 0.03 w/o after the second addition-fluorination,
and then fell gradually to a value of 0.014 w/o after
the fifth addition-fluorination. The concentration of
0.014 w/o plutonium on the alumina after the fifth and
last addition-fluorination corresponded to volatiliza-
tion of greater than 98% of the plutonium charged to
the reactor. If the plutonium level of the alumina
bed remained at 0.014 w/o for two additional addition-
fluorinations, the alumina would contain 1% or less
of the plutonium charged to the reactor. These results
show a significant increase in plutonium retention on
the alumina which may be due to the presence of MoO,
in the fission product mixture. Although the presence
of MoO; appears to affect the course of plutonium
volatilization, a higher degree of plutonium removal
may be achieved by incorporating seven reuse cycles;
this is not only economically attractive but also ap-
pears feasible on a process basis,

The fluoride content and surface area of the alumina
bed shown in Table II-2 were determined after each
addition-fluorination cycle for the series of experi-
ments listed in Section B of Table I1-1. The fluoride
content of the alumina bed showed an average increase
of about 0.5% per addition-fluorination cycle after the
1.4% level was reached in the first addition-fluorina-
tion eycle. Surface area measurements by the BET
method showed a value of 0.08 m?/g after the first ad-
dition-fluorination cycle* and a value of 0.13 m*/g
after the second addition-fluorination. After the third
cyele, the surface area was 0.20 m?, g and remained
relatively constant for the fourth and fifth eveles.
These data indicate that these secondary reaction ef-
feets do not seriously hamper the reuse (;f the alumina
bed by the production and aceumulation of fines.

Analysis of the bed for molybdenum after the sec-
ond addition (Table II-1, Section B) indicated that
less than 3% of the molybdenum fed to the
remained in the alumina bed. The an
by a colorimetric method, indicate

reactor
alysis, carried out

d that the molyh-
denum content of the bed was less than () 004 w/o. It is

likely that the molybdenum content of the bed is

* Original surface area of the

e 120-mesh aluming was 0.011
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TABLE II-1. Frump-Bep FruoriNamon o U;04-PuO.-Fission Propuer Mixtures: THeE EFFect oF REUSE OF
ALUMINA FOR SEVERAL ADDITIONS AND FLUORINATIONS ON PLUTONIUM RETENTION BY THE ALUMINA
Feeding-Fluorination Period
Temperature : 450°C
Total Gas Flow Rate: 12 liters/min (1.6 ft/sec at 500°C)
Fluorine Concentration in Total Flow: 20 v/o
Alumina in Bed: 400 g (120 mesh)
Alumina in Feed Material: 150 g plus 20 g wash (120 mesh)
Recycle-Fluorination Periods
Temperature, Time:
Total Gas Flow Rate:

450°C, 5 hr; 500°C, 5 hr; 550°C, 10 hr
8 liters/min (1.2 ft/sec at 500°C)

Fluorine Concentration: 10077,
. ! Puand Ui i r
Addition- Feed Material* Feed Rate Additikn[r%‘lﬂ)‘;ﬂm?og c((,i):::c Cumulative 9
Fluorination (g UsOs-PuO; — of Total Pu
Cycle Pu U F.p. per minute) Pu Pu U U Volatilized®
(®) (8 (8) (w/o) 1 (8) ' (w/o) (8
A. Experiments in which fission produet mixture did not contain MoO,*©

X 0.986 250 1.9 1.6 0.0046 0.026 0.000 | 0.057 97.4
(0.986)4

2 1.182 254 2.56 3.3 0.0036 0.021 0.009 0.051 99.0
(2.168) |

3 1.182 2564 2.56 2.2 0.193 1.175 3.60 | 21.92 65.0
(3.350) !

4 1.162 248 2.54 1.8 0.012 0.070 0.042 0.245 08.4
(4.512)

5 1.198 254 2.60 2.2 0.010 0.058 0.039 0.226 99.0
(5.710) ‘

6 1.194 254 2.60 1.5 0.0093 0.054 0.025 i 0.145 99.2
(6.904)

7 1.223 256, 2.60 1.5 0.0088 0.051 0.043 ‘ 0.250 9.4
(8.127)

8 8.647 234 16.00 ' 78 | 0.025 0.150 0.004 ‘ 0.024 99.2
(16.774) !

B. Experiments in which the fission product mixture contained MoO,*
2

1 0.990 254 2.58 2.22 0.003 0.017 0.009 ‘ 0.052 98.3
(0.990)4 |

2 1.209 254 2.58 2.27 0.030 0.171 0.006 | 0.034 92.2
(2.199) ;

3 1.213 254 2.58 2.25 0.028 0.161 0.105 l 0.604 95.3
(3.412)

4 1.226 257 2.62 2.30 0.018 0.105 0.070 1 0.403 97.7
(4.637) |

5 1.218 254 2.58 2.50 0.014 0.082 0.005 ; 0.028 98.6
(5.855) ! |

» Composed of about 300 g of a UsOy-PuQ,-fission product mixture containing about 0.4 w/o Pu, 84 w/o U, and 0.85 w/o F.P.
oxides (for the proportion of the individual oxides in the fission product oxide mixture see ANL-6800, p. 201, Table I1-1) mixed
with 150 g of 1 120 mesh al

b Based on the quantity of plutonium retained in the alumina bed and that fed to the fluid-bed reactor.

© The fission product mixture contained the following oxides: La:0; , CeO:, PriOu , Nd:O; , Sm:0; , Eus0; , Gd:0s, Y:0,,
Ba0, and ZrO, .

4 Figures in parenth are the lative quantity of plutonium fed to the fluid-bed reactor.

* The fission product mixture contained those oxides listed in footnote ¢ plus 22 w/o MoO; .

actually significantly less than 0.004 w/ o since an X-
ray fluorescent scan of a sample of the bed (purported
to be quite sensitive to small concentrations of molyb-
denum) showed no detectable molybdenum. For com-

parison, it may be noted that one addition of the
fission product mixture would result in a molybdenum
concentration of 0.06 w /o if none of the molybdenum
were removed from the bed. The apparent absence of
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TABLE 11-2. SURFACE AREA OF ALUMINA BED AND PERCENT
CONVERSION OF ALUMINA TO ALuMINUM FLUORIDE®

Fluorifle (‘()l]Cpnlrali(yl] |
Addition- ol s, % of AlO; | Sottanitiant
Fluorination !7 "’T ‘ Conv. to of 2Bc(lc
Cycle F |Total F|8 ¥ 88 AlF, (m?/g)
%) | @ | AIF} ‘
1 [ 1.74 | 10.02| 8.95 RO e 0
g | 2.68 | 15.30 | 13.13 \ 206 | 013
3 360)20.7417.3¢] 272 | 0.20
4 3.90 46| 18.00 | 2.8¢ | 0.19
5 4.00 | 26.08 | 20.78 | 326 | 0.18

» For experiments listed in Section B in Table TI-1.

b This value obtained by subtracting fluoride due to U and
Pu content of bed and fluoride combined with fission product
elements from the total fluoride as determined by analysis.

 Surface areas obtained by BET method. Surface area of
untreated 120-mesh alumina is 0.011 m?/g.

significant concentrations of molybdenum in the bed
after fluorination makes the effect of molybdenum on
the retention of plutonium somewhat difficult to ex-
plain.

The results obtained in these alumina reuse experi-
ments show that such multiple use of an alumina bed
is feasible and that the plutonium content of the
alumina can be held to a value of less than 1 of that
fed to the reactor. It further shows that under these
reaction conditions, larger quantities of plutonium can
be fed to the reactor (Cycle 8, Section A, Table 1I-1)
without inereasing the plutonium content of the alu-
mina to an excessive value as previously experienced
(ANL-6900, p. 151, Table I1-3) when this amount
of plutonium was fluorinated in a new alumina bed.
These data also show that the presence of MoOy in the
fission product mixture increases the retention of plu-
tonium on the alumina. In the case in which no MoO,
was present, the plutonium content of the alumina was
reduced to 1% of the total charged to the reactor after
the second addition-fluorination (Cyecle 2, Section A,
Table II-1), whereas in the case in which MoO; was
present, the 1% plutonium level would not be ex-
pected to be reached until the seventh addition-fluori-
nation cycle had been carried out.

Effect of the Use of a Nonfluidized Static Bed on
Plutonium Retention

Several experiments were performed, during which
the alumina bed was not fluidized, to determine if fluo-
rination under static bed conditions would result in
efficient removal of plutonium. In these experiments,
the solid charge of PuO. (1.4 g) and fission product
oxides (2.0 g; no MoOy) was mixed with 570 g of 60
mesh alumina from which the —170 mesh fraction had

been removed. This mixture was placed in the reactor
prior to fluorination rather than feeding the mixture
into the bed during the initial fluorination period,
Three reaction periods were employed using 100%
fluorine: 450°C for 5 hr, 500°C for 5 hr, and 550°C for 10
hr. The fluorine flow rate was approximately 0.5 liter/
min, equivalent to a linear velocity in the reactor of
0.05 ft/sec. The plutonium concentration of the alu-
mina bed after these fluorination periods averaged
0.075 w/o plutonium. Related experiments in which
a fluidized bed was used (Table 1I-3) resulted in plu-
tonium concentrations in the alumina of from 0.002 to
0.004 w/o (equivalent to volatilization of 98 to 99%
of the plutonium). These results indicate that use of
this static bed fluorination technique would not re-
sult in adequate removal of plutonium.

Effect of Fluorinating Gas Flow Rate on Plutonium
Retention

A series of experiments was made to determine the
effect of fluorinating gas flow rate on plutonium re-
tention in the alumina bed. These experiments were
performed in a manner similar to that used in the
static bed experiments and employed the same quan-
tities of solid reaction charge. A gas phase of 100%
fluorine was recycled through the alumina bed at flow
rates of 4 to 8 liters/min. The results obtained for these
experiments are listed in Table 1I-3. At a gas flow rate

TABLE 1I-3. Fruip Bep Frvomrination or PuOs-Fissiox
Propver Mixtures: EFFect oF FLvoriNe Frow Rate
oN Prurontvm RETENTION ON ALUumiNa Bep

1.4 g PuO. (1.25 g Pu)

2.0 g Fission Product Mixture*

570 g 60 mesh Alumina (+170
mesh)®

10097 Fluorine

450°C, 5 hr; 500°C, 5 hr; 550°C, 10 hr

Solid Charge to Reactor:

Gas Phase:
Recycle-Fluorination

Periods:
Al o ‘.-\lumina Bed Analysis
Gas Velocity X 7 of Pu
Flow Rate | "k | Tatili
(iters/miny | (t/se0) Pu Pu Volatilized
RNy e
4 ‘ 0.43 0.026 | 0.148 88.2
4 | o0.43 0.019 0.108 91.4
6 | 0.66 0.0038 0.022 08.2
7 | o 0.0038 | 0.022 08.2
8 0.87 0.0022 | 0.013 99.0 |
84 0.87 | 0.002 | 0.013 98.0 |

* Fission product mixture contains the following oxides:
Lax0s, CeOs, PreOu, Nd:0s , Smy0s , Eu 0y , GdsOs, Y01,
BaO, and Zr0: . (See ANL-6800, p. 201, Table 11.1, for propor
tion of each oxide in mixture.) )

b Nominal 60 mesh Type RR (manufacturer’,
from which —170 mesh fraction has been remov

© At 500°C, atmospheric pressure.

4 Solid reaction charge contained 0.63 £ plutonium

s designation)
ed.
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TABLE I14. FLuip Bep FrvoriNaTions oF Mixtures oF UO.F:, PuF,, Fissiox Propver FLUORIDES,
axp FErric OxiDE
Fluorination Periods:
1st Period:  450°C, 1 hr, 5-20 v/o F;: in nitrogen
4 hr, 1009, F,
2nd Period: 5 hr, 500°C, 1009, F.
3rd Period: 10 hr, 550°C, 1009, F,
Gas Flow Rate: 8 liters/min
id Reacti U and Pu in Alumina Bed after !
Addition- Solid R on Charge* Addition-Fluorination Cycle | Percent of
e o Al(:g." AN SR | TowlPu
Cycle Pu U FPb Fe05 Pu | Pu 1 U U Volatilized*
() () () (®) ‘ (w/o0) (®) (w/o) (®)
;- 1.252 254 2.28 45.0 570 0.0087 0.053 0.041 0.240 | 95.8
1 0.943 191 1.71 33.8 | 428 0.010 0.048 [ 0.012 0.056 94.9
2 0.943 101 1 i | 45.0 [ 455 0.014 0.069 | 0.033 0.165 1 96.3
(1.886)" 1 |

» Mixture of PuF;, UO:F, fission product fluorides, iron oxides, and alumina.
b Prepared by fluorination of a mixture of 10 oxides (see footnote ¢, Table 11-1).

¢ Prepared by the HF-O, reaction with type 304 stainless steel.

4 Type T-61 alumina having a median particle size of about 150 u and a particle size range of 80 to 250 u.
¢ Caleulated from quantity of plutonium remaining in alumina bed and total quantity of plutonium fed to reactor.

{ Cumulative plutonium added in this experiment.

of 4 liters/min, the final plutonium concentration in
the alumina bed averaged 0.022 w/o, while at gas flow
rates of 6 to 8 liters/min the plutonium content of the
alumina bed ranged from 0.002 to 0.004 w /0. These re-
sults clearly indicate that a gas flow rate of 6 liters/
min or greater is necessary for effective removal of
plutonium from the fluidized alumina bed.

Effect of Addition of Fe.O; on Plutonium Reten-
tion

The use of the HF-promoted oxidative decladding of
stainless steel would result in the formation of a con-
siderable amount of iron oxides in the alumina bed,
in addition to uranium and plutonium oxyfluorides and
lower fluorides. As much as 5 to 10% of the resulting
bed would be an iron oxide such as Fe,Oy . Experiments
were performed to determine if the presence of Fe,Oy in
the reaction mixture would affect the plutonium reten-
tion in the alumina bed. The usual three recycle-fluori-
nation periods (see Table 11-4) were employed, using a
gas phase of 1009 fluorine.

Two scouting experiments were made, using reagent
grade Fe,Oy as a stand-in for the product that would
be formed in the decladding step. The solid reaction
charge, containing 1.4 g PuO., 2.0 g fission products
(no MoOy), and 45 g of reagent grade Fe.O;, was
mixed with 570 g of 60 mesh alumina. The plutonium
content of the alumina beds after fluorination averaged
0.021 w/o0. This greater retention of plutonium with
FesOy present® may have been biased by the relatively

* Comparison can be made with a similar experiment with-
out Fes0y (see Table I1-3).

greater fines transport from the alumina bed. A sig-
nificant portion of the finely divided Fe,Oy or the iron
fluoride was present in the disengaging chamber of the
reactor, and some interaction might have occurred be-
tween the iron compounds and the PuFg in the gas
phase. After the fluorination was completed, it was ob-
served that the color of the alumina bed was reddish-
brown rather than the light green which was expected
from the reported color of the iron fluorides. Analysis
of a portion of the fines, however, showed that 96 to
100% of thg iron oxide had been converted to ferric
fluoride.

In order to approximate more closely the use of ma-
terial obtained by a decladding step, three experiments
were performed using a solid reaction mixture simu-
lating that expected from the decladding step. The
mixture contained UO.F,, PuF, , fission product fluo-
rides, and material produced by the reaction of type
304 stainless steel with an HF-O. mixture. Two ex-
periments involved the fluorination of single batches of
feed simulating declad fuel. In a separate experiment
to demonstrate reuse of alumina bed material, the
final alumina bed from the previous batch fluorination
experiment was used as the starting bed for the fluori-
nation of an additional batch of the same feed ma-
terial. Type T-61 alumina** was used in these experi-
ments. This type of alumina is being used in current
pilot plant work in place of Type RR high-purity
alumina. The reaction procedure used in these experi-
ments was the same as for those deseribed in a pre-

** See the following section of this report for an experimental
evaluation of type T-61 alumina.
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ceding section, Effect of Fluorination (fas Flow Rate
on Plutonium Retention, with one difference. In the
initial 450°C fluorination period, the concentration
of fluorine was increased to 20 v/o during the first
hour of operation in which the greater part of the
uranium was fluorinated. During this first hour, the
gas flow was once-through. The remainder of the 450°C
period was then completed under recycle, using 100%
fluorine as the gas phase.

The process parameters and results of the experi-
ments are listed in Table II-4. For the two experi-
ments involving fluorination of single batches of fuel,
the alumina beds contained 0.0087 and 0.010 w/o plu-
tonium and 0.041 and 0.012 w/o uranium, respectively.
The data listed for the last entry in Table II-4 are
from the experiment involving reuse of the alumina
bed resulting from the second experiment listed in
Table IT-4. The plutonium and uranium concentrations
in the alumina bed after this experiment were 0.014

and 0.033 w/o, respectively. This modest increase in
plutonium concentration on the alumina indicates
that multiple use of an alumina bed for this type of
solid charge could be successfully accomplished.

