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ANNOUNCEMENT

Change in Schedule of
Chemical Engineering Division Summary Reports

This report, Chemical Engineering Division Sum-
mary Report, April, May, June, 1963 is the last in the series
of quarterly progress reports that has been issued by the
Chemical Engineering Division. Instead of reporting the
work of the division on a quarterly basis, the work will be
reported henceforthon a semiannual basis. The first Chem-
ical Engineering Division Semiannual Summary Report will
be for the period July through December, 1963.
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SUMMARY

CHEMICAL ENGINEERING DIVISION
SUMMARY REPORT

I. Chemical-Metallurgical Processing (pages 31 to 111)

The melt refining process is a process by which EBR-II fuel is
purified while in the molten condition. Major development work on this
process has been completed, but work is continuing on related problems.

An experiment was conducted to investigate the behavior of fission
product iodine after it is condensed on a Fiberfrax fume trap in the melt
refining process, the melt refining furnace is opened, and the trap is ex-
posed to the argon atmosphere of the EBR-II Fuel Cycle Facility. To
simulate a high burnup fuel, a 20-g specimen of uranium-fissium alloy
was spiked with uranium triiodide and cesium metal, and was lightly ir-
radiated to produce iodine-131 tracer activity. The specimen was then
melt refined with a Fiberfrax cover in place. The Fiberfrax was trans-
ferred from the melt refining furnace to a quartz tube furnace. Tempera-
ture gradients similar to those expected in the plant facility as a result of
fission product heating were maintained in the Fiberfrax. A slowly flowing
argon stream passed over the Fiberfraxand then throughcharcoal traps for
collection and determination of the iodine activity. With a gradient in the
Fiberfrax of 680 to 315 C, the rate of iodine release was nearly constant
over the period of 30 hr, with about 0.16 percent of the total activity in the
Fiberfrax being released each hour. At 150 C, this rate was reduced sub-
stantially. The behavior of the activity was consistent with previous indi-
cations that the volatilized iodine activity is either cesium iodide or a
material containing both of these elements.

To prepare for possible future necessity of removing nitrogen
from the argon atmosphere in the EBR-II Fuel Cycle Facility, studies
were begun of the removal of nitrogen from argon with hot titanium sponge.
Various Inconel, 300 series stainless steels, and Hastelloy steels have
been tested and evaluated for the containment of titanium sponge metal in
argon at 900 C. The steel most resistant to attack by titanium was
Type 316 stainless steel. However, because of its superior high-
temperature strength, Hastelloy X has been selected as the structural ma-
terial for the high-temperature equipment. However, those parts of the
high-temperature vessels which would come into contact with the titanium
sponge will be lined with Type 316 stainless steel.
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Work continued on the development of the skull reclamation proc- ‘
ess® for the recovery and purification of fissionable material present in
the crucible residues (skulls) remaining after melt refining operations.
The effects of various process changes have been elucidated in small-
scale (100 g of uranium) demonstration runs. An attempt to precipitate
zirconium as a carbide from the uranium-magnesium-zinc solution pres-
ent after the uranium-reduction step was unsuccessful. High uranium
losses in the supernatant solution removed after precipitation of the
uranium-zinc intermetallic compound were traced to excessive stirring
(originally done to prevent accumulation of crystals on the vessel walls).
Stirring in this step will be discontinued. The rate of extraction of ruthe-
nium in the noble metal-extraction step was increased by increase in tem-
perature within the permissible range of 650 to 800 C and by increase in
the degree of mixing of the flux and metal phases.

Operation of the large-scale integrated skull processing equipment
has been started. Principal attention is being given to the materials han-
dling operations and, in particular, to the transfers of molten metal and
salt phases required in the process. According to present plan, the two
uranium precipitation steps are to be conducted in a bervilia crucible.

Two large thixotropically cast beryllia crucibles (114-in. OD by 10-in. ID

by 20 in. high) were each unexpectedly wetted by the metal process solu-
tions; therefore, it was not possible to remove the uranium product con-
centrate for retorting. This wetting is contrary to experience with small
beryllia crucibles of the same type. Discussions with representatives of

the manufacturer of these crucibles have revealed differences in the meth-
ods of preparation of the large and small crucibles which are believed to

be responsible for differences in the wetting behavior. Until properly pre-
pared beryllia crucibles are obtained, all process steps up to retorting are
being performed in the single, large tungsten crucible (12-in. OD by 9%-in. ID
by 19 in. high) used for the noble metal-extraction and oxide-reduction steps.
The durability and high corrosion resistance of this crucible have been
gratifying. A number of advantages of using a single crucible for all op-
erations prior to retorting have become apparent, and this method of
operation may prove to be superior to the two-crucible method.

Further results have been obtained on separation processes for
fast breeder reactor fuels containing uranium and plutonium. One type of
separation under study involves equilibration of the fuel constituents be-
tween liquid magnesium-zinc alloys and molten magnesium chloride at
800 C. Neptunium and curium were found to exhibit approximately the

*The process consists of oxidation of the skull material and removal of the skull oxides as a powder,
extraction of noble metal impurities into zinc from a slurry of skull oxides in a halide flux, re-
duction of the uranium oxides by (and dissolution of the uranium in) a magnesium-zinc solution at
800 C, precipitation of a wranium-zinc intermetallic compound by cooling the solution to 500 to
525 C, decomposition of the intermetallic compound to yield uranium metal by the addition of
magnesium, and retorting of the uranium product to evaporate residual magnesium and zinc.
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same distribution behavior as observed for uranium and plutonium in
earlier experiments. Both neptunium and curium tend to favor the metal
phase, with distribution coefficients (w/o in flux/w/o in metal) having
minimum values of about 0.02 at 10 w/o0 magnesium in the metal phase.
With 100 percent magnesium in the metal phase, the distribution coeffi-
cients for neptunium and curium are about 0.9 and 0.6, respectively.
Protactinium favors the metal phase more strongly, with distribution
coefficients lower by about a factor of ten than those for neptunium and
curium. Preliminary results for chromium indicate distribution coeffi-
cients of about 1072 for 100 percent zinc, and of 10~! for zinc-40 w/o mag-
nesium in the metal phase.

A liquid metal process has been developed for separating plutoni-
um from EBR-II depleted uranium blanket material. In this process, the
blanket material is dissolved in a magnesium-zinc solution; later, urani-
um is selectively precipitated from solution. A demonstration run of the
blanket process was made with lightly irradiated uranium but with no
plutonium present to obtain information on fission product behavior. Al-
though in the EBR-II Fuel Cycle Facility the blanket material may be
cooled for a considerable time before processing, thereby allowing decay
of most of the iodine activity, it was of considerable interest to determine
if the iodine activity present would appear in the furnace off-gases and
thereby create an off-gas handling problem. Considerable iodine activity
(about one-quarter of the total) was volatilized and was found condensed on
the upper walls and top flange of the furnace chamber, but little iodine
activity (about 0.1 percent of the total) was found in the furnace off-gases
(as shown by trapping the iodine in a charcoal filter unit). No serious off-
gas handling problem due to iodine is evident. Some of the iodine in solu-
tion was removed by a mechanism other than volatilization, probably by a
drossing reaction.