Evaluation of Alcoa T-61 Tabular Alumina

Present pilot plant operation involves the use of
Alcoa T-61 tabular alumina in place of the high purity
Type RR alumina previously used. The use of Type
T-61 alumina rather than high purity alumina, Type
RR, would result in lowered cost for the ﬂuid-bod’
material. One experiment was performed using the
same solid reaction charge and reaction conditions as
were used for the experiments listed in Table II-3,
The fluorine flow rate was 8 liters/min. The alumina
bed after this fluorination contained 0.0026 w/o plu-
tonium. This result is similar to those obtained, under
the same reaction conditions, using the high purity
Type RR alumina and indicates that type T-61 is as
suitable as Type RR alumina.

2. Fluorination of UO.-PuQ, Pellets in a 2-inch Diameter Fluidized-Bed Reactor
(L. J. Anastasia, P. G. ALFrReEDsoN,* J. G. R1HA)

A 2-in. dia. fluidized-bed reactor has been con-
structed to investigate the decladding and fluorination
of UO.-PuO, pellets which are clad in stainless steel
or Zircaloy. Decladding and fluorination are two (of
four) major steps (ANL-6800, pp. 197-198) in a fluid-
bed fluoride volatility process under development for
the recovery of uranium and plutonium from spent
uranium dioxide fuels. The objective of experiments
carried out in the 2-in. dia. reactor is to determine re-
action conditions for UO.-PuO. pellets which will
ingure that a minimum of the uranium and plutonium
is retained by the inert alumina particles of the
fluidized bed. This work will be performed in support
of the fluid-bed volatility process pilot plant.

The decladding step involves separation of the fuel
from the metallic eladding. Two alternative methods for
removal of fissionable values from stainless steel elad-
ding are of interest: (1) mechanical broaching of the
cladding followed by oxidation of the UO. to U,Oq
which forms as a fine powder and readily separates from
the cladding, and (2) chemical destruction of the stain-
less steel by oxidation with oxygen in the presence of hy-
drogen fluoride. Removal of UO, from stainless steel
cladding by oxidation to UzOg has been successfully
demonstrated on a pilot-plant scale (ANL-6800, pp.
227-234). In recent tests of chemical destruction by«
fluoride-promoted oxidation of the stainless steel,

* Guest Scientist, Australian AEC,

reaction rates of 30 mils/hr were observed for types
304 and 347 stainless steel specimens which were oxi-
dized at 550°C by a gas mixture of 40 v/o hydrogen
fluoride in oxygen while the specimens were immersed
in a fluidized bed of alumina (ANL-6923, p. 69).

The 2-in. dia. reactor has been equipped to study the
removal of UO.-PuO, pellets from cladding by oxida-
tion (using the two-zone oxidation-fluorination tech-
nique), and the chemical destruction of cladding by
oxidation with HF-O. mixtures. The experimental pro-
gram will be directed toward this latter approach, with
emphasis placed upon the reaction of fluorine with the
uranium and plutonium fluorides resulting from the
decladding step, and the cleanup of residual uranium
and plutonium from the fluidized-bed of solids by re-
cyele-fluorination.
a. EQUIPMENT AND PROCEDURE

The entire reactor system is contained in an alpha
glovebox with overall dimensions, 10-ft width by 3.5-
ft depth by 6.7-ft height. The major components of the
system are located in the glovebox; these items inelude
the fluid-bed reactor, reactant gas disposal traps, hexa-
fluoride collection vessels, a remote-head positive dis-
placement pump, and a thermal conductivity cell.

The fluid-bed reactor is fabricated in 3 s(-(:tions from
Schedule 40 nickel pipe: a 2-in. dia. by 27.5 il
ﬂui(!izwl-lnwl section, a 3-in. dia. by 17 in, riisengaging
section, and a 3-in. dia. by 15.4 in. filter section. The
reactor assembly is shown in Figure 11-2.
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The UQ.-PuO. charge, in the form of unclad pellets
or clad segments of simulated fuel rods, is supported by
nickel balls in the fluidized-bed section above the con-
ical gas distributor. Several heating zones and several
gas inlets have been provided so that either two-zone
oxidation-fluorination or fluoride-promoted oxidative-
decladding of pellets can be studied. Individually con-
trolled Calrod heaters provide two heating zones for
the lower half of the fluid-bed section and one zone
for the upper half. Seven interior thermowells are
spaced along the length of the reactor to provide tem-
perature measurement and control. The fluidizing gas
enters at the bottom of the column. Fluorine can be
fed through the bottom or through ports located 2 and
5 in. above the conical gas distributor. Pulsing of the
fluid bed can be provided by nitrogen supplied inde-
pendently of the fluidizing gas; the frequency and
duration of pulsing are controlled by electric timers
and a solenoid valve. The fluid bed can be sampled
through a %4-in. OD tube which enters the wall of the
reactor at an angle of 45°; the sampling point is
located 7 in. above the top of the gas distributor.

The disengaging section of the reactor is heated by
a system of shell heaters, and the temperature of the
section is sensed and controlled by a thermocouple. The
disengaging section of the reactor is also provided
with a %-in. OD charging port through which pellets
or alumina can be added without dismantling the
reactor.

The filter section of the reactor contains two bayo-
net-type, 10-u pore size, sintered nickel filters, 134 in.
wide and 12 in. long, which remove solids entrained in
the reactor effluent gas. Solids collected on the filters
are removed by reverse flow of nitrogen gas; the fre-
quency and duration of this blowback for each filter is
controlled by electric timers and a solenoid valve. A
secondary, nonblowback, sintered nickel filter, 1%
in. by 6 in. long, housed in a separate unit, is connected
in series with the process filters.

Pressure drop measurements across the filters and
the fluidized bed are obtained by signals from differ-
ential pressure transmitters which are indicated on
instruments inside the glovebox and also continuously
recorded on a millivolt recorder outside the glovehox.
The pneumatic signal from the transmitters is con-
verted to an electrical signal by a potentiometer-type
pressure transducer,

Unreacted hydrogen fluoride or fluorine is removed
from the reactor effluent by chemical reaction with re-
active solids in traps 4-in. OD by 24 in. high. A mini-
mum of two traps in series are used for this purpose,
Fluorine is removed by reaction with activated alu-
mina. The hydrogen fluoride removal scheme has not
been fixed; however, soda lime [10% Ca(OH). in

NaOH], activated alumina, or a combination of both
can be used, as is discussed in a following section (e,
Hydrogen Fluoride Disposal).

During fluorination, the hexafluoride products are
collected in a series of three cold traps 4-in. OD by 12
in. high maintained at —80°C by a trichloroethylene-
dry ice bath; a back-up trap of sodium fluoride at
100°C is in series with the cold traps. During the ini-
tial period of the fluorination step when most of the
uranium and plutonium charge is present in the reae-
tor, the fluorine-containing off-gas from the hexa-
fluoride cold traps is disposed of directly in the acti-
vated alumina traps. The concentration of fluorine in
the gas stream during this part of the fluorination
step is limited to 20 v/o. Fluorine concentration is
measured during this part of the fluorination step by
passing 50 cc/min of the effluent gas from the hexa-
fluoride collection traps through the thermal condue-
tivity cell system (ANL-6725, pp. 135-137).

When more than 80% of the charge has reacted,
recycle-fluorination with high concentrations of fluo-
rine is used. During this part of the fluorination, fluo-
rine is circulated through the fluid-bed system by a
remote-head positive displacement pump.

b. EQUIPMENT CHECK-OUT RUNS

A series of preliminary experiments with unclad U0,
pellets has been started. The objectives of these runs
have been to check out the operation of all equipment
components and to demonstrate the reaction of unelad
U0, pellets with HF-0, mixtures followed by fluorina-
tion of the product with fluorine diluted with nitrogen.
Unclad UO, pellets were used to obtain the uranium
compounds which would be present in a fluidized bed
reactor following the fluoride-promoted oxidative-
decladding of stainless steel- or Zircaloy-clad fuel
rods.

The U0, pellets used in these runs were hydrogen-
fired, reactor grade pellets (ANL-6287, p. 149). The
hydrogen fluoride and fluorine were obtained from
commercially available vendor's ecylinders, and the
alumina was a high-purity, refractory grain Alundum.*

In each of two runs (Sure-1 and Sure-2) completed
thus far, a 2-in. deep bed of UO, pellets and a 10-in.
deep bed (static conditions) of —40+170 mesh alumina
were charged to the reactor. The weights of pellets and
alumina were 660 g and 990 g, respectively. The com-
plete conversion of this quantity of UO. would yvield &
fluid bed consisting of ~40% fines after the HF-O
treatment. The pellet beds were supported above the
bottom cone of the reactor by a packed bed of nickel
balls.

A temperature of 550°C was used for both the HF-

* A product of the Norton Co., Worchester, Mass

:
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0, step and the fluorination step in the two runs. Dur-
ing an interval of 2 hr between the HF-0, step and the
fluorination step, the reactor was maintained at tem-
perature and the bed was fluidized with nitrogen to
purge residual HF and H.O from the system. During
the fluorination, nitrogen was fed to the pellet bed to
avoid fluorination of unreacted UO,; fluorine was fed
to the reactor above the pellet bed. In this way the ef-
fects of the HF-O, reaction on the pellets could be
observed after fluorination of fines from the fluidized
alumina. The operating conditions for Runs Sure-1
and Sure-2 are given in Table 11-5.

Several observations during Run Sure-1 suggested
virtually no reaction occurred during the HF-0, step.
These observations included no visible uranium oxides
and/or fluorides in fluid-bed samples, the uniformity
of bed temperatures, and the constancy of pressure
drop values across the fluid-bed and sintered metal
filters. When the pellets were removed from the re-
actor following the fluorination step, a tightly ad-
herent, dark-green layer which covered ~80 to 90%
of the pellet surface areas was the only evidence of
chemical reaction. Apparently, UF, which had formed
on the surface of the pellets had inhibited further re-
action, It was concluded that the ratio of HF to O,
(see Table 11-5) had been too high. This ratio, as well
as the superficial fluidization velocity, was higher than
anticipated because HF polymers, rather than the
monomer, were metered through the HF rotameter.
According to McBride,! the specified metering condi-
tions of 5 psig and 38°C on the HF rotameter calibra-
tion were not sufficient to prevent polymerization. In
subsequent runs, HF polymerization was prevented by
increasing the temperature of the supply line from
50°C, as in Run Sure-1, to 85°C.

Significant chemical reaction was evident in Run
Sure-2 when the HF-0, step was carried out at 550°C
with 42 v/0 HF in oygen (see Table II-5). Samples of
the fluid bed taken after 0.5, 1.5, and 3.0 hr of opera-
tion contained black uranium reaction products in the
form of fine particles and discrete flakes which were
slightly larger than the 40 mesh alumina. Material bal-
ances based on analysis of the uranium, fluoride, and
UO.F, content in these samples indicated: (1) the
UO,F./UF, ratio increased from 0.3 after 0.5 hr of
reaction to 0.7 after 3.0 hr and (2) the total uranium
in the fluid bed increased during the interval 0.5 to 3.0
hr from 7.4 to 10.3 w/0 of which 3 w /0 uranium was
as an oxide after 0.5 hr of reaction and, within the
limits of the analyses, no uranium oxides remained
unconverted after 3.0 hr of reaction.

The change in the reactor off-gas flow from the HF

' R. H. McBride, Metering of HF and Fluorine, AECD-
3690, Oct. 20, 1945,

TABLE I1-5. AVERAGE OPERATING CONDITIONS FOR
RuNs SURE-1 AND SURE-2

Equipment: 2-in. dia. fluid-bed reactor

UO: Pellets: 0.5-in. dia. by 0.5 in. right cylinders
Weight : 660 g
Bed Depth: 2in.

nickel balls
Norton RR Alundum

Bed Support :
Alumina Fluid Bed:

Weight : 990 g

Size Limits: —40+4170 mesh

Static Bed Depth: 10 in.
Temperature: 550°C

Pellet Fluorination with HF-O, Run Sure-1 1‘ Run Sure-2

Process time (hr) 0-3.0 | 0-3.0
Reactor pressure (mm Hg) 920 | 900-1060
Total gas flow to fluid bed (liters/ — 25-28 | 15.0-16.4
min)* |
Superficial velocity (ft/sec)® 1.4-1.7 | 0.9
Reactant concentrations to pellet
bed: |
HF (v/o) 47 42
0; (v/o) 12 ‘ 58
N.: (v/o) 41 | -
e : l

Fluorination with F;

Process time (hr) 3.0-5.0 ! 3.0-8.0

Reactor pressure (mm Hg) | 120 | 1230-1575
Total gas flow to fluid bed (liters/ ! 189 | 9.9
min)*
Superficial veloeity (ft/sec)® | 0.9 0.4
Fluorine concentration in fluid bed | 2.7-5.3 6.4-11.6
(v/0) | i
Diluent N. | N,

*1 atm, 27°C.
b Based on cross-sectional area of the 2-in. column and cal-
culated for ue«'rminx conditions.

disposal lines to the hexafluoride cold trapping and
fluorine disposal lines results in an increase in reactor
pressure of ~200 mm Hg. In Run Sure-2, the reactor
pressure continued to increase as the fluorination with
fluorine was continued (see Table 11-5). The increased
pressure was due to accumulated solids in the backup
filter. Analysis of these solids by X-ray diffraction in-
dicated that they were similar in composition to prod-
ucts obtained in a study of the UO.F. H,O/HF sys-
tem.2 Thus, the solids accumulation in the backup
filter was attributed to reaction of UFg with HF and
H.O which had condensed at ambient temperature in
the filter chamber. Heat tracing of the filter chamber
and of HF disposal lines was scheduled but not com-
pleted for Run Sure-2; consequently, condensation in
these lines is not expected to be a major problem in
the future.

: L. H. Brooks, E. V. Garner, and E. Whitehead, Chemical

and X-ray Crystallographic Studies on Uranyl Fluoride,
IGR/CA-277, 1956.
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Although the fluidized-bed reactor operated quite
smoothly during Run Sure-2, only 42.5% of the ex-
pected UFg (880 g) was collected in the cold traps and
the sodium fluoride trap. About one-half of the pellet
bed remained in the reactor after fluorination. This
portion of the pellet bed had expanded and was packed
in the reactor just above the nickel balls. Several
holes were visible in the packed section; evidently,
fluidizing nitrogen could pass through these holes
with relatively low pressure drop. The packed section
was friable and easily removed from the reactor. Quali-
tatively, there appeared to be definite zones of U0y,
UO,F., and UF, formation. Since back diffusion of
fluorine from inlets above the pellet bed was insig-
nificant in Run Sure-1, it appears that these uranium
compounds are the products of the HF-0,-UO, re-
action at 550°C.

¢. HYDROGEN FLUORIDE DISPOSAL

Two dry methods of hydrogen fluoride removal from
reactor effluent have been investigated. Removal by re-
action with soda lime was used in Run Sure-1 and re-
moval by reaction with activated alumina was used
in Run Sure-2.

The HF-soda lime reaction is exothermic and occurs
along a narrow reaction front; therefore, consumption
of the soda lime is easily monitored by temperature
measurement. However, 0.9 kg of water vapor must be
condensed or vented to the box atmosphere per kilo-
gram of HF reacted.

3. Phase Studies

The program of experimental studies of the vapor-
liquid equilibria and the solid-liquid equilibria in the
system UFg-PuFg has been briefly outlined (see ANL-
6875, p. 114). The results of these studies will be useful
in the choice of process conditions for the separation of
PuF; and UFg in the fluid-bed fluoride volatility proe-
ess and will contribute to the understanding of the
fundamental chemistry of this system.

Apparatus has been constructed for determining (1)
the liquid-vapor equilibria of the system PuFg-UF,
(i.e., the phase composition and pressure data as a
function of temperature) and (2) the temperature-
composition diagram of solid-liquid equilibria in the
system PuFg-UFg. The apparatus has been installed
in a CENHAM 3-module, 2Vs-tier glovebox® (Figure
I1-3). The major items in the glovebox are an iso-

3 Malecha, R. F., Smith, H. O., Schraidt, J. H., Natales
J. V., Ross, N. E., and Brown, H. O. Jr., Low Cost Glove-
boxes, Proceedings of the Eighth Conference on Hot Laboratories
and Equipment, TID-7509, pp. 485-103, 1960.

The reaction of HF with activated alumina rele
0.45 kg water vapor per kilogram of HF reacted; b
ever, this water is adsorbed on unreacted alumina.
both the reaction and the adsorption are exothes
consumption of the alumina is difficult to n
Therefore, a third system of HF disposal will be
in subsequent runs. This system will consist of a
of two soda lime traps, a water vapor condenser, an
activated alumina trap. It is hoped that this

d. FUTURE PROGRAM

It is proposed that preparation for plutonium st
will begin after two additional preliminary
U0, pellets are completed. These latter runs
concerned with fluorination of the uranium p
present in a fluidized bed after a decladding ste
550°C with 40 v/o HF in oxygen. Since exposure of
pellets to the HF-0, atmosphere is limited by
amount of cladding actually removed, it is beli
that a packed bed of pellets may not be represen
of the declad pellets under production i
Therefore, nickel baskets % g-in. ID by 8-in. |
with large open areas have been constructed to
port the pellets vertically in the reactor. It is ex
that similar lengths of elad, simulated, fuel
ments will be used in actual decladding studies
U0.-Pu0. pellets. 5

thermal box containing apparatus for the determina-
tion of vapor-liquid equilibria, a nickel manifold for
the vacuum manipulation of volatile fluoride com-
pounds, a tube furnace and trap system capable of
preparing PuFg by the fluorination of PuFy in 50-g
batches, a sample holder assembly for thermal analy-
sis, and a 1-kg capacity Mettler balance. All thermo-
couples to be used in precision measurements have
been calibrated against a platinum resistance ther-
mometer. Vacuum valves, originally equipped with
brass bellows, were found to be unsuitable for fluorine
work, and Monel replacement bellows have been in-
stalled.

a. SOLID-LIQUID EQUILIBRIA IN THE SYSTEM
PuFq-UF; (L. Trevorrow, J. SAVAGE)

For }he study of solid-liquid equilibria by thermal
:m:_llysxs, mixtures of UFy and PuF; will be prepared by
filling calibrated ballast tanks at room temperature
with the vapors. The vapors of both components will
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Fia. 11-3. Apparatus for Phase Studies of

then be condensed into a nickel sample tube attached
to a special valve assembly. The sample tube and valve
assembly can be disconnected from the vacuum mani-
fold and weighed to determine the quantity of each
compound. The sample tube and valve assembly will
be placed in a eylindrical nickel sample holder as-
sembly positioned in a large stainless stell Dewar
The sample holder is wound with a double helix of
4 6-in. dia. copper tubing. Cooling gas is blown through
one helix, and asbestos-covered Nichrome heating wire
is threaded through the other helix. Proportioned, d-c

electrical power is supplied to the heating wire by a
strip chart, recording controller fitted with timer-inter-
rupters in conjunction with an electric control unit and
a silicon-controlled rectifier. The temperature of the
sample holder assembly can be programmed as a linear
function of time with this equipment.

Fluoride Mixtures Containing PuF,

Two thermocouples will be used in the thermal anal-
ysis work. One thermocouple will indicate the tem-
perature of the sample mixture, and its signal will be
read either on a strip chart recorder with a 1-mv span
and a variable suppression, or by a Leeds and Northrup
type K-3 potentiometer. The other thermocouple will
be a reference which is electrically opposed to the sam-
ple thermocouple. The result is a differential signal
which is amplified by a Leeds and Northrup d-e¢ am-
plifier, and the amplified signal is recorded on a zero-
center strip chart recorder with a span of —5 to +5
mv. The thermal analysis apparatus is currently being
tested with pure UFg
b. LIQUID-VAPOR EQUILIBRIA IN THE SYSTEM

PuF-UF; (L. Trevorrow, D. STEIDL)

The fluoride separations process has included frac-

tional distillation as a means for the sep:

ation of mix-
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tures of plutonium hexafluoride (PuFy) and uranium
hexafluoride (UFg). This operation requires the han-
dling of these compounds in both the condensed and
vapor plms(*\ The planned study of the vapor-liquid
equilibria in the system PuFg-UFg will provide infor-
mation useful in the choice of process conditions for the
separation of UFg and PuFy as well as data of more
fundamental interest. Phase composition and pressure
data as a function of temperature between 70 and
90°C for PuF-UF are to be determined. This tempera-
ture range is limited by the triple point of UF, (64°C)
and the high vapor pressure of UFg at 90°C (2400 mm
Hg). Experimental determinations in this temperature
range should permit prediction of the distillation be-
havior of mixtures of PuF-UFg in the pressure-tem-
perature range of practical interest. The study of

liquid-vapor equilibria will be carried out with an
equilibrium still of the type in which the vapor phase
is recirculated through the liquid phase with a me-
chanical pump. After equilibrium has been reached,
samples of the liquid and vapor phases will be with-
drawn and analyzed for uranium and plutonium.

A preliminary discussion of this study, as well as a
deseription of the apparatus to be used, have been
published (ANL-6875, p. 114). Construction of the
apparatus has been completed (Fig. I1-2). Equilibria
for a number of ethanol-water mixtures have been de-
termined using this equipment, and the results agree
satisfactorily with the literature values. Measurements
of the properties of UFy in the vapor phase are pro-
ceeding prior to experiments with mixtures of UF; and
PuFy.

4. Reactions of PuF; (G. Pierint,* R. WAGNER, W. SHINN)

Investigations of the chemical behavior of PuFg are
continuing. This study will provide information which
will permit a comparison of PuF; with other volatile
fluoride compounds. Such comparisons will lead to the
selection of alternative chemical methods for the sepa-
ration of PuFg from other volatile fluorides.

Recent investigations at the Oak Ridge National

vestigated in the present work, using larger quantities
of PuFg. Attempts are also being made to prepare,
isolate, and characterize PuFg-metal fluoride complex
compounds similar to NaF-UF, .

Two types of experiments were carried out. One con-
sisted of static experiments in which a metal fluoride
was placed in a nickel container and exposed to PuFy

TABLE 11-6. Exrosvre oF PuF; Varor 10 GroUPs IA anp ITA METAL FLUORIDES

Metal Fluoride

Metal Fluoride®
Type of Experiment ‘ Surface Amount
[ Mesh Slze Area (moles X
(m?/g) 1079)
Static NaF ‘ —325 0.94 6.22
Static NaF | —325 0.94 43.5
Static LiF ‘ i 5.25
Flow | CaF, —104-40 d ‘ 109

PuF-MF Contact

T emz%e({;a!urc PuFs Used ’I;;a"r])e g‘.‘)f;‘/n‘::;
25 [ 125 mmb 8 I 0.0057
100 109 mm® 12 | 0.014
25 125 mm*® 96
100 | 1 ‘ 0.024
100 | 44¢g 0.75 0.000021

s NaF and LiF were reagent grade materials; CaF, was optical grade.
b PuF vapor in equilibrium with solid PuFg at ambient temperatures.

© Average Pul’y pressure.
J Low surface area.

Laboratory* (ORNL) indicated that small amounts
of PuFy are completely sorbed on caleium flouride
(CaF.,), lithium fluoride (LiF), and sodium fluoride
(NaF). A maximum of 67 mg of PuFy was used. Since
the adsorption of PuFy on these metal fluorides is being
proposed as a means of separating PuFg from UFg , the
~orptmn capacity of these solids for PuFg has been in-

* Guest Scientist, KURATOM, CEN, Mol, Belgium,

4 (i, I. Cathers and R. L. Jolley, Recovery of PuFg by Fluo- "
rination of Fused Fluoride Salts, ORNL-3298, Sept. 24, 1962;
Annual Report ORNL-3452, p. 43, Sept. 20, 1963; Annual Re-
port ORNL-3627, May 31, 1964,

vapor. After a period of time, the vapor was removed
and the solid was analyzed for plutonium. In the other
experiments, a flow system was used, which more nearly
represented process conditions and provided better con-
tact of the PuFg with the metal fluoride.

Data for the initial experiments are listed in Table
I1-6. The quantities of PuF; used were much larger
than those used in the ORNL experiments, In the
static experiments, the PuF, used is reported as the
partial pressure of PuFy initially above the solid, The
PuFy vapor was in equilibrium with solid PuFg at room
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temperature in all cases except the 96-hr exposure to
LiF.

In the flow experiment, the CaF, was placed in a
%-in. OD prefluorinated nickel U-tube. The PuF,; was
transferred through the bed by a dead-end sublimation
to a weighable nickel can cooled to —196°C. During
the transfer, a gas, not condensable at —196°C, was
formed. The unidentified gas was removed by pumping
through an activated alumina tower to permit further
passage of PuF, through the bed.

The retention of PuFy by NaF, LiF, and CaF. is low.
The results of the present experiments are compared in
Table 11-7 with those obtained at ORNL. Since par-
ticles of different sizes and surface areas were used in
the experiments, the results were compared on the basis
of moles PuFg/m? of particle surface area. It appears,
since the ORNL values are lower than those obtained
in the present work, that the latter results are more
nearly saturation values of PuFy on the metal fluorides.

The PuFg sorption capacity on CaF. is considered
nearly the same whether 67 mg (ORNL) or 44 ¢
(ANL) of PuFg is passed through the bed. The sorp-
tion capacities of NaF and LiF for PuFg, as deter-
mined at Argonne, are greater than that of CaF., sug-
gesting that NaF and LiF form complexes with PuFy .
Further work on these systems is planned.

TABLE I1-7. Comparisox or PuF, SorpTioN
Caracity ox NaF, LiF, axp CaF,

Moles PuF¢/m? of Material Used
Metal Fluoride — -
ORNL

Argonne
NaF 0.367 0.002
LiF 0.208 0.00024
CaF, 0.0013 0.002~

* Specific surface area was not reported. An approximate
specific surface area was calculated assuming an average par-
ticle size of 18 mesh.

5. Alpha Radiation Decomposition Rate of Plutonium Hexafluoride
(R. WaGNER, W. SHINN)

Studies of the decomposition of gaseous plutonium
hexafluoride (PuFg) to fluorine and solid plutonium
tetrafluoride (PuF,) by alpha radiation from the plu-
tonium have been continued. These studies are part of
an investigation of the radiation behavior of PuF, and
of means to handle and store PuFy .

The nature of the dependence of PuFg decomposition
rate on such parameters as duration of decomposition,
initial PuF, pressure, storage container volume, tem-
perature, surface to volume ratio of the storage con-
tainer, nature of container surface, and additives such
as fluorine, oxygen, nitrogen, helium, krypton, and
PuF, is being determined. Results of previous experi-
ments are reported in ANL-6800, p. 216 and ANL-
6900, p. 156. Results of short-duration (0.5 to 16.0 days)
experiments are given in the present report.

a. PROCEDURE

Thirty-one 127 = 2 cc hollow nickel spheres, contain-
ing Hoke 1479 valves attached to the spheres with silver
solder were prefluorinated in two batches. The nickel
spheres were prefluorinated to provide a protective
nickel fluoride film on the inner surfaces of the spheres.
Prefluorination of each batch consisted of a Va-hr treat-
ment with 1200 mm Hg of CIF; at 26°C, followed by a
Ye-hr treatment with 500 mm Hg of fluorine at 40°C,
then with 620 mm Hg of fluorine at 100°C for 24 hr.

All 31 vessels were weighed, randomly attached to a
vacuum-gas manifold, and filled simultaneously with
purified PuFg from a common source. The PuF; pres-

sure was observed by means of a Booth-Cromer pres-
sure transmitter and a mercury-in-glass manometer.
Attempts were made to adjust the PuFg pressure in all
spheres to 100 mm Hg, but determination of the PuFg
content of the spheres by weighing showed that 178.1
to 219.1 mg PuFg was contained in the spheres. The
differences in volume of the spheres (127 = 2 ce) and
the variation in ambient temperature in the glovebox
(24 to 25°C) are not sufficient to account for the spread
in PuF, (-()nivnt based on the weights of the empty and
filled spheres,

The PuFg-filled spheres were stored for 0.5, 1.0, 2.0,
5.0, 8.0, 12,0, or 16.0 days at 26 = 2°C before the un-
decomposed PuFg and the product fluorine were re-
moved, by pumping, from the nonvolatile product
PuF, . The spheres were reweighed to determine the
amount of PuF, formed. Since the amount of PuF,
formed during such short times was small (1.6 to 9.3
mg), the quantity of PuF, was then also determined
by the dissolution of the spheres (less the valves) in
6.\ HNOy-0.1M Al(NOy)y solution and determination
of the plutonium content of the solutions by alpha
counting methods.

Prior to dissolution of a sphere, its outer surface was
etched in warm 6\ HNOj; to remove any plutonium
contamination. Analysis of the etchant indicated that
the spheres had acquired negligible plutonium con-
tamination while in the glovebox. After the sphere sur-
faces were etched, the valves were removed from the
spheres which had contained PuF; by bending the
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valves by hand several times. The valves were easily
separated from the spheres at the silver-soldered con-
nection between the valve downleg and the spheres,
The silver solder joint was sufficiently weak, even on
the spheres which had been filled with PulFy for only
0.5 day, to permit breaking the connection. Valves
could not be removed by hand from spheres which had
been used for blanks (blanks were prefluorinated and
treated similarly to other spheres used in the PuFy
study except that they were not filled with PuFg).
These observations qualitatively illustrate the corro-
sive effect of PuFy on silver solder.

After the valve of the vessel used in a short-term ex-
periment was separated from the sphere, the valve legs
and the inside surface of the phosphor-bronze hellows
of each valve were leached four or five times with acid
solution, and this solution was added to the solution
used to dissolve the corresponding sphere. In one case
(a two-day experiment), however, the wash solution
from the valve was submitted separately for a radio-
chemical plutonium analysis.

The amount of PuF lost by chemical reaction within
the valve should be nearly constant for each PuFj fill-
ing and emptying cycle. This assumption was tested
by dissolving, separately, the spheres and the corre-
sponding valves used in four of the 571-day experi-
ments with 50 mm PuFy. The valve and sphere of a
vessel used for three experiments with PuFg were dis-
solved separately to determine the amount of PuF,
corrosion in the valve as a function of a longer exposure
time. A valve from a vessel from a 75-day experiment

TABLE 1I-8. DistriBurion o¥ PuFg DEcomposition
Propuer 18 127-cc VESSELS

\ Wt. (mg) PuF,
Duration of |Initial PuFs | Wt of PulF | Decomposed
Experiment | Pressure | Introduced | —— 79— )
(days) (mm of Hg) (mg) &
Sphere In Valve
571 50 118.4 47.7 3.9
571 50 115.60 49.8 5.0 4.8 0.6b
571 50 T | )R P (e e gL
571 50 118.2» 45.2 (5.2,
75 100 218.6 26.4 2.9
2 100 193.7 ' 4.36 (1.98
5.6 100 232.9)
176 100 229.4 88.0 6.7
75.6 100 234.9
=9

« These spheres were filled simultaneously from a common
PuF, source; therefore, their phosphor-bronze bellows were
exposed to PuFg for nearly equal times.

b Error is +2¢.

was also analyzed for plutonium to determine corrosion
of the valve.

b. RESULTS

Data for the amount of PuF; decomposed in the
nickel spheres and in the Hoke 1479 valves are pre-
sented in Table 11-8, The geometrical surface area of
the sphere is greater by a factor of about forty than
the surface area in the valve. The data show that 5 to
30% of the decomposed PuF, was found in the valves,
Since the material with the largest surface area in the
valve is the phosphor-bronze bellows, most of the PuF,
must have decomposed on it; the surface area of the
nickel downleg constitutes only a small fraction of the
total surface area and is similar to the material of the
downleg. However, the bellows are exposed to PuF,
only during the filling and emptying of the vessels,
The exact durations of exposure during filling of the
spheres were not determined, but the exposure time
ranged from 15 min to 2 hr. The exposure time during
emptying of the vessels was less than 2 min and ean be
neglected.

The data for the short-term decomposition of PuF
must be corrected for the PuFy decomposed by corro-
sion of the phosphor-bronze. Since only one value is
available for the amount of PuFg decomposed in the
valve of a vessel used for the short-term experiments,
this value (1.98 mg PuFy) has been used as a correction
for all of the short-term experiments. This correction
has been subtracted from both the initial quantity of
PuFy put into the vessels and the total amount of PuFg
decomposed.