As expected, ruthenium largely accompanied uranium through the
process, while the rare earths, yttrium, and barium and strontium appeared
predominantly in the plutonium product supernatant solution. The bulk of
the zirconium and tellurium activities were not accounted for, only small
percentages being found with either the uranium or the magnesium-zinc
"product" solution. It is believed that these activities were removed by
sorption on solid surfaces.

The dilute plutonium product solution of the blanket process (about
0.1 w/o plutonium in a 50 w/o magnesium-zinc solution) must be concen-
trated by a factor of at least ten before it may be used for enriching the
core material. Preliminary work on this evaporation step has been started
on a 10-kg scale with cerium as a stand-in for plutonium.

Corrosion testing of tungsten and a 30 W/o tungsten-molybdenum
alloy has been carried out in a zinc-halide flux system employed in the
skull reclamation process at a temperature 200 C higher than that used in
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the process (1000 C versus 800 C). After 500 hr at 1000 C, tungsten was
found, by metallographic examination, to have been attacked intergranu-
larly to a depth of 2 to 4 mils, and the molybdenum-tungsten alloy to a
depth of 2 to 8 mils. Grain sizes were not greatly affected. Sharp edges
remained on the specimens, and dimensional changes were less than

1 percent.

Several experiments were made to determine the effects of small
amounts of added impurities on the stability of uranium-containing
magnesium-zinc systems. Beryllium added to the extent of 0.05 w/o,
slightly over its solubility value, and aluminum added to the extent of
1 w/o had no effect on uranium concentrations. Silicon caused direct pre-
cipitation of the uranium. Stainless steel had no effect up to a concentra-
tion of 0.1 percent, but at a concentration of 1 percent caused a slight
(less than 5 percent) decrease in uranium concentration., This slight de-
crease in uranium concentration is believed to have been caused by reac-
tion with elements, such as carbon or silicon, which are present at low
concentrations in stainless steel.

In order to take advantage of the good mechanical properties of
porous coarse-grained crucibles (such as Alundum) for the containment
of metal and salt systems, sealing the pores of such crucibles by impreg-
nating the inner surfaces with a slurry of low-melting oxides has been
attempted. Subsequent firing of the crucible fuses the oxides, thereby seal-
ing the pores. When properly applied to smoothsurfaces, the coatings have
been impervious and strongly adherent, but imperfections in the coatings
have persisted in coatings applied to slightly rough surfaces.

Various combinations of plasma-sprayed coatings and substrate
materials are being evaluated for use as container materials in liquid
metal-salt processes. In preliminary thermal cycle tests (twelve cycles
between 300 and 800 C), no deterioration of tungsten-coated silicon carbide
(nitride- or oxide-bonded), Alundum, and Type 430 stainless steel was evi-
dent, nor of Alundum and Type 430 stainless steel when sprayed with
beryllia.

Construction and testing of equipment for the preparation of 500-g
batches of uranium monocarbide by precipitation from liquid metal solu-
tion have been completed. The process consists of dissoclution of uranium
metal in zinc-magnesium alloy, addition of carbon, removal of the super-
natant liquid metal, and retorting of the uranium monocarbide product to
eliminate the remaining zinc and magnesium.

New methods for the preparation of carbides are also being devel-
oped. It has been found that uranium monocarbide can be prepared by the
reaction of magnesium carbide with uranium halides in molten chloride
solutions.
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Work has continued on the preparation of uranium monosulfide
through the reaction of hydrogen sulfide with hydrided-dehydrided urani-
um metal, followed by homogenization at 1900 C. In recent preparations,
the oxygen content of the uranium monosulfide product has been reduced
to less than 0.1 W/O, and the sulfur-to-uranium ratic has been within
3 percent of the stoichiometric value.

Further investigation of the zinc-magnesium reduction of thorium
dioxide suspended in a molten halide flux has indicated that a thorium
dioxide-to-flux weight ratio of less than 0.2 is required for complete re-
duction under the following conditions: a flux consisting of 10 m/o mag-
nesium fluoride in magnesium chloride, 10 W/o magnesium in the zinc at
the end of the reduction, a temperature of 850 C, a period of 4 hr, and
mixing at 1000 rpm. A brief study of crucible materials indicated that the
use of graphite, silicon carbide, and alumina may result in contamination
of the thorium product, but that tungsten appears to be a satisfactory cru-
cible material.

Plutonium dioxide is also reduced to the metal by the zinc-
magnesium reduction technique. The reduction of plutonium dioxide, un-
like that of uranium and thorium oxides, was rapid and complete in fluxes
of widely varying composition. The extent of plutonium dioxide reduction
appears to be governed by the distribution coefficient of plutonium between
the metal and the flux.

Previous data on the reactions of the higher uranium oxides and
the oxychlorides with molten chlorides had indicated the formation of a
uranium(V) species in solution which was tentatively identified as UO;’ ion.
Comparison of the visible and near-infrared absorption spectrum of this
species with the spectrum reported for the isoelectronic ion NpOJ T showed
corresponding peaks. The ratios of wavelengths of the corresponding
peaks are nearly constant. The UOj ion is formed by the thermal decom-
position of uranyl chloride:

2 UO,Cl,==2 UO,Cl1 + CIl,.

Through a combination of spectrophotometric measurements of the UO; ion
and manometric determinations of the amount of chlorine evolved, the
stoichiometry of the reaction was confirmed, and molar absorptivity data
for UOJ were obtained. A preliminary value of about 10°% atm at 650 C
was determined for the equilibrium constant of this reaction by determin-
ing the optical absorbance of UO;} as a function of the chlorine pressure.

A series of tecsts was performed while the Argon Cell contained
nitrogen at a pressure equal to the outside pressure to determine the ef-
fect of opening penetrations into the Argon Cell on the composition of the
cell atmosphere. Three small penetrations were opened for periods up to
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4 min without a significant increase in the oxygen concentration of the cell
atmosphere. The opening of a 6-ft-diameter penetration into the cell
caused the oxygen concentration of the cell atmosphere to rise to 300 ppm
in 4% min.

A glovebox purification system was received at Idaho, leak tested,
and successfully operated. Air leakage into the associated glovebox was
found to be 0.015 percent per day of the glovebox-glovebox purification
system volume. A second glovebox atmosphere purification system and
two gas analytical instrument panelboards were tested and shipped to the
Idaho site for installation.

The top shielding plug of the Argonne fuel-transfer coffin was
modified to overcome binding at sliding surfaces. The plug assembly was

found to function satisfactorily after the modifications had been completed.

Tests were made to determine the behavior of sodium-coated fuel
pins while contained in a stainless steel melt refining charging tray. The
temperature of the tray was maintained at 450 C in one experiment and at
300 C in another experiment. The sodium coating evaporated from the
fuel pins in both experiments and condensed on the cold areas of the test
stainless steel containers. No interaction occurred between the pins and
the stainless steel containers.

A second skull-oxidation furnace is being designed which will
allow the heater-cover assembly to be disposed of in a standard waste
container if the heater attached to the cover should fail. The furnace at-
mosphere control system was successfully tested during the oxidation of
12 skulls which ranged in weight from 300 to 1300 g.