Data for the short-term PuF; decomposition experi-
ments are listed in Table 11-9 and shown in Figures
I1-4 and I1-5. The rate of PuF; decomposition in the
spheres is high for short durations but decreases rapidly
with increasing storage time. For 100 mm of PuFs
stored at 26 == 2°C, the average decomposition rates
(percent per day) are 2.20 (0.5 day), 1.12 (1.0 day),
0.92 (2.0 days), 0.50 (5.0 days), 0.35 (8.0 days), 0.29
(12.0 days), and 0.27 (16.0 days). 3

Since past experience had indicated significant re-
tention of either F. or PuF, on finely divided PuFy,
some spheres from tests at some of the durations were
heated to 60°C after the major portion of the unde-
composed PuF; and the fluorine was removed from the
sphere. When the spheres were heated, the pressure
rose from a value of 154 to a value of 70x while the
sp.hvrvs were being pumped out. This behavior is indie-
ative of gases adsorbed on the vessel walls and/or on
the PuF, . It was not possible to determine if the ad-
sf)l’ll('(l gas was fluorine or PuFy . The PuFy decomposi-
tion rates obtained in the spheres which were heated
were not significantly different from the PuFg rates
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TABLE I1-9. Avpaa DECOMPOSITION OF GASEOUS

Prurontum HEXAFLUORIDE =3
2
Spherical Nickel Vessels: 125 to 129 cc =
Storage Temperature: 26 + 2°C § 2.5
Initial PuF, Pressure: 100 mm =
Prefluorination Conditions: 1200 mm CIF; at 26°C, 15 hr; 3 [
then 500 mm F. at 40°C, 1, s 2or
hr; then 620 mm F, at 100°C, 2 |
24 hr. § |
g 15 ‘l
Initial Weight* Duration of Average Rate of PuF, &
of PuF, D position D positi b £ ‘
(mg) (days) (percent per day) w ‘
R v !
212.3 0.5 1.60 2 osl- i |
210.8¢ 0.5 2.06 w t i i
192.3 0.5 1.94 2.20 + 0.504 - [ 2 Tl e R T ;
209.8° 0.5 2.58 s i e o e e e i e
177.7¢ 0.5 2.84 DURATION OF PuFga-DECOMPOSITION, doys
b s 108-8744
;l)gf :g 1(11(8}'; Fig. 114. Average Rate of PuFg Decomposition versus
W.ﬁ 1'0 ll(lﬂ 1.12 4 0.98 Duration of Decomposition.
190.8¢ 1.0 | 1.51 PuF, = PuF, 4+ F.
e Volume of Nickel Spheres: 127 + 2 ce
209.9 2.0 0.66 Initial PuFg Pressure: 100 mm
::2? gg gg e g Storage Temperature: 26 & 2°C
- ’ a .92 = 0.24
101.7¢ 2.0 1.140 o
180.8¢ 2.0 1.19 ]
|
216.1 5.0 0.35 5 59 l
191.8 5.0 0.43 ¢ [
210.6 5.0 0.52  0.50 + 0.12 e |
205.8 5.0 0.55 o |
186.6 5.0 0.65 % ‘
30—
207.9 8.0 0.30 & }
203.7¢ 8.0 0.30 £
210.4¢ 8.0 032 0.35 + 0.06 iy } ®
201.3 8.0 0.41 g
208.1 8.0 0.42 z .ahf}
g o e ¥ 100 2 S e W IO 0 W ] S e A
A., . -‘ 0.20 4+ 0.03 2 1L 2 3 & 58 75BN 2D KD AREDT
?;2: ::g 8;? DURATION OF Pufg a-DECOMPOSITION, days
199.6 12.0 108-8732
Fia. 11-5. Percent PuF Decomposition versus Duration of
3;:3' :28 gﬁ 0.27 + 0.10 Decomposition.

* A correction of 1.98 mg of PuFs was made on all initial
weights of PuF and on all values of PuF, decomposed.

" The plutonium of the PuF, decomposition product was
determined by alpha-counting methods after the sphere was
dissolved in 6N HNO; , 0.1M A1(NO;); solution. The interior
of the valve was leached with a similar acid solution, and the
wash solution was added to the solution containing the sphere.

® These spheres were heated to 60°C to facilitate removal of
undecomposed PuFg during the emptying of the spheres.

4 Uncertainties are +2q.

® In this experiment the solution used to leach the interior
of valve was analyzed for plutonium separately from the solu-
tion in which the sphere and its contents had been dissolved.
The valve contained 1.34 mg of plutonium, which indicates

obtained in spheres which were not heated during the
PuFg-fluorine removal.

A plot of the data expressed as the percent of the
initial PuF decomposed versus the decomposition time
(Fig. I1-4) shows that the decomposition must proceed
very rapidly during the first 12 hr. It appears, by
extrapolation of the curve toward zero time, that from
0.5 to 1.5% of the original PuFg is lost by chemical
corrosion of the sphere walls.

that 1.98 mg of PuF; had decomposed in the valve. Since all
the valves had equal exposure to PuF, , 1.98 mg of PuF, has
beem assumed to have decomposed in each valve.
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c. DISCUSSION

Some previously reported results support the hy-
pothesis that high initial decomposition rates may be
due to a corrosion reaction. When experiments were
carried out under similar conditions (127-ce prefluori-
nated nickel vessels containing 100 mm PuFy for 75
days at 26 = 2°C), the first use of the vessels resulted
in PuF, decomposition rates of 0.19% per day, and
reuse of the vessels resulted in PuFg decomposition
rates of 0.14% per day (see ANL-6800, p. 219). These
data suggest that a pretreatment of the vessel walls
with PuF is essentially completed by the time the
sphere is used for a second experiment or that the PuF,
reaction with the vessel wall is proceeding at a rate
which changes too slowly with time to be detected.

Further evidence in favor of the corrosion hypothesis
was previously reported for experiments in which
spheres were packed with nickel wool. It was observed
that, upon initial exposure to the packed spheres, the
PuF; decomposition proceeded at a relatively high rate
(0.30% per day). Upon reuse of two spheres, the decom-
position rates dropped to 0.18 and 0.13% per day (see
ANL-6800, p. 218 and ANL-6900, p. 160).

An alternative to the corrosion hypothesis to explain
the high initial PuFy decomposition rates for short de-
composition times is the absence, early in the exposure,
of any back reaction, i.e., PuF, + F. 2 PuF, since no
PuF, or fluorine are present initially. As the PuFg de-
composes, PuFy and fluorine are formed and may re-
combine. An argument in favor of such a hypothesis is
found in the previously reported conclusion that the
addition of fluorine to the PuF; decreases the PuFg
decomposition rate (see ANL-6800, p. 220). A possible
argument against this recombination hypothesis rests
in the observation that the rate of PuFy decomposition
is independent of the quantity of PuF, present at the

start of the PuFy decomposition (see ANL-6800, p.
219).

Finally, it has been shown that plutonium hexafluo-
ride decomposes at a higher rate at 80 to 83°C than at
26 =+ 2°C (see ANL-6900, p. 159). Since these were the
only two temperature ranges studied, it is not certain
that at 26 = 2°C the thermal decomposition of PuFg
can be neglected.

d. SUMMARY

In summary, studies of the gas-phase, alpha-induced
decomposition of PuFg have been hampered by in-
ability to isolate the alpha-induced decomposition
from other modes of decomposition (such as chemical
reaction with the vessel and thermal decomposition).
Lack of information on the adsorption behavior of
PuF, and fluorine on PuF, and the nickel fluoride walls
of the vessels makes determination of the amount of
PuF,; present as a gas uncertain. No way has been
found to determine experimentally the amount of the
alpha energy absorbed in the gas phase or to determine
the nature of the absorbing species.

Considerable effort would be required to overcome
these difficulties, and, for the present, no further ex-
periments on the alpha decomposition of PuFg are
planned.

The data obtained thus far do provide some practical
information on the handling and storage of gaseous
PuF, . During the first cight days of PuFg storage in a
prefluorinated nickel vessel, PuFy will decompose at a
rapid rate (from 2.2 to 0.35% per day) whereas the
rate should decrease from 0.35% per day to 0.07% per
day over the next 563 days. Reuse of the vessel would
result in less PuFg decomposition. These data indicate
that a certain plutonium inventory will be held in the
equipment used to handle PuFg. This plutonium can
be recovered by fluorination of the process vessels and
lines at 300°C.

6. Corrosion of Materials (W. GUNTHER)

The fluoride volatility program is designed to de-
velop processes for the recovery of uranium and plu-
tonium from partially spent nuclear reactor fuels by
the formation of the volatile hexafluorides of uranium
and plutonium, which are subsequently separated from
the fission product fluorides by distillation. Nickel or
nickel alloys such as Monel are commonly used as the
material of construction for process equipment which
is to be exposed to fluorine and to corrosive fluorides at,
elevated temperatures, since extensive attack on these
materials is prevented by the buildup of a protective
nickel fluoride scale which limits further reaction. In

order to make estimates of the expected useful lifetimes
of equipment exposed to UFg, PuFy, fluorine, and the
volatile fission product fluorides at temperatures up to
550°C, a knowledge of the corrosion rates by these
fluorides, either in combination or individually, is re-
quired.

A corrosion program in support of the fluoride vola-
tility program has been initiated. Two types of experi-
ments are planned to determine the rate of corrosion of
nickel-200: (a) small-scale static experiments con-
ducted in a tube furnace wherein nickel coupons will
be exposed to the volatile fission product fluorides and
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(b) exposures of nickel coupons to process gases under
actual operating conditions in the 2-in. dia. fluid-bed
reactor.

A survey of the unclassified literature has revealed
very little useful information concerning the corrosion
of nickel or Monel at temperatures up to 550°C by the
volatile fission product fluorides. However, some data
on the corrosion of nickel and nickel alloys by UF, and
fluorine have been published.

Corrogion of numerous metals including nickel and
Monel by UFy gas from 500 to 1000°C has been studied
by Langlois.” It was observed that the rate of corrosion
of nickel at 550°C and 700°C was approximately 10
mils/yr. However, at 640°C a maximum corrosion rate
was reached which approached 1400 mils/yr. A sharp
decrease in the corrosion rate was observed in the tem-
perature interval 640 to 700°C, followed by a linear
inerease in corrosion rate from 700 to 1000°C. The cor-
rosion rate of Monel by UFy is linear over the tempera-
ture range investigated, being about 350 and 1400 mils
yr at 550°C and 800°C, respectively.

Hale and associates® have reported the results of a
study of the reaction of nickel with UF,. At 816°C
with an initial NiF, scale of 37,000 A a rate of 3.0 mils
yr is reported, while at 982°C with an initial NiF, scale
of 74,000 A, a rate of 3.2 mils/yr is observed.

Very little information on the corrosion of nickel by
PuFy is available. Steindler” reported that a nickel
crucible which had been exposed to plutonium fluorides
and fluorine for 2 hr at 700°C showed appreciable cor-
rosion including some intergranular attack.

Several investigations of the rate of corrosion of
nickel by fluorine have been reported. Hale et al.® found
the rates at 593°C and 705°C to be 18 and 130 mils yr,
respectively, on a nickel surface having an initial NiF.
scale thickness of 10° A. Jarry et al.® determined the
rate of nickel-200 corrosion by elemental fluorine at
500 and 600°C to be 17 and 60 mils/yr on a fresh nickel
surface, Steindler and Vogel® found the corrosion rate
of nickel-200 by fluorine at 650 and 750°C to be 314 and

% Langlois, G., Corrosion de materiaux metalliques par
I’hexafluorure a Joule temperature, CEA-2385, 1963. (Avail-
able in translation as USAEC Report ANL-trans-82.)

% Hale, C., Barber, E., Bernhardt, H. and Rapp, K., High
Temperature Corrosion of Some Metals and Ceramies in
Fluorinating Atmospheres, USAEC Report K-1459, 1960.

7 Steindler, M., UASEC Report ANL-6G753, 1963.

S Jarry, R., Gunther, W. and Fischer, J., The Mechanism
and Kineties of the Reaction between Nickel and Fluorine,
USAEC Report ANL-6684, 1963.

* Steindler, M. and Vogel, R., Corrosion of Materials in the
Presence of Fluorine at Elevated Temperatures, USAEC Re-
port ANL-5662, 1957.

816 mils/yr, respectively, and the corrosion rate of
Monel to be 3500 mils/yr. The conflict in these data is
not readily resolved.

Work has begun on the construction of an all-metal
system to be used to study the corrosive effects of the
volatile fission product fluorides on commercially avail-
able nickel-200 at temperatures up to 550°C. The
volatile fission products to be examined in small-scale
static tests include GeF,, AsF;, SeFg, NbF;, MoFg,
RuF; , RhF; , SbF; , TeFq , and possibly at a later date
BrF;, BrF;, IF;, and IF;. Due to the difficulty in
handling technetium compounds in the present system,
TecFg corrosion will not be investigated at this time.
The fission product fluorides that are commercially
available will be purchased; other fluorides will be
made by the direct fluorination of the metal or the
oxide. Purity checks of the volatile fluorides will in-
clude vapor density and infrared spectral measure-
ments,

It is planned to insert nickel-200 coupons into the
2-in. dia. fluid-bed reactor to obtain corrosion data for
typical processing environments, Sample coupons will
be placed in both the fluid bed and the disengaging
chamber sections of the reactor, and corrosion rates will
be evaluated after the completion of one or more proe-
ess runs. The 2-in. dia. reactor is designed to investigate
HF-promoted oxidative decladding of spent nuclear
fuels, followed by fluorination to volatilize the uranium
and plutonium as hexafluorides. This apparatus will
afford an opportunity to obtain controlled corrosion
data in an HF-0,-F. system. Corrosion data will be
caleulated from weight and/or dimensional changes.

Corrosiog data will also be obtained on coupons
welded with nickel-200 welding rods (high purity) and
nickel-61 welding rods (containing 2.0-3.5% titanium).
There are indications that corrosion rates in fluorinat-
ing atmospheres are much higher when nickel-61 metal
filler rods are used than when nickel-200 filler rods
because of the presence of titanium in the former.

The corrosion rate of INOR-8 metal will be briefly
studied in both the fluid-bed and static tube furnace
experiments, and the rates of corrosion of INOR-8
and nickel-200 will be compared.

Autoradiographic examination of selected coupons
will be made in an attempt to find out if any uranium
or plutonium is present in the intergranular areas of
the metal. Microscopic examinations will be carried out
to determine the amount of intergranular attack both
in the base metal and in the welded areas. If possible,
a correlation between rate of corrosion and the amount
of intergranular attack will be made.
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7. Fluorination of Waste Samples from Rocky Flats Plant (R. P. Wacner, W. A. SHINN,
M. J. STEINDLER)

At the request of the Rocky Flats Division of the
Dow Chemical Company, the possibility of applying
volatility methods to the recovery of plutonium from
waste stream materials was investigated. Interest on
the part of the Rocky Flats Division stemmed from
the potential savings which may be attained by using a
simple, direet method of plutonium removal from a
variety of waste materials, The procedure used was to
fluorinate samples with elemental fluorine in a boat
reaction vessel at 500°C or 550°C to produce volatile
plutonium hexafluoride. Data on the degree of removal
of plutonium from waste materials and estimates of
rates of reaction were to be obtained. Impurity content
of the collected plutonium hexafluoride was not deter-
mined.

a. MATERIALS

Three types of plutonium-containing waste mate-
rials were obtained from Rocky Flats. These wastes
are classified according to their source at Rocky Flats.
The particular samples used for the present experi-
ments are not necessarily typical of what would be
handled during routine operations. The materials used,
together with the corresponding plutonium analyses
(by Rocky Flats), are (1) skull oxide, 87.13 w/o Pu;
(2) incinerator ash, 11.6 w/o Pu; (3) sweepings, 58.8
w/0 Pu. The skull oxide is relatively pure PuO, . The
sample of sweepings, mainly PuQ. , is abnormally low
in carbon (0.39%) and silicon (1%) for this type of
material. The samples of incinerator ash and sweepings
had been oxidized and hydrofluorinated at Rocky
Flats prior to shipment because of their high initial
carbon and silicon content. Impurities present at a
concentration of one percent or more are C, Ca, Cu, K,
Na, and Pd for the incinerator ash; Ni, Si, and Ti for
the sweepings; and Al, Fe, and Mg for both. The skull
oxide and sweepings samples appear similar to PuO. ,
while the incinerator ash is very light in color (gray-
white) and has a bulk density considerably lower than
those of the other two materials.

b. EQUIPMENT

Fluorinations of samples were performed in a 2-in.
OD nickel reaction tube heated by a 1400-watt Hevi
Duty Furnace. The samples were placed in shallow
boats (4 by 1 by 0.2 in.) constructed from 0.015-in.
thick nickel sheet. The boat rested on a track, machined
from nickel rod, which acted as a heat sink and allowed
convenient handling of the sample. A lip on the edges
of the track supported a hemi-cylindrical piece of fused
alumina tubing placed over the sample to keep out of

the boat any nickel fluoride which might spall from in-
terior surfaces of the nickel reaction tube. The tem-
perature of the furnace was controlled by a Gardsman
controller and two Variacs connected to a chromel-
alumel thermocouple,

A 6-1b (400 psi) fluorine eylinder supplied by Allied
Chemical Company, a Matheson Company fluorine
regulator, and another fluorine eylinder used as a low-
pressure ballast tank were used as the flourine supply
system. A Kel-F rotameter (Brooks-Mite, 0-500 ml
F./min) was used to measure fluorine flow, which was
on a once-through basis. The gas leaving the reaction
tube flowed through two %-in. dia. nickel test tube
traps in which the plutonium hexafluoride produet was
collected. The traps were cooled by a mixture of tri-
chloroethylene and solid carbon dioxide. Unreacted
fluorine was disposed of in an activated alumina tower
constructed of 4-in. dia. copper pipe. Teflon was used
as a gasket material, and permanent joints were either
silver-soldered or nickel Heliare welded. Valves con-
structed of nickel and Monel with silver-soldered
diaphragms (Hoke 413) were used.