Tests with inductive heating and mixing have demonstrated that
greater than 80 percent reduction of uraniurh oxide by 5 w/o magnesium-
zinc alloy can be obtained in 2 hr at 800 C. The weight of the skull oxide
charge used in the tests was 2+ kg.

Studies on the collection of metal vapors have continued. With an
improved apparatus, four runs were made in which 2-kg charges of
magnesium-zinc were distilled at rates of 25, 32, 48, and 62 g/min, In
the first three runs, no loss of magnesium-zinc occurred. In the fourth
run, 17 g of magnesium-zinc distillate escaped from the graphite en-
closure and deposited on the Fiberfrax insulators.

The solubility of plutonium in liquid zinc may be represented by
the empirical equation

(458 to 752 C) log (a/o plutonium) = 8.612 - 10090T '+ 1.461 x 106T-2
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Two activation methods for the determination of oxygen in sodium
are being investigated. The first involves irradiation by fast (14.5-MeV)
neutrons to produce nitrogen-16 activity by the reaction

on! + O - N 4+ H!

The second method involves triton irradiation to produce fluorine-18 ac-
tivity by the reaction

1 T? + g0 = (F8 4 0!

The tritons are produced in situ by thermal neutron irradiation of lithium
(added to the sodium sample) by the reaction

Onl + 3L16 - 1T3 + 2H4

The solubility of carbon in ligquid sodium is being measured as a
function of temperature and oxygen content as a first step in a basic study
of the transport of carbon by liquid sodium.

The thermodynamics of the plutonium-zinc and plutonium-
cadmium systems are being studied by means of a high-temperature
galvanic cell method. The activity coefficient of saturated solutions of
plutonium in liquid zinc may be represented by the equation

log Vp, = 5.312 - 9713T~!

The activity coefficient of saturated solutions of plutonium in liquid cad-
mium may be represented by the equation

log ¥Yp, = 4.786 - 6473T"!

An optical absorption method is being developed to study the ther-
modynamics of binary solutions of the alkali metals.

Rare earth metal-cadmium systems are being studied by the effu-
sion method. The following sequences of intermediate phases are found in
binary systems of cadmium with lanthanum, cerium, praseodymium, and
neodymium: lanthanum-cadmium system: LaCd;;, La,Cd,;, Las;Cd;s, LaCd,,
and LaCd; cerium-cadmium, praseodymium-cadmium, and neodymium-
cadmium system: MCd;;, MCd,, M,;Cd;, M,Cd;, MCd,, and MCd.
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II. Fuel Cycle Applications of Volatility and Fluidization Techniques
(pages 112 to 190)

In the conceptual flowsheet of the fluid-bed fluoride volatility proc-
ess, the uranium and plutonium content of spent oxide fuels will be re-
covered by fluorination to produce the volatile hexafluorides of uranium
and plutonium. Laboratory-scale work has been concerned with the fluo-
rination of U;O4 in a 14-in.-diameter fluid-bed fluorinator. This work is
being performed to develop and test apparatus and procedures for use in
future work in which plutonium will be handled. The oxide U;04 is being
used because it is the product which will be obtained in a proposed oxida-
tive "decladding" step for removing the uranium and plutonium from
stainless steel-clad and Zircaloy-clad fuel elements.

In the experimental work, the powdered U;04 is injected into the
fluid bed with the fluidizing nitrogen stream. Fluorine is brought into the
bed just above the point at which the powder enters and the fluorination
reaction occurs as the U;04 and fluorine mix. This report covers experi-
mental investigation of the effect of variables such as temperature, U;O,4
elutriation from the fluidized bed, and duration of the fluorination period
upon the reaction. A reaction scheme employing two periods at a reaction
temperature of 500 C has been developed; in the first period, the U;0; is
fed into the bed and fluorination is carried out with 20 v/o fluorine in the
gas phase; in the second period a gas phase containing 100 percent fluo-
rine is recirculated through the fluid bed for a period of 5 hr. By means
of this reaction scheme, more than 99 percent of the U;O4 fed to the re-
actor was converted to uranium hexafluoride.

The oxidation of uranium dioxide, which results in the formation of
a finely divided U,;04 powder, is being considered as part of a decladding
step for stainless steel- and Zircaloy-clad fuel elements. Fuel-element
mockups consisting of 5% -in.-long sections of 4-in.-diameter stainless
steel or Zircaloy tubing packed with uranium dioxide pellets were oxidized
in a fluid bed at 450 C with air as the oxidant and fluidizing gas. Slots
(% in. x =3L2 in.), with intervals of % in. between ends of slots, were milled
along the length of the cladding tubes to promote splitting of the cladding.
It was found that the time necessary to completely split open a section of
cladding along the slit line was dependent on the thickness of the tubing.
For 10- and 20-mil wall thicknesses of stainless steel, the tubing split
open along its entire length after 2 and 4 hr of oxidation, respectively.
For 30-mil Zircaloy, the tubing was completely split after 6 hr of oxida-
tion. Complete removal of the U;05 product was accomplished by 1-2 hr
of further oxidation.

Rates have been measured by means of a thermobalance for the
reaction of U;O4 with fluorine over the temperature range from 300 to
400 C. Two samples of U;O4 were used; one was an analytical standard
sample, the other a commercially produced material. The commercially
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produced material is also being used in the fluid bed fluorination work.
The data have been treated by a diminishing-sphere kinetic model which
relates the reaction rate constant k (in units of min=-!) directly to a func-
tion of the fraction of the oxide remaining after a reaction time t. The
reaction rate constants for the commercially produced material were
slightly higher than those for the analytical standard sample at the same
temperatures. An average value of 30 kcal//mole was calculated for the
activation energy of this reaction which, within experimental error, is
the same for both materials used. Equations are given which relate the
change in reaction rate constant with temperature. An estimate of the
time required to completely convert a particle of U;Og, of about 10-micron
diameter, to uranium hexafluoride, based on an extrapolation of the rate
constant to 500 C, was less than 2 min.

The study of the effect that the addition of helium to plutonium
hexafluoride has on the decomposition of plutonium hexafluoride by gamma
irradiation has been continued. Additional data have given G values of
7.2 % 1.1 and 5.8 + 0.8 for experiments in which one atmosphere and two
atmospheres of helium, respectively, were added. A comparison of these
G values with the G value of 7.5 + 0.7 obtained for the decomposition of
plutonium hexafluoride alone indicates that helium does not significantly
influence the decomposition.

Engineering-scale investigation of a fluid-bed fluoride volatility
process for the recovery of uranium and plutonium from discharged ura-
nium dioxide fuels was continued. In this process the oxides are directly
fluorinated to the hexafluorides, which are then decontaminated and sepa-
rated by volatility techniques. Emphasis has been placed, for the sake of
process simplicity, on the batch reaction of oxide charges in a single ves-
sel. The major objectives have been to demonstrate short batch fluorina-
tion time (less than 20 hr) and satisfactory fluorine utilization efficiencies
(greater than 75 percent).

The latest and most successful runs have employed a two-zone,
oxidation-fluorination technique. In this technique, the lower (oxidation)
zone of the reactor consists of a bed of uranium dioxide pellets with
fused alumina grain filling the voids of the bed (fluidized-packed bed); the
upper (fluorination) zone consists of a fluidized bed of fused alumina grain
that extends above the fluidized packed bed. By passing an oxygen-
nitrogen mixture through the lower zone, U;O4 fines (10 to 20 {) are pro-
duced and transported to the upper fluidization zone, where they are
fluorinated to uranium hexafluoride vapor.

In recent studies the two-zone oxidation-fluorination scheme was
used successfully with 12-in.-deep, fluidized packed beds of uranium diox-
ide. Caking was avoided, and both high production rates and high fluorine
utilization efficiencies were attained. In this work, emphasis was placed
on optimizing process control by regulation of the input of the reagent gases:
oxygen and fluorine.
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A two-zone run was carried out in the 3-in.-diameter fluid-bed
reactor in which a 12-in.-deep, fluidized packed bed of uranium dioxide
pellets was completely fluorinated. Improved control of the reaction was
evidenced by more uniform rates of production of uranium hexafluoride
and by higher fluorine utilization efficiency for the complete batch opera-
tion. Ninety percent of the product was collected in 8.2 hr of fluorination,
corresponding to a production rate of 54 1b UF6/(hr)(sq ft) and a fluorine
efficiency of 79 percent. A final period of time to complete the fluorina-
tion by recycling fluorine extended the total processing time to 12.5 hr and
reduced the overall fluorine utilization efficiency to 75 percent. The con-
tinuous monitoring of fluorine in the process off-gas with a newly installed
gas thermal conductivity cell assisted in improving process control. From
the results of this run, it is apparent that optimum conditions were ap-
proached more closely than in previous runs: The fluorination zone was
maintained at 500 C, and the temperature gradient in the oxidation zone
was from 480 C at the top of the bed to 340 C at the bottom; the gas flow
to the oxidation zone was 1.0 scfm (at 1 atm and 25 C) and contained 8 per-
cent oxygen in nitrogen; the gas flow in the fluorination zone was 1.5 scfm
and contained 9 to 15 percent fluorine in nitrogen at the inlet; a small
amount of gas (about 2 percent of the total gas flow) was added in pulses
at a frequency of 2 pulses/min.

Work has been started on the evaluation of the two-zone technique
for the processing of stainless steel-clad uranium dioxide pellets. Short
lengths (~1 in.) of stainless steel tubing with both ends open are used to
contain uranium dioxide pellets and thereby simulate a charge of sheared
fuel elements. Longer element sections with longitudinal perforations or
slits are also being evaluated.

In two experiments carried out in the 3-in.-diameter fluid-bed re-
actor, removal of uranium dioxide from the stainless steel tubing was com-
plete with a 1.5-in.-deep fluidized packed section and 95 percent complete
with a 6-in. packed section. These results were obtained in 8.5 and 13.5 hr,
respectively. Operating conditions for both runs were similar: oxidation
was carried out at 450 C with 22 percent oxygen, and fluorination was car-
ried out at 500 C with 4 to 10 percent fluorine. In each run, uranium diox-
ide removal from the cladding was enhanced by passage of fluorine through
the fluidized packed bed with the system on total off-gas recycle.

The method of removal of uranium dioxide fuel from cladding by
oxidation is also being studied separately from the fluorination. A series
of twelve experiments has been completed as an initial examination of the
extent of removal of uranium dioxide from simulated stainless steel-clad
fuel elements sheared to a 1-in. length. The +-in.-diameter stainless
steel-clad segments were charged to the 2-in.-diameter fluid-bed reactor
as random-packed beds of 40 segments. The removal of uranium depends
both on the oxidation of the uranium dioxide pellets to U;Og4 and on the
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physical disengagement of the U;O4 from the pellets and cladding as fines,
which are then mixed with the fluid bed of inert fused alumina grain. Air
at a superficial gas rate of about 0.75 ft/sec was the oxidizing gas. Gas
pulsing (with air) was only partially beneficial for improving the rate of
removal of oxide and for improving temperature uniformity in the system.
Pulses of 1-sec duration were used at two frequencies, 0.5 pulse/min and
6 pulses/min; in most runs the fluidizing gas was cut off during the puls-
ing to enhance the pulse effect. Variations in the pulsing technigue over
the range of conditions tried produced little difference in results. Runs
were carried out at constant temperatures in a range from 350 to 550 C.
An optimum overall rate of removal appeared to occur at temperatures
between 400 and 500 C.

Since the separation of oxide from the cladding involves two suc-
cessive steps, chemical oxidation and physical removal, the chemical re-
action was observed independently of removal by determination of the
oxygen consumption with a gas thermal conductivity cell calibrated for
oxygen-nitrogen mixtures. From the gas analysis, it was found that the
oxidation reaction had virtually ceased after 7 hr at 550 C and after 9 hr
at 450 C. However, only partial removals of uranium oxide were achieved
in these runs.

Difficulty in obtaining complete physical removal has been encoun-
tered in all tests made thus far Reasonable rates of removal have been
obtained up to 50 to 80 percent removal, but overall removals greater than
about 80 percent have not been obtained Somewhat higher removals were
obtained in tubing elements located at the top of the fluidized packed bed
than at the bottom of the bed.

Additional experiments were made with alternate steps of oxida-
tion and reduction of the uranium dioxide. This technique is capable of
promoting the pulverization of uranium dioxide and thus may assist in
enhancing the removal. (This oxidation-reduction method may have an
advantage over the oxidation-fluorination method described above in that
the cladding metal is not fluorinated.)

Two oxidation-reduction experiments were conducted on the same
type of charge of stainless steel-clad uranium dioxide pellets as was used
in a previous experiment in which the removal of uranium dioxide by oxi-
dation alone was attempted. The reduciion was performed at 550 C with
a mixture of 5 v/o of hydrogen in nitrogen This reducing gas was passed
through the reactor after the initial oxidation had been completed at 450 C.
After reduction of the U;O4 residues. the uranium dioxide was reoxidized
at 450 C. However, the removals of 80 percent obtained in these two ex-
periments were not significantly different from those obtained when oxida-
tion alone was used. The incomplete removals were apparently due to
insufficient circulation of the inert fluid-bed material and insufficient



motion of the individual fuel segments in spite of gas pulsing (pulses of
0.5-sec duration at a rate of 2 pulses/rnin).

In two additional experiments, which were performed at the same
oxidation and reduction temperatures, the fluidized packed bed of fuel ele-
ments was divided into four individual packed sections which were each
approximately 14 in. deep and which were separated from each other by
support plates. The fluid bed was continuous between these bed sections.
This procedure, combined with gas pulsing, improved the inert material
circulation and the motion of the fuel segments, and resulted in an almost
complete removal of the uranium oxides from the stainless steel cladding
after a reaction time of about 13 hr. The separation obtained in one run
was 100 percent and in the other, 99 percent.

The results of these two experiments indicate that a separation of
uranium dioxide from stainless steel cladding is achievable by an oxidation-
reduction-reoxidation process if the inert fluid-bed material and especially
the motion of the fuel segments are not restricted. Further effort is
planned to develop a satisfactory practical means of carrying out the oxida-
tive separation.