¢. PROCEDURE

A weighed sample of plutonium-containing waste
was placed in the boat so as to cover the bottom of the
boat as evenly as possible. Two- to four-gram samples
were used to limit the extent of any unexpected reac-
tion. The sample was heated to the operating tempera-
ture while the reaction tube was evacuated. Fluorine
flow was then started, and when the system pressure
reached one atmosphere (in approximately 5 min), the
gas exit valve connected to the alumina tower was
opened. Fluorination was continued for at least 5 hr at
temperature (500 or 550°C') with a fluorine flow rate of
200 ml/min. At the end of the experiment, the system
was evacuated through the cold traps.

After fluorination, the residue from the sample was
examined, and the sample and the boat were placed in a
plastic bottle. The sample and boat were dissolved in
250 ml of 4N HNO, containing Al1(NO,)4 and a trace
of HF, and the plutonium was determined by alpha
counting, This treatment, as well as treatment with
such reagents as HCI, HCIO, , HF, and H.S0, , failed
to dissolve all the nickel fluoride formed by the fluori-
nation of the nickel reaction hoat. Some plutonium was
found by leaching the undissolved residue, but not
enough to materially affect the results. Samples of the
original waste materials were fused with ammonium
bifluoride and radiochemically analyzed to check the
analysis of the starting materials.
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d. RESULTS AND OBSERVATIONS

Plutonium removal data are based on alpha counting
of the starting material and of the fluorinated residue.
The plutonium removal, Table I1-10, was 99 percent or
better except for the 5-hr experiment on the incinerator
ash which gave a plutonium removal of 82.29.. This
experiment was repeated, and satisfactory plutonium
removal (98.4%) was achieved. No reason for the low
result is known. A temperature excursion of 40°C was
noted for incinerator ash at the beginning of fluorine
flow, while a 20°C rise was observed for the sweepings
and even less for the skull oxide. The residues contained
various amounts of NiF, , which is expected under these
experimental conditions. Corrosion of the nickel boat
was severe in tests with ineinerator ash, while consider-
ably less corrosion was observed during processing of
sweepings and skull oxide. The residue from fluorina-
tion of skull oxide was predominately NiF. and also
contained small amounts of red PuF, .

Rate-of-reaction data were obtained for the fluorina-
tion of skull oxide at 500°C' and 550°C' by weighing
the plutonium hexafluoride collected after successive
intervals of time. Cumulative PuFy collection as a
function of time for 500°C' and 550°C tests is shown

in Figure I1-6. The reaction appears to proceed through
the formation of intermediate PuF, .
An attempt to measure product (PuFg) purity was

unsuccessful. Large amounts of nickel introduced into
the product from the hydrolysis of PuFg in the nickel
test tube traps did not allow spectrographic analysis of
plutonium by the methods currently used.

TABLE I1-10. PrutoNivm REMOVAL FROM
WasTE MATERIALS
Fluorinating gas: fluorine

Reac- F: | Puin ‘::‘\:;
tion |Temp Flow & Resi- R
Time | (°C) | (ml/ | due

|Sample | Pu in

Material |Weight |Sample

® | mg) | Gy min) | (mg) "3
AL - e - - 5

Skull Oxide | 2.0795 1812 | 9 5001 100 | 3.4 9.8

Skull Oxide | 4.1120, 3583 10 | 500 | 200  25.5 | 99.3

Skull Oxide | 3.6811) 3207 5 550 | 200 | 35.3 | 98.9

Incinerator | 2.2087 256 5 550 | 200 | 45.5 | 82.2

Ash

| 9.3

Incinerator | 2.2103| 256 10 a0 | 200 1.7 | 99.1*
Ash |

Sweepings 2.151 1265 5 550 @ 200 0.6 | 9.9

Sweepings 2.1365 1256 10 550 @ 200 0.4 999

Incinerator 2.3')77‘ 263 5 550 | 200 4.3 | 98.4%
Ash |

* The fluorination procedure for this sample was: 1 hr at 370
to 510°C, Fs flow rate of 100 ml/min; 4 hr at 510°C, F, flow rate
of 100 ml/min; 4 hr at 490°C, F; flow rate of 500 ml/min.

b Includes plutonium recovery by leaching of dissolution
residue.
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Fig. I1-6. Cumulative PuF; Collection for Fluorination of Skull Oxide.
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e. CONCLUSIONS

Fluorination of waste samples containing plutonium
resulted in removal of essentially all of the contained
plutonium by the conversion of plutonium to the hexa-
fluoride and its subsequent volatilization. Both tem-
peratures and rates of reaction appear to be relatively
favorable for process application.

The data obtained in the present set of exploratory
experiments should be applied with caution. It has been
recognized that the samples fluorinated in the experi-
ments reported here may be atypical; if so, the degree
of removal as well as the rate of removal of plutonium
may not be typical of those achievable for routine
waste samples. Further, the purity of the plutonium
hexafluoride has not been checked. Those impurities
which form volatile fluorides will certainly contaminate
plutonium hexafluoride volatilized from the mixtures.
Also, the reactivity of impurities will determine to
some extent the peripheral problems encountered in
the fluorination by influencing the heat of reaction, the
rate of plutonium volatilization, the optimum operating
temperature, and other factors.

Since a recovery process would be designed to con-

vert, plutonium in waste material to plutonium tetra-
fluoride suitable for conversion to metal, the reduction
of plutonium hexafluoride is an important step in the
process. No answers to questions on the choice of re-
duction method (thermal, chemical), the purity of the
produet, the physical state of the product, ete. have
been provided in the present study, although some in-
formation on several of these points may be available
from the literature, The impurity content of the initial
samples may become an important consideration in the
choice of variable for the reduction step.

Finally, extrapolation of the rate data obtained on
samples held in reaction boats to other types of process
equipment is often difficult. Of particular note in this
regard is the extrapolation of rate data from boats to
fluid beds. Hence, information on the behavior of waste
samples in fluid-bed equipment would be needed be-
fore such reactors could be employed. While the results
of the present experiments appear to be encouraging
regarding the application of fluoride volatility methods
to the recovery of plutonium from waste materials, ad-
ditional work both in the laboratory and on an en-
gineering scale is indicated before firmer conclusions
can be drawn.

8. Neptunium Chemistry (T. GERDING)

Neptunium (element 93) is produced during irradia-
tion of uranium with neutrons by at least three impor-
tant mechanisms.

(1) 2887 (l’), 2n) 21y g0 237Np
(2) !x.‘)U (n, 7) ermU (n’ 7) 2R7U *ﬂ) '::an
(3) Q:MU(H’ v) 2RuU _B) '::mNp

Neptunium*® can be expected as a contaminant in ir-
radiated uranium fuel.'® The volatile neptunium hexa-
fluoride can be expected as a contaminant in the plu-
tonium and/or uranium hexafluoride produced by the
fluoride volatility process. Knowledge of the pertinent
chemical and physical properties of neptunium hexa-
fluoride will be of interest to both process and funda-
mental chemistry. In addition, interest in 7Np is re-
lated to one of the methods of producing %Py 1t hy
neutron irradiation of mixtures **"NpO, and alumi-
num. ***Pu is of interest to the SNAP program. A pro-

* Owing to the short half life of *¥Np (2.34 d) little, if any,
of this isotope will be present at the time fuel material is
processed.

10 Vondy, D. R., Lane, J. A., and Gresky, A. T., Ind. Eng.
Chem. Process Design Develop., 8(4), 293-296 (October 1964),

" Chem. Eng. News, 41, 47 (Aug. 5, 1963).

gram of investigation of the preparation and the chem-
ical and physical properties of NpFg has been started.

NEPTUNIUM HEXAFLUORIDE

Neptunium  hexafluoride was first prepared by
Florin'® using the reaction of neptunium trifluoride and
elemental fluorine at bright red heat. Malm and asso-
ciates' prepared neptunium hexafluoride by reaction
of neptunium trifluoride or neptunium tetrafluoride with
elemental fluorine at 500°C. Although no chemical
identification of NpFg has been reported, the similarity
of the X-ray diffraction pattern and the infrared spec-
trum of the compound formed by this procedure to
those of uranium hexafluoride led to the conelusion that
the volatile compound formed by the reaction is nep-
tunium hexafluoride. The structure of neptunium hexa-
fluoride has been reported by Zachariasen.'* Structure
parameters are given in Table II-11. The infrared
spectrum of neptunium hexafluoride has been reported
by Malm et al'® together with the assignments of the

2 Florin, A., J. Am. Chem. Soc. 70, 2147 (1948).

3 Malm, J., Weinstock, B. and Weaver, E., J. Phys. Chem.
62, 1506 (1958). i

" Zachariasen, W., NNES IV, 14B, p. 1462,
'® Malm, J., Weinstock, B. and Claasen, H_, J. Chem. Phys.
28, 2192 (1955). ;
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TABLE 11-11. StRUcTURE PARAMETERS FoR UF,
NpFs anp PuF,

UF, NpF. PuF,
Symmetry (solid) ortho- ortho- ortho-
vhammbi Shorit Fomh
Lattice Parameters®
a, (A) 9.900 9.91 9.91
b, (A) 8.966 8.97 8.94
¢ (A) 5.207 5.21 5.21
Density (g em™3) 5.060 5.00 5.08
M-F distance (A) 1.994 1.980 1.972
M-F stretching force con- 3.78 3.7 3.50
stant (md/A) i

* See ANL-6900, Table I1-8, p. 164,

TABLE I1-12. INFRARED AND RAMAN SPECTRAL DATA FOR
UFs, NpFs, anp PuF; (cM™)

UF, NpF, PuF,
» Raman 667 648 628
»s Raman 535 528 523
vs Infrared 623 624 615
v Infrared 181 200 203
»s Raman 202 206 211
»e Inactive 140 164 171

TABLE I1-13. PuAse TRANSITION DATA FOR THE
HexarLvoripes or Uranium, NEPTUNIUM,
AND PrutoNium

UF, NpFe PuF,

Boiling Point (°C) 56.54 55.18 62.16

Triple Point (°C) 64.052 55.10 51.50
(mm Hg) 1139.6 758.0 533.0

Vapor Pressure (mm Hg) 0°C 17.65 20.8 17.9
25°C 111.85 127.17 | 105.45
75°C | 1592 1425 1136

Heat of Fusion (cal mole~') 4588 4108 4456

Entropy of Fusion (cal mole™' | 13.61 12.79 13.72
deg™)

fundamental frequencies. The absorption spectrum of
neptunium hexafluoride in the visible region is men-
tioned by Malm et al."® but no data are given. Good-
man'® shows a tracing of the absorption spectrum of
neptunium hexafluoride, but failed to give values for
extinction coefficients. The positions of some of the
major peaks were identified. Spectral data are pre-
sented in Table I1-12. Neptunium hexafluoride is said
to be quite photosensitive;'* hence, the absence of
Raman data is not surprising.

Phase transition data for neptunium hexafluoride are
presented in Table I1-13. Weinstock et al.'™ determined
the vapor pressure of neptunium hexafluoride, and the
following equations were fitted to the data:

(0 to 55.10°C) log Pum

_ —28020 .
= TRy~ 20990 log T+ 1848130
(55.10°C to 76.82°C) log Py

_ 11911

T(°K)
A computer program was set up, and the vapor pres-
sure of neptunium hexafluoride has been tabulated
from —10°C to 100°C.'8

Little information on the chemical properties of nep-
tunium hexafluoride is available. Owing to the lower
alpha activity of **"Np compared to ***Pu, neptunium
hexafluoride does not decompose by radiation to the
extent observed for plutonium hexafluoride. Further,
neptunium hexafluoride is considerably more stable
toward thermal decomposition than is plutonium hexa-
fluoride. A gample of neptunium hexafluoride at 900
mm Hg was heated to 500°C for 3 hr in a nickel vessel
without showing any evidence of thermal decomposi-
tion." Neptunium hexafluoride is hydrolyzed by water
and yields the NpO ™ ion.

A program of research on the chemistry of neptunium
fluorides has started. Initial studies will be devoted to
the chemistry of the formation of neptunium hexa-
fluoride by fluorination of neptunium tetrafluoride (or
neptunium trifluoride) and characterization of the solid
residues. It is also planned to obtain data on the absorp-
tion spectrum of neptunium hexafluoride and to study
the equilibrium in the system NpFg-NpF,-F. . Appara-
tus for this work has been constructed.

+ 2.5825 log T + 0.01023

16 Goodman, G., Thesis, Harvard University (1959).

17 Weinstock, B., Weaver, E. and Malm, J., J. Inorg. Nuecl.
Chem. 11, 104 (1959).

18 Steindler, M. J., Private Communication.
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9. Fission Product Chemistry: Behavior of MoO;, Mo0,, and SnF. Under
Fluorination Conditions (G. PieriNt®)

During experiments on the fluid-bed fluorination of
U404-PuQ.-fission produet mixtures, the presence of
MoOy in the fission product mixture is believed to have
contributed to plugging of valves in the cold trapping
system (ANL-6900, p. 150). A series of short explora-
tory experiments were carried out to determine the
volatility of MoOy, MoO, and SnFy in a fluorine or a
fluorine-nitrogen-oxygen stream. These experiments
were carried out in a 1%-in. OD horizontal nickel tube
reactor. The starting material was placed in a nickel
boat and the products were collected in traps cooled to
—80°C. Total flow rates of 1400 cc,/min were found to
be too high, as evidenced by frequent plugs in the line
to the traps. Hence total flow rates of 250 to 400 cc min
were employed.

a. THE VOLATILITY OF MoO; AND MoO. IN A
FLUORINE STREAM

Reactions with MoOy were carried out at 450°C. In
two experiments in which fluorine was diluted with
nitrogen and oxygen and in two experiments in which
a fluorine-nitrogen stream was used, only 3 to 5% of the
product was collected in the cold traps. This material
was 1dentified as MoFg by vapor pressure measure-
ments. The remainder of the product, found in the
cooler portions of the tubular reactor, was a white
needle-like cerystalline solid which is probably a mix-
ture of MoOF, and MoFj .

In order to determine if the low yield of MoFg was
due to a reaction of MoFy with oxygen at 450°C, MoFy
and oxygen were simultaneously fed into the heated
reactor. No reaction was observed.

* Guest Scientist, EURATOM, Mol, Belgium,

A gas mixture which consists of 40 v/0 HF, 40 v/o
oxygen, and 20 v/o nitrogen is being used for the de-
structive oxidation of stainless steel eladding. The vola-
tility of MoOy at 550°C in such a gas stream was
tested. It was necessary to stop the reaction after 30
min of intermittent feeding of HE because the slightly
volatile product which was formed (probably MoO.F,,
<ublimation point 270°C) condensed in the outlet zone
of the reactor and plugged the line. About 30% of the
Moy charged reacted. No MoFy was observed.

When MoO. was treated at 450°C with a fluorine-
oxygen-nitrogen mixture, only an insignificant quan-
tity of MoFy was collected. The behavior of MoO; and
MoQ, is similar under these fluorination conditions.

From these experiments it may be tentatively con-
cluded that molybdenum would be volatilized from the
fluid bed on treatment of oxide fuel pellets with HF-0,.
Further, the low yield of MoFg would indicate that the
uranium and plutonium hexafluoride product formed
during fluorination may be only slightly contaminated
with MoFg.

b. THE VOLATILITY OF SnF, IN A FLUORINE
STREAM

Tin is a minor constituent of Zircaloy-2, which is
commonly used as a cladding in power reactor fuels. A
30-min treatment of 200 mg of SnFy at 500°C with a
400 cc/min flow of a fluorine-nitrogen mixture resulted
in a removal of 185 mg of SnF, from the heated zone.
A white sublimate was found on the wall of the reactor
in the cold zone near the gas exit. Therefore, tin, being
both a fission product and a constituent of Zircaloy
cladding, would be at least partially volatilized during
fluorination of the fuel.

B. ENGINEERING-SCALE INVESTIGATIONS OF FLUID-BED FLUORIDE
VOLATILITY PROCESSES (A. A. JONKE)

1. Development of Fluid-Bed Fluoride Volatility Processes for the Recovery
of Uranium and Plutonium from Uranium Dioxide Fuels

a. DESIGN AND CONSTRUCTION OF AN ENGI-
NEERING-SCALE ALPHA FACILITY (N,
Levitz, G. J. VoeeEL, E. L. Carus, I. KNUDSEN,

W. Mureny, M. Jones, B. KuLLEN, A. RASHINSKAS, «

R. KinzLeg, J. HEPPERLY )
An engineering-scale alpha facility has been installed
to permit the study of the main steps in the fluid-bed

fluoride volatility reprocessing scheme for UOs-PuOs
ceramie oxide fuels (see Figure 11-1). The facility con-
sists of two large alpha boxes, the larger box containing
the main processing equipment, the other containing
auxiliary equipment such as scrubbers and inlet gas
distribution manifolds. Fluorination equipment for
processing batches of UOg-PuO, pellets to hexafluorides
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and a converter system for the preparation of dense
mixed uranium-plutonium oxide particles from mixed
hexafluorides has been installed. The converter will be
used also to study the thermal decomposition of PuFg to
PuF, as a means of separating plutonium from ura-
nium.' Both the converter and fluorinator systems are
deseribed in a recent topical report.?” Space remains
in the large processing equipment box for a distillation
unit that is now in a preliminary design stage and from
which separations data on mixed uranium-plutonium
hexafluoride systems will be obtained. Windows are
expected to be installed soon in both boxes.