Construction is under way of a facility for engineering-scale in-
vestigation of the several steps of a fluid-bed fluoride volatility process
for recovery of fissionable materials from spent nuclear reactor fuel of
the uranium dioxide type and for reconstitution of the oxide fuel material
after it is freed from fission products. In this process, the dioxides of
uranium and plutonium are fluorinated to form the volatile hexafluoride
products. Subsequently, the hexafluorides are further purified by frac-
tional distillation and converted back to dioxides by reaction with steam
and hydrogen. The fluorination equipment is now being installed. Be-
cause of its high toxicity, the radioactive plutonium must be completely
contained. Therefore, all equipment is being installed inside a large
glovebox, 17 ft high by 25 ft long.

In the present period, the process piping and valve installations in
the large alpha containment box and in the fluorine gas storage and supply
system located in the fluorine cabinet have been completed. Current work
is concerned chiefly with the installation of the instrumentation and auxil-
iary lines inside of the box. The installation and mounting of the fluorine
pump has also begun. Testing of process valves under extended use has
been started.

The elevator lifts which provide personnel with access to glove
ports at all levels of the large alpha box have been received and installed.

The Phase II subcontract for installation of services and ventilation
has been awarded. The completion date for this work is in early September,

1963,




Glovebox enclosures used for handling of plutonium and its com-
pounds are equipped with filters to prevent the escape of particulate plu-
tonium. Since plutonium hexafluoride reacts with moisture in the air to
form a solid reaction product (PuO,F,), an investigation of the factors
which affect the filtration of products of the hydrolysis of plutonium
hexafluoride is being carried out.

In order to provide a basis for the analysis of experimental filtra-
tion data, mathematical models were developed to estimate the effects on
filtration of particle agglomeration and of loading of the filters. Data pre-
vicously reported on filter penetration have been analyzed and correlated
on the basis of these estimates.

A basic investigation of the mixing of fluidized particles in the
voids of a packed bed of larger, nonfluidized bodies was carried out in
support of the development of the fluid-bed fluoride volatility process
which involves the use of inert fluidized particles to remove heat gener-
ated by the fluorination of a fluidized packed bed of uranium dioxide pel-
lets. Copper and nickel shot (-40 +50, -100 +120, -120 +200, and
-140 +170 mesh) and spherical (& in.-, %+ in.-, % in.-, and 4 in.-diameter)
and cylindrical (%in. X ;_}t-in., %— in. x%—in., and-—é—in. x-%-in.) packings were
used as bed materials. Diffusion coefficients were determined as a meas-
ure of the rate of particle movement during the mixing process.

It was found that, consistent with a random-walk model for eddy
diffusion in flow through packed beds, the rate of mixing was proportional
to the size of the packing. At a given gas velocity, mixing decreased with
increased fluidized particle size. When -40 +50 mesh copper-nickel shot
was used as the fluidized material in the voids of %-in.-diameter spher-
ical packing over a range of gas velocity from 1.8 to 2.9 ft/sec, the mix-
ing diffusivities increased from 0.17 x 10-*to0 1.8 x 10-* ftz/sec. The
diffusivity of -140 +170 mesh copper-nickel shot with the same packing
increased from 1.7 x 107% to 16.7 x 107* ftz/sec as the fluidizing gas
velocity increased from 0.62 to 3.0 ft/sec.

Mixing rates were higher for a fluidized bed without the presence
of the fixed packing. Also, for fluidization without packing, mixing in-
creased with increased height of the fluidized bed, whereas in the case of
the fluidized packed bed, the baffling by the fixed packing resulted in more
uniform fluidization, and solids mixing was found to be independent of bed
height.

An empirical correlation was developed for fluidization in beds
containing spherical packing, which relates the diffusivity of the fluidized
solids to the packing size, the fluidized particle size, and the gas rate.

23
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Development work on a fluid-bed volatility process scheme for the
recovery of enriched uranium from low uranium-high alloy fuel is in prog-
ress. The first fuel to be studied is uranium-zirconium fuel, In the proc-
ess scheme, the zirconium is separated as the volatile tetrachloride during
hydrochlorination of the alloy, and the uranium is recovered as the hexa-
fluoride in a subsequent fluorination step. The reactions are conducted in
an inert fluidized bed (currently, fused alumina grain is being used as the
bed material) which serves as a heat transfer medium.

In current studies in the 14-in.-diameter fluid-bed system, further
evaluation of the hydrogen chloride-fluorine reaction sequence was made
using, for the first time, miniature multiplate fuel element subassemblies
(normal uranium-Zircaloy alloy clad with Zircaloy; overall uranium con-
tent about one percent). Two runs were completed, one with high-purity,
Type RR Alundum and one with the less costly, Type 38 Alundum (Norton
Company granular fused aluminas) as fluid-bed material. One charge of
-14 +20 mesh, Type 38 Alundum was used as the filter bed for both runs.

Hydrochlorination of each subassembly was completed in about
7 hr. Alloy temperatures to 750 C were noted, while the maximum fluid-
bed temperature was only 500 C. The reactor walls in the fluid-bed zone
were maintained in the range from 300 to 415 C.

By use of a modified fluorination procedure, a lower initial tem-
perature (250 instead of 350 C) and a relatively high initial fluorine con-
centration (50 percent instead of 5 to 10 percent), reduction of the
concentration of uranium in the final beds to a level 0of <0.01 W/o (the
current goal) was achieved for both Type RR and Type 38 Alundum. This
is the first time that these levels have been obtained for hydrogen chloride-
fluorine cycles in the absence of other reagents. The concentration of ura-
nium in the filter bed remained at 0.007 w/o after each run.

Correlation of the loss of uranium during hydrochlorination with
absolute temperature now suggestis that a major part of the uranium is
lost as vapor (probably as uranium tetrachloride) rather than as particu-
late solids. The rate of loss of uranium correlates with the lowest tem-
perature maintained in that part of the reactor system that is downstream
of the fluid bed. Losses ranged from 0.13 mg/hr at 320 C to 8.7 mg/hr at
390 C. Changing the alumina in the packed-bed filter section from
-40 460 mesh to a more coarse fraction, -14 +20 mesh, produced no no-
ticeable effect on the uranium losses sustained during hydrochlorination.
This tends to substantiate the belief that uranium is lost as a vapor. Pres-
sure buildup associated with the packed-bed filter was found to be relieved
by use of the more coarse -14 +20 mesh bed material.

Inspection of a multiplate fuel element subassembly after one
stoichiometric equivalent of hydrogen chloride had been fed to the reactor
showed that the extent of hydrochlorination of the subassembly decreased




gradually with increase in distance from the gas inlet. The upper portion
of the plates appeared completely unreacted.

Infrared and mass spectrometric analyses of the contents of the
hexafluoride collection traps indicate that the same minor constituents,
including chlorine mono- and trifluorides, were present for both the hydro-
gen chloride-fluorine cycle and the hydrogen chloride-phosgene-fluorine
cycle, although no quantitative data are available for the latter. The data
obtained in the current run indicated that about 7 percent of the chlorine
initially associated with the uranium after hydrochlorinationwas converted
to chlorine trifluoride during fluorination.