In a parallel effort, shakedown work has started on
the fluorinator (see below) and converter systems as
the mechanical and electrical work approach comple-
tion, Testing of overall facility components is also near
completion. Several additional shakedown experiments
with uranium materials will be carried out as a final
check on system operability. These latter tests are also
needed to allow final detailing of the operating pro-
cedures before the addition of plutonium to the sys-
tems. Corrosion specimens will be added to the process
units when this main phase of the work starts.

(1) Testing of Components Associated with Over-
all Facility Operation

Final tests of general facility systems, such as the
process and ventilation scrubbers, were made, and de-
velopment of special operating procedures, such as that
for vertically bagging large equipment in an out of
the boxes, were continued. Safety evaluation of systems
and procedures is near completion.

Serubber Tests. From a safety standpoint, complete
containment of plutonium and uranium hexafluoride
in the alpha facility is necessary. Hexafluorides con-
tained in the ventilation air which might pass through
the larger alpha box as a result of an inadvertent re-
lease, and trace amounts of hexafluoride in the flu-
orinator process off-gas will be trapped by a fluorinator
process serubber-filter combination. The gas stream is
humidified in the scrubber, where, upon contact with
water, the hexafluorides react to form particulate oxy-
fluoride solids capable of being trapped by absolute
filters. Performance tests were carried out on the
fluorinator process scrubber in which the mass transfer
coefficients of water vapor-to-air were determined.

1% Trevorrow, L. E., J. Fischer and J. G. Riha, Laboratory
Investigations in Support of Fluid-Bed Fluoride Volatility
Processes. Part 111. Separation of Gaseous Mixtures of Ura-
nium Hexafluoride and Plutonium Hexafluoride by Thermal
Decomposition, ANL-6762, August 1963.

2 Vogel, G. J., E. L. Carls and W. J. Mecham, Engineering
Development of Fluid-Bed Fluoride Volatility Processes.
Part 5. Description of a Pilot-Scale Facility for Uranium Di-
oxide-Plutonium Dioxide Processing Studies, ANL-6901, De-
cember 1964.

From this information an estimate was made of the
quantity of hexafluoride that could be handled. The
possible problem of the filters becoming wetted (and
inoperable) by the humidified air stream was also
evaluated in these tests, even though a steam reheat
coil is provided upstream of the filters to minimize this
oceurrence.

The scrubber consists of a vertical column, 18 in.
in dia. and 8 ft long, and operates with countercurrent
liquid and gas flows. Two in-series, spray nozzles
(Sprayco %, 1155 M, hollow-cone) are located in the
lower half of the column. In the gas exit region above
these nozzles are a demister for removing entrained
water and a finned, steam coil for superheating the
saturated air to reduce the chance of wetting and plug-
ging the filters.

Ventilation air flow rates of 402, 510, and 560 e¢fm
were used in the separate tests. Air flows were measured
by a vane anemometer. The water circulation flowrate
to the nozzles was 2100 1b, (hr) (sq ft). The dewpoint
of the entering air was calculated from wet and dry
bulb temperatures. Mass transfer coefficients were cal-
culated on the basis of the quantity of make-up water
added to the system to compensate for the amount
lost through transfer. Mass transfer coefficients of 167,
245, and 192 1b moles/ (hr) (atm), were obtained for
the three cases. During actual operations, the make-up
water will be provided by the condensate from the
steam reheat coil. On the basis of preliminary tests,
the quantity of water produced is adequate to maintain
the desired constant-inventory system. Overall per-
formance of this unit is expected to be satisfactory
without modification.

Vertical l?uyoul. Initial tests of the vertical bagout
system were completed. Thirty-inch diameter bagout
openings are provided at the top of each alpha-box
module along with a hoist outside the box to handle
objects which, because of their bulk or weight, cannot
be transferred through the 8-in. and 22-in. dia. hori-
zontal openings at the ends of the alpha box. The main
problem in bagging proved to be the collapse of the
bag around the object being withdrawn when the bag
was in the extended position outside the box. Move-
ment of the object within the bag was then virtually
impossible. A solution was found by design of collaps-
ible rings which could be fixed inside the bag to keep
it expanded. These rings are reusable.

(Gas Recycle Pump. Performance of the fluorine re-
cycle pump proved satisfactory; a flow rate of 2.3
sefm at 15 psig discharge pressure was achieved. The
rated capacity was 2 sefm at 10 psig.

(2) Shakedown Work in the Fluorinator
A shakedown experiment (Run UO-1) was com-
pleted in the fluorinator system using the two-zone
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TasLE 11-14. OpErRATING CONDITIONS FOR URANIUM
Oxie FruorinaTion Run UO-1
Equipment: 3-in. dia. nickel fluorinator ‘
Reactor Charge: UO, pellets: 3-in. bed depth, 2.2 kg, 13-
in. dia. by lg-in. right
cylinders

24-in. static bed depth, 5.52
kg (High Purity Blue La-
bel, Norton Co.), —60
+170 mesh

Alumina:

Pellet Support: Nickel balls

Run Time (hr)

1= 2

G B 60 87 B
Bed Temperature (°C) 450 515 Tt
Fluorine Cone. (v/o0) 5——10——15, 30, 60—
Oxygen Cone. (v/o) 3—-4.5——roff———

50.62, 0.32,
0.16

Velocity (ft/sec) at Col- 1.0
umn Conditions

oxidation-fluorination method of processing UO. pel-
lets (ANL-6687, pp. 112-124). In the two-zone method,
there are two distinet reaction zones: the first is a bed
of UO, pellets with high-fired alumina particles in the
voids; the second is a bed of alumina particles placed
over the UO, pellet bed. In the pellet-bed zone, UzOg
fines are produced by contacting the UO, with an
oxygen-nitrogen stream which also serves to fluidize
the alumina particles. The UOg fines are carried from
the lower zone by the oxygen-nitrogen gas stream and
are reacted in the upper zone with fluorine, which is
admitted to the fluidized bed of alumina just above the
UO. pellet bed. The major objectives of the shake-
down experiment were: (a) to investigate the perform-
ance of the various equipment components, (b) to
achieve satisfactory removal of uranium from the
reactor, (c¢) to demonstrate completeness of hexafluo-
ride product collection, and (d) to show that satis-
factory material balances can be obtained.

Equipment, Procedure and ('onditions

A shallow bed (3-in. bed depth, 2.2 kg) of UO, pel-
lets and a 24-in. bed (static height) of —16+4170 mesh
alumina were used as the charge. Equipment items in-
cluded the fluorinator (3-in. dia.), auxiliary filter, the
hexafluoride collection system, and off-gas cleanup sys-
tem. Once-through fluorine was used; thus the recycle
pump was not tested at this time.

The conditions and sequence of operations for the
run are listed in Table II-14. The run was divided into
four parts: (a) normal two-zone operation until ap-
proximately 90% of the UF, was collected, (b) switch-

ing of the fluorine introduction point from the side
.

inlet to the bottom of the reactor and turning off the
oxygen, (c¢) increasing the reaction temperature, and

(d) increasing the fluorine concentration by decreasing
the nitrogen diluent flow.

The UFg was collected in a single condenser backed
up by a NaF trap. During the UFy collection period
the cold trap was operated at an outer wall tempera-
ture of 25 to 50°C while the coolant temperature
ranged from —64°C to —78°C. The condenser exit gas
was monitored continuously for fluorine content via a
thermal conductivity cell apparatus. Uranium hexa-
fluoride collection was continuously recorded utilizing
an automatic chain-balancing scale equipped with a
remote weight-readout device. Sensitivity to weight
changes of *=10 g was achieved by connecting the
process lines to the condenser in an extended torsion-
lever arm arrangement.

From the total amount of fluorine used, the concen-
tration of fluorine in the off-gas, and the amount of
UF; produced, the percentage of fluorine consumed in
the conversion of UzOg to UF, and the percentage used
in the production of UO.F. fines could be calculated.
The oxygen and fluorine rates were regulated in such
a way that the buildup of fines in the alumina bed was
minimized. Ideally, the UsOg fines produced by the
oxidation should react immediately upon contact with
the fluorine. Automatic blowback of filters to return
fines accumulated on the filters to the reaction zone
and gas pulsing to aid in fines transport from the lower
(pellet) zone to the fluorination zone were employed.

Results

UF Collection Rate. Figure 11-7 shows the UFg col-
lection rate and percent of charge collected versus
time. The collection curve is typical of previous pilot-
plant operations in which a period of high collection
rate is followed by a period in which the collection
rate declines. Introduction of fluorine at the bottom of
the reactor (Point 1, Figure I11-7) as well as increasing
the head to the bottom of the unit (Point 2) did little
to increase the rate of recovery of hexafluoride. The
peak in the collection rate obtained during the latter
stages of the run was due to a combination of factors:
increasing the blowback pulse, mechanical jarring of
the upper sections of the unit (see Points 3 and 4), and
also increasing the temperature of the disengaging see-
tion to 350°C. (During the earlier parts of the run the
disengaging section was kept at 250 to 275°C. The
filter chambers were kept at 150°C throughout the
run.) Inereasing the concentration of fluorine in the
inlet gas stream by cutting back on the flow of diluent
nitrogen (Point 5) seemed to have no beneficial effect
on the rate of UFy formation. The peak production
rate of UFy of 975 g/hr in the 3-in. dia. reactor cor-
responds to a rate of 42 b/ (hr) (sq ft).
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Fia. 11-8. Fluorine Concentration in the Cold Trap Exit Gas.

Residual Uranium Content of the Alumina Bed.
After 9 hr, the residual uranium content of the alumina
bed was 0.03 w/o, equivalent to about 0.08% of the
uranium charged to the reactor. Subsequent refluorina-
tion of a portion of the alumina bed under static-bed
conditions in a bench-scale (1V%-in. dia.) reactor at
500°C and 550°C for consecutive 1-hr periods reduced
the uranium content to less than 0.01 w/o.

Fluorine Utilization. The overall fluorine efficiency
for this preliminary run was 32%. During peak pro-
duction periods, efficiencies of fluorine in the conver-

sion to hexafluoride of 72 to 739 were observed. Future
work will aim toward overall efficiencies of 50% or
greater. Figure I1-8 is a plot of the fluorine concentra-
tion in the cold trap exit gas versus time. The results
as obtained by the thermal conductivity apparatus are
compared with the calculated values based on fluorine
input and hexafluoride production rate. The close
agreement would indicate that little if any accumula-
tion of intermediate uranium fluoride fines occurred
during the run.

Uranium Hexafluoride Material Balance and Cold
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TABLE I1-15. Urantum MATERIAL BArancE—RuUN
UO-1
|

UF, v

Uranium Charged E(luivnrcnt %

2200 g 2868 g 100
Uranium Collected et
Uranium Collected in Cold Trap 2770 96.62
Backup NaF Trap 55 1.91

Uranium Remaining in the Reactor

Final Alumina Bed 0.03 w/o U 2.4 0.08
440 Fraction (Unreacted Pellets) 6.0 0.21
Fines from Filters and Filter Cham- 34 1.18
bers — e
2867 99.97

Trap Performance. The UF; material balance for the
run is shown in Table I1-15. From weight changes and
analysis of bed residues, a material balance of 99.97¢
was achieved. The efficiency of the cold trap for UF;
collection was 98% based on the amount of material
collected in the cold trap and the amount collected in
a NaF backup trap downstream of the cold trap.

Uranium Hexafluoride Transfer from the Cold Trap.
Subsequent to the fluorination run the material col-
lected in the cold trap was transferred to a product
receiver pot. This transfer involved: (1) evacuation
of the cold trap and warm product receiver pot, (2)
chilling of the product receiver pot to —60°C and heat-
ing of the closed cold trap to 75 to 80°C to liquify the
UFg, (3) a closed-system vapor transfer of the UF;
to the chilled product receiver pot.

In a 2-hr period, 2587 g out of a possible 2770 g*
were transferred out of the cold trap and collected in
the product receiver. At this point the exit line from
the cold trap was connected to a vacuum pump via a
NaF trap. Pumping on the warm cold trap in this
manner for 3 hr transferred an additional 112 g of UF,
out of the cold trap, giving a total of 2699 g. The
percent transferred for the two steps was therefore
97.4%.

Discussion

Aside from minor difficulties with the remote-reading
scale mechanism, the operation of the equipment, the
gas control systems, the air-water reactor cooling sys-
tem, and the thermal conductivity gas analysis ap-
paratus was excellent.

Future work will be concerned with improving
product collection. This can be accomplished by a
combination of utilizing two cold traps in series to
collect the UFy, and optimizing of fluorination con-

* The amount of UF, collected during the fluorination
period according to the scale readout.

ditions, Improvements in transfer operating conditions
are expected to effect transfer of a higher percentage
of the UF; from the cold traps to the product receivers,

(3) Conversion of UF,-PuF; Mixtures to Oxl,dg!
(I. Knupsen, M. Jongs)

Mixtures of uranium and plutonium hexafluorides
are produced in the processing of uranium-plutonium
ceramic oxide fuels by fluoride volatility methods. Be-
cause PuFy suffers from alpha decomposition®® pro-
ducing solid plutonium tetrafluoride and fluorine gas,
long-term storage of the plutonium as the hexafluoride
is undesirable. For this reason and for safety considera-
tions (based on the increase in pressure within storage
cylinders resulting from the production of fluorine
gas), a fluid-bed reactor for converting the mixed
UF¢-PuFy products of the fluorination step to a stable
oxide powder form is being installed in the alpha
facility. As a converter, this unit will also be used to
investigate the effects of process variables in the pro-
duction of high-density mixed-oxide particles for com-
pacted fuels, work similar to that carried out with UF,
alone.** Recycling of the converter product to the
fluorinator is being considered in the program. A means
of separating the plutonium fraction from the bulk
uranium stream by thermal decomposition®® of PuF,
to PuF, will also be studied in this unit.

Equipment

The converter process equipment includes gas supply
sources, a gas preheater, a fluid-bed reactor with in-
tegral filter section, a secondary filter, an off-gas
analysis system, an exit gas scrubber and dry chemical
traps. The reactor is fabricated of Inconel; other
equipment and lines are of nickel and Monel.

The reactor is composed of three sections connected
by flanges: a 60° cone bottom, a 2-in. dia. fluid-bed
section and a 4-in. dia. cooling-filtering section (see
Figure II-9). The cone bottom (shown in better detail
in Figure I1-10) has an opening at the apex for the
gas feed: the hexafluoride mixture enters through a
0.125-in. ID nozzle extending 2% in. into the cone;

2 Steindler, M. J., D. V. Steidl and Jack Fischer, Labora-
tory Investigations in Support of Fluid Bed Fluoride Volatil-
ity Processes. Part \'. The Radiation Chemist ry of Plutonium
Hexafluoride, USAEC Report ANL-6812, December 1963.

# Knudsen, I. and N. M. Levitz, Engineering Development
of Fluid-Bed Fluoride Volatility Processes. Part 6: The Fluid-
Bed Conversion of Uranium Hexafluoride to High-Density
Uranium Dioxide, USAEC Report ANL-6902, 1964.

* Trevorrow, L., J. Fischer and J. Riha, Laboratory In-
vestigations in Support of Fluid Bed Fluoride Volatility
Processes. Part IT1. Separation of Gaseous Mixtures of Ura-
nium Hexafluoride and Plutonium Hexafluoride by Thermal
Decomposition, USAEC Report ANL-6762, August 1963,
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the fluidizing nitrogen or steam and hydrogen reactants
enter through the annulus around the hexafluoride noz-
zle. The side opening in the cone bottom is for product
take-off and sampling.

The fluid-bed section, 2.07-in. 1D, is 24 in. long.
Three 1500-watt and two 750-watt alloy-sheathed
tubular electric resistance heaters (includes one spare
of each size) are bonded to the outside wall with a
coating of copper and a cover coating of stainless steel
Thermocouples are inserted through side inlets which
also serve as pressure taps. One side inlet is available
for adding seed particles to the fluid bed. Other open-
ings include a solids overflow pipe and a port, normally
plugged, through which a borescope can be inserted for
examination of the interior of the reactor. Two thermo-
wells are located on the lower half of the wall of the
fluid-bed section for measuring skin temperatures

The cooling and filtering section of the reactor is
26 in. in length, 4.03 in. ID, and is tapered at the
bottom to join to the fluid-bed section. The lower half
of the cooling and filtering section is wrapped with
cooling coils which are bonded in the same way that
the coils are bonded to the main reaction section. A
two-phase air-water mixture is the coolant. In the
middle of this section, a port is provided for viewing
the interior of the reactor. The cover flange is pro-
vided with a center opening for a thermowell and four
couplings for the four bayonet filters, 134 in. by 12
in. long, of porous nickel.* Filter blowback devices
(jet-pumps), utilizing high-pressure nitrogen, are pro-
vided for each filter (see Figure 11-11).

The secondary (backup) filter vessel, 21-in. long and
3.556-in. 1D, is wrapped with a 1500-watt tubular
heater. A single eylindrical filter 18-in. long and 2% in
in dia., of a similar grade porous nickel serves as a
backup to the primary filters (see Figure 11-12).

The UFg-PuFg mixture is fed from 4-in. dia. cylin-
drical vessels

, 31-in. long, which are heated by two
200-watt band heaters. Cooling coils are provided for
emergency cooling. Air, nitrogen, and hydrogen are
supplied from high pressure eylinders and pass through
driers, Steam is supplied by a constant-pressure, elec-
trically heated steam generator. All gas flow rates are
metered and automatically controlled by orifice-differ-
ential pressure systems. The gases entering the con-
verter (nitrogen, steam, hydrogen, or oxygen) are pre-
heated in a 33-in. long, 1V%-in. dia. pipe section packed
with Y%-in. nickel Raschig rings; heat is supplied by
clamshell heaters that are automatically controlled.

The off-gas from the secondary filter vessel passes
to a serub tower for HF removal. The scrubber is a

* Grade G (mean pore opening 10u), a product of Aircraft
Porous Media, Inc., Glen Cove, New York.

108-7578
FiG. 11-9. Assembled Fluid-Bed Conversion Reactor

countercurrent, packed tower construec from 4-in.

dia. pipe of Monel alloy 400 in which caustic is circu-
lated. The packed section, containing Y2-in. dia. Monel
Raschig rings, is 3 ft long and is finned on its outer
surface for heat dissipation. Caustic solution is pumped
from the hold tank and \]rl':x}"‘ll onto the top of the
||:u~kmz: the off-gas enters the bottom of the tower and
passes through the packed section to a liquid deentrain-
ment vessel and then is discharged into the ventilation-
air treatment system
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108-7889

Fia. 11-10. Fluid-Bed Converter Installed in Alpha Facility.

Gas evacuated from the process lines is passed suc-
cessively through traps containing NaF and activated
alumina before entering the vacuum pump. Discharge
from the pump is to the ventilation-air treatment sys-
tem.

Control, indicating, and recording instruments are
mounted on a panelboard which is outside the cell area
A hydrogen detection system is provided to monitor
the air environment of the converter installation. De-
tectors are located in the large and the small alpha
boxes with individual indication and alarm signal at
the panelboard of the presence of hydrogen. The HF
content of the process off-gas is measured by a thermal
conductivity cell and recorded continuously

Program

Conversion of Hexafluorides to Dioxides. For the
processing of hexafluorides to oxides for storage or re-
use, the converter will be operated at 650°C with a
3.6-kg fluid bed and hexafluoride feed rates of 11 to 22
g/min [42 to 84 1b U, Pu/(hr) (sq ft reactor cross sec-
tion)]. The production of high-density particles will
require steam-to-hexafluoride mole ratios near a value
of 2 with larger quantities of steam to be used during
the cleanup period to achieve adequate fluoride re-
moval. Alternate 30-min periods of hexafluoride feed
and product cleanup will be used with product removal
at the end of the cleanup period. Further tests will be
made of the oxidation-reduction procedure (see ANL-
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6900, pp. 175-181) for adjusting the particle size in the
bed.

Thermal Decomposition of PuFg. Studies of the
thermal decomposition of PuF; and PuF, are also to
be made in this unit. Initial experiments have been
carried out on a laboratory scale. For the proposed
tests, provision will be made for effluent gas from the
reactor to be routed to the condenser of the fluorinator
system. Conversion of product PuF, to PuO. by a
pyrohydrolysis reaction may be carried out in situ.

b. DECLADDING AND FLUORINATION OF URA-
NIUM DIOXIDE FUELS (D. Ramaswawmi, J.
GaBor, D. RAvg, J. STRAND)

Studies on the decladding and fluorination of UO.,
fuels are being made to optimize the processing condi-
tions for the fluid-bed fluoride volatility process for
recovery of fissionable values from spent nuclear re-
actor fuel of the UO,-PuO. type.

Stainless steel (SS) and Zircaloy are commonly used
as the cladding materials for the UO. fuels. Several
methods for deeladding these fuels have been studied
In an oxidative decladding method, the UO, pellets are
oxidized to UyOg fines which are separated from the
cladding. Previous studies with SS tubing (see ANL-
6800, pp. 227-242) established operating conditions for
this method ; however, mechanical operations, broach-
ing of the cladding or shearing of the fuel into short
lengths are required. These operations are costly to
perform in radioactive environments,

Experimental work on solely chemical decladding
methods which do not require mechanical operations
have also been initiated. For SS cladding, the follow-
ing decladding methods appear feasible: (1) chemical
destruction with aqueous hydrochlorie acid in an air-
fluidized bed and (2) catastrophic oxidation catalyzed
by solid fluorides (see BNL-806, pp. 75-76). For
Zircaloy decladding, treatment with HCI as in the en-
riched alloy reprocessing scheme is probably directly
applicable. Recent tube-furnace experiments at
ORNL** showed that destructive oxidation of SS is
promoted by gaseous HF at lower temperatures. Pen-
etration rates of 67.5 mils/hr were observed at 650°C
with 40 v/0 HF in oxygen. These results indicate that
HF-promoted destructive oxidation is a potential de-
cladding method that might be incorporated into the
fluid-bed fluoride volatility process for SS-clad fuels.
An investigation was initiated at Argonne to explore
the range of conditions for which HF-promoted de-
structive oxidation in a fluidized bed of granular
alumina might be satisfactory. Work at Argonne is
also concerned with the processing of declad fuel. Stud-

* Oak Ridge National Laboratory, April 6, 1964 (Unpub-
lished).

108-7891
Fig. I1-11. Converter Top with Cluster of Sintered Metal
Filters and Filter-Blowback Piping

ies aimed at optimization of the HF-oxygen decladding
process are being conducted at Brookhaven. Feasibility
SS cermet fuels by the HF-oxygen,
also investigated. The results of the
various studies at Argonne are outlined in the follow-

of processing UO

fluorine cycle we

mng.

(1) Destructive Oxidation of Stainless Steel

Four exploratory runs were made in a bench-scale
fluid-bed reactor (deseribed in ANL-6569, p. 114) to
determine the optimum fluid-bed temperature for the
HF-oxygen reaction with stainless steel. Two runs were
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108-7576
Fic. 11-12. Backup Filter Housing for the Converter

made in a pilot-scale fluid-bed reactor (deseribed in
ANL-6725, pp. 134 to 135). The operating conditions
and results in terms of penetration rates are listed in
Table 11-16. The fluid-bed temperatures were main-
tained in the range 500 to 600°C. Sintered alumina was
used as the inert fluid-bed material.

The penetration rates increased with temperature
from about 2 mils/hr at 500°C to about 33 mils/hr at
600°C for type 304 SS with 40 v/o HF, 40 to 60 v/o
oxygen (plus nitrogen) in the feed gas stream. A

practical operating temperature was found to be about
550°C which gave a penetration rate of about 30
mils/hr. Penetration was markedly higher for the por-

tion of the specimen immersed in the fluidized bed than

for the section of the specimen exposed to the gas
phase above the bed as shown in Figure 11-13. Also,
in the fluidized bed itself, the rates were highest at the
portion of the specimen which was contacted by the
entering gases and decreased in the direction of gas flow.
The treatment with HF-oxygen resulted in the conver-
sion of a major fraction of the iron to a-Fe,04 and a
minor fraction to Fe,O4 . The results from the pilot-
<eale studies confirmed the results from the bench-scale

tests.

(2) Destructive Oxidation and Fluorination of
Stainless Steel-Clad UO.—Processing of a Fuel
Bundle

A run was made in the pilot-scale reactor to demon-
strate the processing of a simulated type 304 SS-clad

U0, fuel bundle. The fuel bundle, which simulated the

fuel elements employed in the Vallecitos Boiling Water

Reactor,2® consisted of six 3-ft long tubes containing

U0, pellets (see Figure 11-14). End plugs, force-fitted

into the ends of the tubes, held the UO. pellets in place.

The bed of sintered alumina grain* extended approxi-

mately 4 in. above the fuel bundle when fluidized. The

main process conditions are detailed in Table I1-17.
Destructive Oxidation. The destructive oxidation
period was of 3-hr duration. After V%, 1, and 3 hr of
the decladding phase the residual fuel fragments and
bed were removed from the column for examination.

The temperature of the fluid bed was maintained at

550°C during the first hour but only at 450°C during

the last two hours of operation because of heater fail-
ure

After the first % hr of the decladding step the
length of the fuel bundle was reduced by approxi-
mately one-fourth. After the first hour the length of
the bundle was reduced somewhat over a half. Figure

[1-14 shows a fuel bundle before reaction and after

one hour of reaction. After 3 hr the entire fuel bundle

was completely disintegrated; the reaction produ(‘ts
were found to be well mixed with the alumina bed.

The bed consisted of the alumina grain, UO.F, fines

(—325 mesh), partially reacted UO, pellets, and FeaOy

scale from the tubing. The uranium fines constituted

22% of the bed material. Eleven percent of the bed

was larger than 45 mesh and consisted of scale and

partially reacted pellets in about a 3:1 weight ratio.

Most of the pieces of scale were about %% by 34 in. and

a few were on the order of %5 by 3 in. The bed material

wis

satisfactorily fluidizable for further processing.

* Tabular Alumina, type T-61, manufactured by Aluminum
Company of America 3
Fowler, W. D, and J. W. Lingafelter, Design and Fabrica-
tion of High Power Density Fuel Assemblies for VBWR Irradi-
ation Testing, GEAP-3609, November 1, 1962
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TABLE 1I-16. DestrRUcTIVE OXIDATION OF STAINLESS STEEL IN FLuipizEp BEDS OF ALUMINA
Bench-scale Studies Pilot Plant Studies
Run Number
HF6 | HF7 HF2 | HF4 SSOX-1 SSOX-2
| LT S A 42 T
Type of Stainless Steel 304 304 ( 304 ‘ 304 304 304, 347
Mesh Size of Granular Alumina* 48-100 48-100 —30450 | —30+50 418-100 48-100
Gas Velocity (ft/sec) 0.63 0.63 | 0.63 1 0.63 | 0.9 0.9
Feed Gas Composition (v/o) | |
HF 40 0 | 45 45 43 43
Oxygen 40 | 10 [ 32 32 57 57
Nitrogen 20 90 5k hag 23 - -
Time (hr) 3 3 3 | 3 2 2
Temperature of the Fluid Bed (°C) 500 550 ‘ 550 | 600 500 550
Penetration Rates (mils/hr) 2 25 30 33 1.8 30 for type 304 S8
’ | 13 for type 347 S8

s Sintered alumina, type T-61, manufactured by Aluminum Company of America.
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Fia. 11-13. Penetration Rates at 550°C of Type 304 Stain-

less Steel by HF-Oxygen Mixture.

Equipment: 1'5-in. dia. fluid-bed reactor
Initial Dimensions: 15-in. dia. and 23 in. long rod
Initial Weight : 583.9 g

Final Weight : 3024 g

Run Time: 3 hr

Composition of Feed Gas: 40 v/o HF, 40 v/o oxygen, 20 v/o

nitrogen

Fluid-bed Material: Sintered alumina

Fluorination. In the fluorination phase of the run,

the entire bed including SS oxidation products as well
as the UO,F, fines and residual pellets were reacted
with fluorine. The temperature of the fluid bed was
maintained initially at 400°C. During the first 6 hr of
operation, nitrogen at a rate of 0.5 efm (25°C and 1
atm) was introduced at the bottom of the reactor to

fluidize the bed and fluorine (0.05 cfm) diluted with
recyeled off-gas (0.5 ¢fm) was introduced into the re-
actor at approximately the middle of the fluid bed.
This procedure facilitates control over the fluorination
of the large quantities of uranium fines (~22 w/o
TO.F. fines in the alumina grain), since, in the middle
portion of the bed and above, the fluidizing gas bub-
bles are fully developed and the solids movement most
vigorous. Dilute fluorine was fed when the bulk of the
uranium fines was present. During the second part
(from 6 to 11 hr) of the fluorination step, fluorine and
recycle gas were introduced at the bottom of the re-
actor and the nitrogen was completely cut off (except
for purges) to complete the cleanup. This allowed the
fluorine coneéntration to build up to the order of 90%.
Because of heater limitations, the bed temperature did
not exceed 450°C during the cleanup phase of the run,
although final temperatures of 550°C were intended.

During the first part of the fluorination period, 82%
of the UF; was collected. The Fe.O3 was fluorinated
to FeF; fines. The fluorine efficiency for the entire run
based on the reaction of fluorine with both the UO.F,
and Fes03 was 67%. The concentration of uranium at
the end of fluorination was 0.05 w/o indicating a re-
covery of about 99.9% of the uranium in the charge.
The bed at the end of the run was free flowing, and no
caked material was found in the bed.

(3) Destructive Oxidation and Fluorination of SS-
Clad UO. Cermet Fuel Elements

An exploratory run was made in the bench-scale
fluid-bed reactor to determine the feasibility of proc-
essing UO,-SS cermet fuel by the HF-oxygen, fluorine
cycle. Cermet fuels are currently being used in medium
power plants and contain highly enriched uranium.
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Fic. 11-14. Destructive Oxidation of a Simulated SS-Clad Fuel Bundle after 1 hr Exposure to 40-60 v/o HF-O. at 550°C.

The fuel for this test consisted of a 90-g miniature
fuel subassembly of 18 w/0 UO2-SS (type 304) cermet
fuel. The subassembly, which simulated those used®®
in the Stationary Medium Power Plant, SM-1, con-
sisted of four plates, approximately 8%-in. long,
114 ¢-in. wide, and 0.03-in. thick, held together by
1/ g-in. dia. nickel-200 wire with a plate spacing of V&
in. The subassembly was submerged in a fluid bed of
sintered alumina. Details of the processing conditions
are presented in Table I1-17. The reaction cyecle com-
prised a HF-promoted destructive oxidation step and
fluorination of the resultant oxides. The first step was
conducted at 550°C for 4 hr with 40 v/o HF, 40 v/o

26 Directory of Nuclear Reactors, Vol. IV, Power Reactors

(Revised and Supplemented Edition of Vol. I), International
Atomic Energy Agency, Vienna, 1962, pp. 9 to 14

oxygen, and 20 v /o nitrogen. The second step was
initiated at 250°C with 2 v/o fluorine in the feed gas
stream, and completed at 550°C with 95 v/o fluorine.
The total time of fluorination was 11 hr.

High recovery (>99%) of the uranium in the charge
was indicated by the low quantities of uranium re-
tained by the alumina at the end of fluorination. The
concentration of uranium was 0.005 w/o of the bed at
the end of fluorination which corresponds to 0.2% of
the uranium in the charge. The material in the fluid-
bed zone was fluidizable throughout the run and was
free flowing at the end of the run. The subassembly
was completely disintegrated at the end of the de-
structive oxidation. These initial results show the ap-
plicability of this processing scheme to a variety of
SS fuels. A few more runs are planned to optimize the
operating conditions,
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(4) Decladding Stainless Steel-Clad Fuel with
Aqueous Hydrochloric Acid in an Air-Fluidized
Bed

Tests on the decladding of SS-clad fuel by aqueous
hydrochloric acid in an air-fluidized bed were con-
cluded this period. The purpose of this investigation
was to develop a SS-decladding process that would be
compatible with the overall scheme of the fluid-bed
fluoride volatility process for reprocessing UO, fuel.

Results from initial tests in a 1V%-in. dia. glass
column revealed that decladding rates increased with
inereasing liquid content in the fluidized bed (see
ANL-6900, pp. 173-175). However, fluidization of the
bed was satisfactory only when small amounts of
liquid were used, quantities corresponding to about 2.7
w/o of the bed. Data reported by Leva®*" on the effect
of column diameter on fluidization quality suggested
that work with higher liquid contents might be facil-
itated by operation in larger diameter equipment. On
the basis of these data, further tests have been con-
ducted in a 3-in. dia. glass column.