Adaptability of the fluid-bed hydrolysis scheme to the conversion
of aluminum chloride vapor (simulated waste from the processing of
aluminum-based alloy fuels) to the more readily stored oxide has been
demonstrated. Three experiments (total run duration of 9.5 hr) were con-
ducted in the 6-in.-diameter column (used previously for hydrolysis of
zirconium tetrachloride) at 300 C with aluminum trichloride feed rates of
4 kg/hr and the steam rate adjusted at four times the stoichiometric re-
quirement Sand was used as the starting bed material Operations were
trouble-free, and excellent overall mass balances were obtained. No trace
of aluminum was found in the off-gas stream, indicating that hydrolysis was
complete within the unit.

Excessive fines formation in recent zirconium tetrachloride hydrol-
ysis studies is now presumed to be associated with the presence of unsub-
limable material in the as-supplied solid tetrachloride.

Installation has been completed of the pilot-plant facility for the
fluid-bed volatility reprocessing of highly enriched uranium-alloy fuel.
Final leak-checking is in progress. Shakedown and operation of this facil-
ity with nonirradiated fuel material is scheduled for the ensuing quarter.

Design of the bench-scale facility for high-activity-level studies
on the fluid-bed volatility process for highly enriched uranium alloy fuels
is nearly complete. Fabrication of the equipment and procurement will
start next quarter. Installation of the facility during the latter half of 1963
is planned.

Process development studies of a fluid-bed scheme for preparing
dense uranium dioxide particles directly from uranium hexafluoride were
continued in a 3-in.-diameter Monel column. The scheme involves reac-
tion of the hexafluoride with a mixture of steam and hydrogen (UF, + H; +
2H,0 - UO, + 6HF) in the presence of a starting bed of uranium oxide
maintained at 650 to 700 C

A method of up-grading (densifying) low-density (7.0 g/cc)ura-
nium dioxide is being sought; therefore, a study was made in which the

25
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course of the increase in density of a starting bed of low density was ob-
served. The established technique of alternating uranium hexafluoride
feed periods with periods in which steam and hydrogen only were fed (re-
sidual fluoride cleanup period) was used.

An unexpectedly large density increase and no overall particle
growth were observed over the scheduled 8-hr run period, during which
time 0.84 bed equivalent of dioxide was produced. The anticipated density
increase (based on previous results) was about 12 percent, whereas a
24 percent increase to 8.6 g/cc: was obtained; the expected increase in
average particle size due to deposition of new material was about 19 per-
cent. These anomalous results suggest that sintering of the entire parti-
cle is occurring, and not just the surface as was previously believed.

III. Calorimetry (pages 191 to 200)

Refinements in the calculations have led to slight revisions in the
derived thermal data for the formation of uranium hexafluoride from the
elements at 25 C. The revised data are. standard energy of formation,
AEfSgg, -520.74(c), -509 5,(g), standard enthalpy of formation \Hif3qg,
-522.5,(c), -510 74(g); Gibbs energy of formation, \GiZg, -491 84(c),
-490.7,(g). The uncertainty irtervals are + 0.4, for uranium in the crys-
talline state and = 0.4, in the gaseous state

Preliminary investigation is in progress to develop satisfactory
techniques for the determinaticr of the heat of formation of uranium mono-
sulfide. It has been found that, with proper protection of the sample from
fluorine before ignition. the fluorine bomb calorimetric method will very
likely be suitable.

Preliminary investigation has been in progress to develop satis-
factory techniques for the determination of the heats of formation of tetra-
fluoromethane (CF,) and silicon carbide. Satisfactory techniques have been
found, and the calorimetric system is being calibrated preparatory to the
calorimetric studies.

A critique of the available literature data for the heats of forma-
tion of hydrogen fluoride gas and its aqueous solutions is being made.

The furnace component of the 1500 C enthalpy calorimeter has
been disassembled. It was found that the three silver heat shields and
three of the five aluminum heat shields had melted to a considerable ex-
tent. Modifications and simplifications have been made to the furnace
core, and the furnace has been reassembled. Experiments have been per-
formed to obtain heat transfer data across the %-in. dust shield containing
bubbled aluminum oxide.
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IV. Reactor Safety (pages 201 to 223)

The air oxidation of uranium at temperatures above 500 C is being
investigated in order to determine the nature and degree of protectiveness
of oxide films formed. In current studies, uranium specimens are heated
by induction in a closed loop apparatus. The rate of the initial reaction is
determined by measurements of pressure decrease, with a pressure trans-
ducer. Studies have been performed with the following oxidants: pure
oxygen at 500 and 600 C, dry air between 500 and 1000 C, and 20 v/o oxy -
gen-80 v/o argon mixture between 500 and 1000 C. The results of these
experiments were integrated with the results of previous studies of the
uranium-air reaction in which a once-through flow method was used, and
in which the oxygen and nitrogen depletion was measured by means of a
mass spectrometer.

The character of the oxidation reaction (linear, parabolic, or
cubic rate law) found for a particular gas mixture and temperature was
consistent; however, there was considerable scatter in the values of the
rate constants and the times of transition from one reaction stage to
another. At 500 C, the reaction of uranium with each of the gases followed
the same nearly linear rate law., At 600 C, a linear rate was found in pure
oxygen; however, the reaction rate in air and in the oxygen-argon mixture
was initially parabolic and later became linear (paralinear). At 700, 800,
900, and 1000C, the uranium-air reaction remained paralinear; however,
the parabolic period of the reaction was much longer at 900 and 1000 C
than at the lower temperatures. Thecharacteristics of the reaction of
uranium with oxygen-containing gases suggested that the reaction rate is
controlled by an adsorption equilibrium at the oxide-gas interface and by
the diffusion of oxygen ions through oxide film. The transition from a
parabolic to a linear reaction probably occurs when the protective oxide
film begins to crack.

Studies of the oxidation and ignition of plutonium are continuing.
Results of ignition-temperature determinations with specimens of cubes
and foils of pure plutonium indicated that the variation of ignition tem-~
perature with changes in specific area were not continuous. Ignition oc-
curred at approximately 500 C for specimens of low specific area and at
approximately 300 C for specimens of high specific area. Discontinuities
in ignition temperature occurred very sharply at a specific area of
1.5 sq cm/g in air and of 6.0 sq cm/g in oxygen. The two regimes of igni-
tion were consistent with a change in isothermal oxidation kinetics which
had previously been shown to cccur just above 300 C.

The experimental program to determine rates of reaction of
molten reactor fuel and cladding metals with water is continuing. A meth-
od of study is under development in which the energy contained in the light
beam from a ruby laser heats single particles of metal in a water environ-
ment. The laser heating method will replace the condenser-discharge
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experiment. Experimental development of the method is progressing along
three lines: (1) Means are being developed of (a) focusing the laser beam
on metal particles contained within a glass reaction cell and (b) measuring
the efficiency of energy transfer. (2) A rapid-response two-color optical
pyrometer is being constructed to determine the temperatures reached by
the heated particles. (3) Microanalytical apparatus to determine the quan-
tity of hydrogen generated by metal-water reaction in closed glass reaction
cells has been constructed and tested.