Current Work

Current tests were made in a 3-in. dia. glass column,
3 ft in length. The necessary temperatures (80 to
100°C) were maintained with heating tape consisting
of nichrome wire wrapped around the column. Thin
sheets of mica were placed between the heating tape
and the exterior column wall to provide uniform heat
distribution. A Teflon disk perforated with 0.025-in.
dia. holes served as a gas distributor. The fluidized bed
consisted of 1800 g of —30+50 mesh alumina grain
(expanded bed height about 1 ft).

Hydrochlorie acid (37 w/o HCI in H.O) was fed
from a constant-head tank and was injected into the
bed through a hypodermic needle inserted through the
Teflon flange at the bottom of the column. The effec-
tive concentration of HCI in the acid in the bed was
assumed to be about 20 w/o, the equilibrium value for
HCI in hydrochloric acid at the nominal operating
temperature (90°C). A glass rotameter with a sapphire
float indicated the hydrochloric acid feed rate. At the
beginning of each run, 95 g of hydrochloric acid was
injected into the bed giving an initial liquid content
of 5 w/0 in the bed. Although a portion of the acid was
lost by evaporation to the fluidizing gas, steady-state
acid contents in the bed were maintained by adjusting
both the acid and air flow rates. A sample port was
installed at the top of the column to allow passage of
a long-handled dipper for bed sampling. The liquid

¥ Leva, Max, Fluidization, McGraw-Hill Book Co., New
York, 1959, p. 24.

TABLE 1I-17. CoxpiTioNs FOR DECLADDING AND
FrvoriNaTioN or Uranivm Dioxine Frers

Pilot-scale Bench-scale
Studies Studies
Run No.
SSOX-3 HF-13
Type of Fuel Fuel Bundle* r SS-UO;cermet
UO; Charge (kg) 4.5 0.016
Type 304 Stainless Steel 1.6 0.074
Charge (kg)
Alumina Charge® (kg) 7T | 0.48
Destructive Oxidation
Temperature (°C) ! 550° | 550
Time (hr) ! 3 ! 4
Feed Gas Composition (v/o) !
HF 43 | 10
Oxygen 57 40
Nitrogen — 20
Gas Velocity (ft/sec) 0.7 0.75
Fluorination | |
Initial Period
Temperature (°C) | 400 ! 250
Time (hr) ! 6.5 6
Concentration of Fluorine 5 2 to %0
in Nitrogen (v/o) |
Gas Veloeity 0.77 0.25t00.6
Final Period
Temperature (°C) 450 | 550
Time (hr) | 5 5
Concentration of Fluorine 90 ! 95

in Nitrogen (v/o0) \

» Cylindrical UO; pellets (0.432-in. long X 0.425-in. dia.)
in 0.43-in. 1D wgbes (wall thickness, 0.02-in.).

¥ Tabular Alumina, type T-61, nominal 48-100 mesh, manu-
factured by Aluminum Company of America.

¢ Temperature was 450°C during the last 2 hr as a result of
heater failure.

content in the bed was determined by measuring the
weight loss of samples dried in an oven.

A Ve-in. dia. type 304 SS rod, 12 in. in length, was
used as the test specimen. Penetration rates were
calculated from the rod weight loss by assuming uni-
form attack along the length of the rod. The penetra-
tion rate for the run with the highest liquid content
(15 w o) was great enough to be measured directly.

Results and Discussion

The results of the current tests with the 3-in. dia.
column and of previous tests with the 1%-in. dia.
column are plotted on Figure II-15 in terms of mils/hr
corrosion versus liquid content in the bed. The trend of
increasing corrosion rate with increasing liquid con-
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Fic. I1-15. Dependence of Stainless Steel Corrosion Rates
on Liquid HCI Content in Air-Fluidized Beds.
Test Specimen: Type 304 SS rod, '3-in. dia., 12-in. long
Acid Concentration

of Feed to Bed: 20 w/o HCI in water

tents in the bed appears to be similar for both columns.
Better operation was obtained with the 3-in. dia. unit
than that obtained earlier with the smaller column,
operations with liquid contents up to 15 w/o being
feasible in the larger column. However, corrosion rates
remained low, the highest rate achieved being about
0.1 mil/hr.

Future Work

It appears from the current work that still greater
liquid contents in the bed would be necessary before
satisfactory decladding rates could be achieved. Tm-
provement in the method of liquid introduction so as
to provide uniform distribution of the liquid through-
out the bed might permit the use of larger quantities
of liquid in the bed. Another possibility is increasing
the amount of liquid so that a slurry is formed. In an
earlier test (ANL-6900, p. 264), a slurry was used
which contained 26 w/o liquid in the bed. With this
slurry a corrosion of 8.7 mils/hr was obtained. How-
ever, information pertaining to the use of slurries is
meager, Because of this lack of information, work on
the decladding of SS-clad fuels by aqueous hydro-
chloric acid in gas-fluidized bed has been suspended in,
favor of the technique of fluoride-promoted destructive
oxidation. As described above, the latter scheme has
obvious advantages in that it involves gaseous re-

actants and allows both the decladding and fluorina-
tion steps to be carried out in a single reactor fab-
ricated of nickel. This is not possible with the aqueous
system since nickel is attacked by aqueous HCL.

¢. CLEANUP OF CELL EXHAUST AIR CONTAMI
NATED WITH PLUTONIUM HEXAFLUO-
RIDE (R. Kessie, D. Ramaswamr, L. MAREK)

A program investigating the hydrolysis and filtra-
tion of airborne PuFy is in progress. The program is
directed toward the evaluation and design of exhaust
air treatment methods for facilities handling PuFs.
Extremely efficient removal of plutonium from the
ventilation air is necessary due to its low permissible
concentration in air (3 X 10* mg of **Pu per cubie
meter of air®®).

Previous experiments (ANL-6725, p. 157) indicated
that when pure PuF; (or UFy) is released into an
atmosphere of ordinary moisture content, the hydrol-
ysis reaction, PuF4(g) + 2 H.O(g) — PuO:Fa(s) +
4 HF (g), proceeds rapidly in the gas phase resulting
in a fume (particles with a diameter of <0.1y) of
plutonyl fluoride (PuO.F.). With an excess of water
present, the hydrolysis reaction is complete, resulting
in the formation of a particulate material that is re-
tained by the AEC-type filters. Two filters in series
reduced the plutonium concentration to between 10
to 10" of the entering concentration.

Dilute PuFg gas streams, in fluid-bed fluoride vola-
tility processes, may leak into the ambient air and re-
quire cleanup of plutonium. Therefore, studies of the
hydrolysis and filtration of dilute PuFg gas streams
were initiated. To facilitate the design of such experi-
ments, runs were made with dilute UFg gas streams
(ANL-6900, pp. 166-172). These experiments indicated
that when the UF; concentration in the gas stream was
lower than 100 ppm before being mixed with atmos-
pheric air of normal moisture content, the hydrolysis
reaction occurred preferentially on any solid surface
contacted by the gas and did not occur in the gas
phase to a significant extent.

Current Work

The major effort during this report period was di-
rected toward construction of new experimental facil-
ities for handling PuF gas streams. The equipment is
similar to that used in the previous studies with dilute
UF; gas streams except for the preparation system for

# 1.8, Department of Commerce National Bureau of Stand-
ards Handbook 69, “Maximum Permissible Body Burdens and
Maximum Permissible Concentrations of Radionuclides in Air
and in Water for Oceupational Exposure’’, Washington, D. C.
(1959), p. 87.
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the hexafluoride gas stream. Work with PuFg was in-

itiated.

Experimental

In order to estimate the plutonium escaping from
the system in dilute PuF; releases, its hydrolysis rates
are determined by mixing dilute PuF,; with moist air,
and passing the mixed gas stream over a packed bed
of glass spheres. Air dried to about 0.1 ppm of mois-
ture is used as a carrier for PuF; . Air with a controlled
moisture content between 0.1 and 10 mm Hg (0.6 to
60% relative humidity at 68°F) is mixed with the
PuF,; carrier stream for studying the hydrolysis rates.
Another air stream saturated with moisture is com-
bined with the mixed stream after it passes through
the packed bed of glass spheres and AEC filter discs.
This final addition of moisture insures the complete
hydrolysis of unreacted hexafluoride and facilitates
final cleanup of the gas before discharge. The equip-
ment for supplying these three streams is shown sche-
matically in the top half of Figure II-16.

STIRRER
BED

FILTER
DRAWER:

108-7654A

Fia. I1-17. Equipment for the Hydrolysis of Plutonium
Hexafluoride.

TABLE II-18.
Hyprovysis E

Comparison oF UFg AND PuF,
PERIMENTS

Packed-bed column diameter: 1.5 in.
Packed-bed area: 332 em?/in.
Linear velocity: 9.7 em/sec

Run No.
UM-14 | SUR2 ‘ PMA
|
Hexafluoride (MFg) UF, UF, PuF,
p°urg (mm Hg) 0.00310 ' 0.00244 ' 0. (l]lw
P°us0 (mm Hg) 0.42 0.42 !
Feed Rate (mg of M/hr) 15.9 12.5 |
Run Time (min) 58.4 60.0 60 0
Wt of M Collected per Bed
Segment (mg) |
0-13 in. 4.3 30 | 23
15-1in. 1.3 1.45 0.506
1-2 in. 0.70 0.94 | 0.139
2-3 in. 0.07 0.08 | 0.0438
1st Filter 0.048 — 0.0515
2nd Filter 0.006 — 0.00152
3rd Filter 0.0014 — 0.00237

The remaining equipment, shown in the lower half
of the schematic, includes hexafluoride purification and
metering items, and the hydrolysis apparatus. This
part of the equipment was constructed in duplicate;
one set in a glovebox for PuF; experiments and the
other set in a vacuum frame hood for UFg experiments.
The PuFg hydrolysis (-qui;nm-m is shown installed in
the glovebox in Figure II-17. A detailed cross section
of the hydrolysis apparatus was included in the last
summary report (ANL-6900. p. 168).

Plutonium hexafluoride, in solid form, was purified
by vacuum pumping at —80°C. The solid PuF; was
then sublimed and recondensed to release any impu-
rities trapped within the solid. The vapor pressure was
measured at temperatures slightly below room tem-
perature and compared with reported values®® for pure
PuF; as a check of the purity of the hexafluoride. The
purification process was repeated until the vapor pres-
sure became constant at the value reported for pure
PuF;. A weighed quantity of PuF; was then charged
from the weighing sphere to the ballast tank which
was pressurized to 1900 mm Hg with dry air and the
contents were allowed to mix. Mixing was accom-
plished by maintaining a temperature gradient across
the ballast tank, the bottom being 5°C hotter than the
top. This gradient was maintained for at least 16 hr.
During a run the PuFg-air mixture was metered with
a rotameter at a constant rate between 50 and 100 ml

% Steindler, M. J., The Properties of Plutonium Hexafluor-
ide, ANL-6753, August 1963.
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per min. This mixture was then further diluted with
dry air to produce the feed to the hydrolysis equipment.

Results

The results of the first PuF; experiment, Run PM-1,

in the new equipment are presented in Table II-18

~ with the results of similar experiments (Runs UM-14,
SUR-2) in which UFg was used. Run UM-14 is one of

~ twelve experiments reported in ANL-6900, pp. 166-172
- and is the most similar to the current PuF; experi-
- ment. Run SUR-2 is a UF; experiment used to check
" out the new PuFy equipment. Probably the best anal-
- ysis of the hydrolysis rates of UFg and PuFy may be
made by comparing the values of the constants in the
rate equation. However, more information is required

.~ before rate constants can be determined; this informa-

tion will become available as additional runs are made.

A preliminary comparison of the runs in Table II-18
indicates that the rate of hydrolysis of PuF; was not
more than twice nor less than the rate with UF,.
Additional experimental data are needed before more
definitive conclusions can be reached.

Future Work

A series of experiments is planned with PuF, cover-
ing the range of variables used in experiments with
dilute UF4 to get further comparative data on uranium
and plutonium systems. Following this, experiments
will be designed to explore conditions which determine
whether the reaction proceeds in the gas phase (fume-
forming) or on solid surfaces.

2. Process Studies on the Recovery of Uranium from Highly Enriched Uranium
Alloy Fuels (A. A. JONKE)

~a. BENCH-SCALE HYDROCHLORINATION AND

' FLUORINATION STUDIES ON HIGHLY EN-
RICHED URANIUM-ALLOY FUELS AND
EVALUATION OF PACKED-BED FILTERS
(D. RaMASWAMI AND J. STRAND)

A fluid-bed fluoride volatility process for recovering
~ enriched uranium from uranium-Zircaloy and uranium-
aluminum alloy fuels is under development. Studies car-
~ ried out using a bench-scale unit with unirradiated fuel
~ materials were concluded during this period.

The studies were performed in a 1'5-in. dia. fluid-
bed reactor system. Recoveries of uranium equivalent
to greater than 99 % of the uranium in the fuel charge
were consistently achieved under a wide variety of
process operating conditions. The conditions for proc-
essing both types of fuels are similar except that, in
the case of the aluminum-alloy fuels, lower tempera-
tures possibly can be used during hydrochlorination
and deeper packed-bed filters are needed. Recommended
operating conditions for processing a uranium-Zir-
caloy-2 alloy charge are:

Bed Material: High-fired alumina (fused or sin-
tered)

Fluid Bed: Sufficient quantity
of nominal 40 mesh alumina
to cover the element (a multi-
plate assembly)

Packed-Bed Filter: —14420
mesh alumina, 6 in. deep

Hydrochlorination: Temperature of fluid bed: 350 to

450°C
Temperature of packed-bed fil-
ter: 330 to 350°C

Time: ~8 hr per charge
Gas Velocity: 0.5 to 0.7 ft/sec in
the fluid bed and packed-bed
filter (down flow of gases)
Quantity of HCl: ~2.5 stoi-
chiometric amounts
Concentration of HCI: 5 to 75
v/o as required to maintain
high reaction rates
Gradual increase in temperature
from 2350°C to 500°C while
fluidizing with 5 to 10 v/o
> fluorine in nitrogen, then grad-
ual increase in fluorine concen-
tration to 90 v,/o
Total time about 4 to 8 hr de-
pending on the quantity of
uranium charge.

Fluorination:

These conditions may be used for processing uranium-
aluminum alloys, except that packed-bed filter depths
of 8 to 12 in. are required and filter-bed temperatures
of 180 to 200°C are desirable; the temperature of the
fluid bed may be maintained in the range of 200 to
400°C.

Uranium losses for both types of fuels were due to two
causes: (a) containment in the gas stream exiting
from the packed-bed filter during hydrochlorination
and (b) retention by alumina at the end of fluorination.
In order to establish the effects of all the processing
conditions on the uranium losses a stepwise multiple
regression analysis®® was performed.

30 Davies, O. L., Statistical Methods in Research and Pro-
duction, Hafner Publishing Company, New York, 1958, p. 191.
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The analysis (based on data from 27 runs) of the ef-
feets of the operating conditions on uranium losses
through the packed-bed filter during hydrochlorina-
tion of uranium-Zircaloy-2 alloy fuels showed that
uranium losses decreased when the following changes
in experimental conditions (listed in order of decreasing
importance) were carried out:

(1) The filter-bed depth was increased from 0 to 12
in.; deeper beds gave better filtration of particu-
late species and provided additional surface for
greater condensation of volatile species.

(2) The average partial pressure of HCI was lowered
(in the range 0.88 to 0.17 atm); this probably af-
fected the quantity of volatile species formed.

(3) The average particle size of alumina in the

packed-bed filter was decreased from ~1.4 mm

(nominal 14 mesh) to 0.125 mm (nominal 120

mesh); smaller particles gave better filtration and

allowed greater condensation.

The temperature attained by the gas stream be-

tween the fluid bed and the outlet of the filter bed

was lowered from 400 to 320°C; greater con-
densation of the volatile species was effected (see

ANL-6725, pp. 180-182).

(5) The average particle size of alumina in the fluid
bed was decreased from 0.42 mm (nominal 40
mesh) to 0.125 mm (nominal 120 mesh); pos-
sibly a combination of all four effects listed above
contributed: the production and filtration of par-
ticulate species and the formation and condensa-
tion of volatile species.

(6) The average hydrochlorination rate of uranium
was decreased from 0.268 to 0.016 kg/(hr) (sq
ft of fluid-bed reactor cross section); the relative
amounts and the physical characteristics of
uranium chlorides formed were affected.

(4

=

The analysis also indicated that the use of those op-
erating conditions which tended to decrease the partial
pressure of UF; in the gas stream resulted in less ura-
nium retention by the alumina in the beds after fluori-
nation. This effect of partial pressure of UI's suggested
that if the fluorine is to be recycled it may be desirable
to recover the UF; completely from the gas stream be-
fore recycle. The conditions which appear to result in
low uranium retention are: (1) operating at a low bed
temperature during the initial fluorination period, (2)
operating with low mass velocities in the gas stream
during both the hydrochlorination and fluorination
steps, and (3) operating the hydrochlorination step in
such a manner as {o produce