Studies of metal-water reactions initiated by a nuclear transient
have been continued. In these studies, small fuel specimens were sub-
merged in water in high-pressure autoclaves which were placed at the
center of TREAT and subjected to severe nuclear transients. Studies
reported previously included experiments with specimens of clad
SPERT-ID fuel and unclad SL-1 fuel (both are aluminum-uranium alloys)
reacting in room-temperature water. Four additional experiments have
now been completed in water which was initially heated to 285 C (satura-
tion pressure 1000 psi) prior to the reactor transients., The energy sup-
plied in two transients was calculated to be only enough to melt the
specimens. Only 0.2 to 0.4% metal-water reaction occurred in these runs,
in agreement with results in room-temperature water. In the other two
experiments, the nuclear energy input was calculated to bring the specimen
temperature somewhat above 1200 C. The extents of metal-water reaction
in these two tests were 76 and 89%, which was considerably greater than
was observed for similar earlier runs in room-temperature water ({20% re-
action). The large increase in reaction may have been due in part to higher
peak fuel temperatures resulting from a decreased heat-loss rate during
heating in saturated water compared with the greater heat-loss rates oc-
curring in subcooled water in previous experiments. The reactions, how-
ever, did not generate an explosive pressure rise.

Two TREAT experiments were performed, in each of which three
SPERT-ID fuel specimens were arranged at the end of a long alumina tube.
The metal-water reaction per gram of metal was identical with that ob-
tained in previous experiments with single specimens. There was no indi-
cation that a violent water hammer was generated during the experiment
such as that observed in the destructive transient recently conducted in
the SPERT-1 reactor.

Particle size determinations were performed on the residue from
all of the TREAT experiments with the SPERT-ID and the SL-1 fuel mate-
rial. The results showed that the surface area exposed to the water in-
creased by a factor of about 100 when the nuclear energy input exceeded
450 and 530 cal/g for SPERT material and SL-1 material, respectively.
The increased surface area coincided with an increase in the extent of
metal-water reaction.
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A method has been developed for comparing the quantity of metal-
water reaction occurring in TREAT experiments with that estimated to
have occurred in the SPERT-1 and SL-1 meltdowns. This procedure uti-
lizes an estimate of the percentage of the reactor core which was com-
pletely melted and an estimate of the peak fission energy density at the
center of the core. This information defined a sphere of melting in
which the fission energy at the center of the sphere was a peak value
(500 cal/g for SL-1 and 380 cal/g for SPERT-1) and the fission energy at
the periphery of the sphere was 220 cal/g, the energy required to heat
aluminum to its melting point and fully melt it. The sphere was then seg-
mented mathematically into regions and each region was assigned an aver-
age temperature. The extent of chemical reaction was calculated by
reference to TREAT results in which specimens reached a temperature
similar to those reached in the SPERT-1 and SL-1 meltdowns. A summa-
tion over the sphere of melting then yielded an estimate of the total quan-
tity of metal-water reaction. Results calculated from TREAT data yielded
2 MW-sec of chemical energy for the SPERT-1 excursion and 26 MW-sec
of chemical energy for the SLi-1 excursion. These values may be compared
with estimates of the extent of metal-water reaction based on the post-
transient collection and analysis of alpha-alumina in the reactor debris,
namely, 3-4 MW-sec of chemical energy for the SPERT-1 excursion and
24 * 10 MW-sec for the SL-1 excursion,

V. Energy Conversion (pages 224 to 242)

Bimetallic cells are simple concentration cells with a common
anode-cathode electrolyte. The internal cell resistance can be made very
low, with a resulting capability of high current density (100-500 rna/sq cm)
outpul at one-half open-circuit voltage.

Temperature-emf-composition data for the lithium-~bismuth cell
have been obtained over the temperature range from 750 to 1150 K. Sim-
ilar data for the lithium-tin system are being determined. The lithium-
tin cell delivers lower voltages than does a lithium-bismuth cell; however,
since the tin vapor pressure is lower than that of bismuth, separation of
the metals by vaporization at high temperature would be casier. The
lithium-tin cell is especially attractive because the lithium appears to
be regenerated thermally as virtually a pure lithium phase.

The anomalous double exothermic break above the eutectic halt
in the cooling curve of binary mixtures of liquid lithium hydride and
lithium chloride has been explained. Resolution of this anomaly has
shifted the lithium chloride solid-liquid equilibrium temperatures tolower
values in the phase diagram. Values for excess chemical potentials and
activity coefficients which have been calculated indicate that the system
is close to an ideal solution.
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The solubility of liquid lithium metal in liquid lithium chloride
was 1.3 a/o at 610 C as determined by an isopiestic equilibration. This
may be compared with a literature value of 0.5 £ 0.2 a./o at 650 C. Work
on a transpiration apparatus for the study of liquid-gas phase equilibria
is complete.

A 100-g batch of relatively highly pure uranium monosulfide has
been prepared for use in thermoelectric parameter measurements and for
use by the Calorimetry Group for measuring the heat of formation of ura-
nium monosulfide.

The Seebeck coefficient has been measured as a function of tem-
perature for two specimens of uranium monosulfide (a sintered pellet
containing negligible insolubles and a slab fabricated from a melted ingot
containing one percent insolubles). The coefficients for both samples
showed a temperature dependence. The magnitude of the Seebeck coeffi-
cient values were similar to those previously reported for other uranium
monosulfide specimens.

The presence of higher sulfides such as U,S; and U;S; in uranium
monosulfide results in a decrease in Seebeck coefficient values with in-
creasing temperature; a change in the sign of the Seebeck coefficient oc-
curs at approximately 600 C.

A linear increase in resistivity with increasing temperature was
found for a thorium monosulfide specimen. For a 50-50 m/o US-ThS solid
solution, the resistivity was found to be virtually constant with temperature.

The Seebeck coefficient as a function of temperature was also
measured for a sintered specimen of uranium monophosphide. A tempera-
ture dependency was shown. The magnitude of the Seebeck coefficient val-
ues was similar to those obtained with uranium monosulfide.

VI. Determination of Nuclear Constants (pages 243 to 246)

The program for the measurement of neutron cross sections of
elements of importance to fast reactor technology has been continued. Pre-
liminary data on the capture cross section of rhenium-187 were obtained,
and studies of neutron total cross sections of rhenium as a function of neu-
tron energy have begun. The total neutron cross sections of gadolinium
have been determined as a function of neutron energy between 9 and
1880 keV. The neutron capture cross sections of erbium-~170 have been
determined for neutron energies between 0.34 and 1.9 MeV. The cross
section data for the three elements are presented in graphical form.
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CHEMICAL ENGINEERING DIVISION
SUMMARY REPORT

April, May and June, 1963

I. CHEMICAL-METALLURGICAL PROCESSING*

Pyrometallurgical processes for the recovery of fissionable mate-
rial from discharged reactor fuels offer promise of achieving a reduction
in the reprocessing costs associated with nuclear power. The principal
characteristics of pyrometallurgical processes which are likely to result
in lower costs are their simplicity, compactness, low-volume dry wastes,
and capability for handling short-cooled fuels, with a resulting reduction
in fuel inventories. Among the pyrometallurgical processes under devel-
opment are melt refining (a simple melting procedure for metallic fuels),
and various processes for core and blanket materials which utilize liguid
metal solvents as processing media. Pyrometallurgical techniques also
show promise for the preparation of various reactor-fuel materials, in-
cluding metals and carbides. The melt refining process is presently in
the most advanced state of development, and it will be used for the re-
covery of enriched uranium from the first core loading of the second Ex-
perimental Breeder Reactor (EBR-II),** located in Idaho.

A. Pyrometallurgical Development
o
1. Melt Refining
(R. K. Steunenberg, L. Burris, Jr.)

The fuel used in the first core loading of EBR-II consists of
approximately 50 percent enriched uranium alloyed with about 5 W/O noble
metal fission product elements which improve the stability of the alloy
under irradiation. The fuel pins are clad with stainless steel, thermally
bonded by a small amount of sodium in the annulus. The pins are declad
mechanically, chopped, and charged to a lime-stabilized zirconia crucible
in which they are melted and liquated under an argon atmosphere at 1400C
for a period of 3 to 4 hr. During this treatment, approximately two-thirds
of the fission products are removed by volatilization and selective oxida-
tion by the crucible. The purified metal product is top-poured into a mold
to form an ingot from which new fuel pins are prepared by injection casting.
A mixture of oxidized and unpoured metal remains in the crucible as a
skull from which uranium is recovered by a separate process (see Skull
Reclamation Process) employing liquid metal solvents.

*A summary of this section is given on pages !l to 17.

**Melt refining will be performed in the Fuel Cycle Facility, which is
adjacent to the EBR-II reactor building.



32

During melt refining, a Fiberfrax* fume trapon topof the cru-
cible is used to collect volatilized sodium and condensable fission products.
The experimental work during the quarter has been concentrated on an at-
tempt to estimate the amount of fission product iodine that may be released
to the cell atmosphere when the fume trap is removed from the melt re-
fining furnace in the EBR-II Fuel Cycle Facility.

a. Release of lodine from a Fiberfrax Fume Trap
(N. R. Chellew, D. M. Meyer)

During the melt refining step in the EBR-II Fuel Cycle
Facility, much of the fission product iodine is expected to condense on a
Fiberfrax cover located over the melt refining crucible. This fume trap is
described in previous Summary Reports (ANL-6145, p. 32, and ANL-6287,
p. 90). After the melt refining operation is completed, the furnace will be
allowed to cool to an equilibrium temperature, and gaseous fission prod-
ucts, primarily xenon-133 and krypton-85, will be removed by evacuation
before the furnace is refilled with argon and opened. If the fume trap is
kept on top of the crucible during this period, it is estimated that fission
product decay heat from the melt refining skull will raise the temperature
of the inner surface of the Fiberfrax fume trap to about 700 C. Under
these conditions the outer surface of the—g-in.-thick Fiberfrax would have
a temperature of about 350 C. If the fume trap is lifted away from the
crucible, however, the fume trap is expected to cool to a temperature of
150 to 200 C.

The objective of the experimental work was to estimate
the amount of fission product iodine that would be released from the fume
trap when the melt refining furnace was opened with the fume trap at tem-
peratures approximating each of the two conditions of fission product
heating mentioned above.

Experimental

In this investigation an attempt was made to simulate the
EBR-II plant conditions as closely as possible. Previous studies with
7-g charges of highly irradiated EBR-II prototype fuel (see Summary Re-
port ANL-6569, p. 26) had indicated that the iodine which had volatilized
during melt refining had condensed as cesium iodide. In the present work,
high burnup of a fuel sample weighing about 20 g was simulated by placing
uranium triiodide and cesium metal in separate holes in a natural uranium-
5 percent fissium capsule and sealing uranium plugs in the holes by elec-
tron beam welding. The ratios of cesium and iodine to uranium alloy in

*A product of the Carborundum Corporation prepared from amorphous
fibers and colloidal silica binder. The reported composition in w/o is:
Al,05 (51.2), SiO, (47.4), B,0; (0.7), and Na,O (0.7).
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this capsule were, respectively, about four and thirteen times higher than
those for EBR-II fuel irradiated to 2 total a/o burnup. The capsule was
lightly irradiated in a thermal flux to produce iodine-131 and cesium-134
activity, and was cooled about 20 days to allow decay of the 30-hr
tellurium-131 parent.

The apparatus used in the experiment is illustrated in Fig-
ure I-1. It consisted of (1) an induction furnace to melt the fuel with a
one-inch-thick Fiberfrax cover in place,* (2) a separate quartz tube fur-
nace into which the Fiberfrax fume trap could be moved after melt refining

Figure I-1

APPARATUS FOR STUDY OF IODINE RELEASE
FROM A FIBERFRAX FUME TRAP

(not to scale)
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*During this step the temperature gradient in the Fiberfrax (bottom
surface, 1015 C; top surface, 540 C) approximated that observed in
the fume trap during tests of the plant-scale melt refining furnace.
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was completed; the Fiberfrax fume trap could then be isolated and heated
by a resistance heater to simulate fission product heating, and (3) an as-

Figure I-2

AEC FILTER-ACTIVATED CHARCOAL ASSEMBLY FOR
COLLECTION OF IODINE RELEASED FROM A
FIBERFRAX FUME TRAP

sembly of AEC filters and
activated charcoal beds* to col-
lect the iodine activity removed
from the isoclated Fiberfrax
cover by a slow-flowing stream
of argon. A diagram of this as-
sembly is shown in Figure I-2.
Two similar filter assemblies,

(%Esc FiLDTE)R_ i A and B, were used and were
mm Uig [N
s . 7~ rm alternated so that measurements
== 1 r 1] Ji of gamma activities could be
ACTIVATED TT T TETTYTT RETAINING . . .
CHARCOAL BED_ |- - % Kl 5 : §] SCREENS made without interrupting the
{Type BPL- L o ~l 4cm —(positioned
12 % 30 mesh) 1 ! ‘[‘ x\x 1 :;Lr:;.\bber run.
PYREX TUBE 4]° f! - )
jg&?ALL a«\%: L) & L In the experiment, the
i . a N
! AECFILTER lightly irradiated 19.97-¢ fuel
\ gntily
PYREX _ .\ capsule and 0.21 g of sodium
CONNECTOR

(to simulate the sodium present
as a thermal bonding medium in
the EBR-II fuel element) were
charged to a small lime-
stabilized zirconia crucible, the
Fiberfrax fume trap was placed in its lower position, and the charge was
melt refined for one hour at 1400 C. Previous results (see Summary Re-
port ANL-6569, p. 26) had shown that one hour of melt refining on a small
scale (7 g) is sufficient to remove over 98 percent of the iodine activity.
After the melt refining furnace had cooled overnight, the Fiberfrax was
withdrawn into the upper section of the apparatus, and radioactive krypton
and xenon were removed by evacuating the system to 7 i. The Fiberfrax
fume trap was then isolated from the lower section of the apparatus by
closing the metal gate valve shown in Figure I-1 and was placed at a posi-
tion in the quartz tube furnace which would allow the desired temperature
gradient to be obtained. One atmosphere of argon was then added to the
system.

FIRST SECOND THROUGH FIFTH
SECTION  FOURTH SECTIONS  SECTION

108-6886

Figure I-3 shows the appearance of the Fiberfrax trap
after the melt refining operation. The blackening of the zone facing the
melt is associated with chemical reaction between the Fiberfrax and the
sodium and cesium volatilized during melt refining.

*A similar AEC filter-activated charcoal filter assembly was found to
be effective in removing iodine activity from a similar gas stream in
previous experiments (see ANL-6596, p. 30).
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Figure I-3

FIBERFRAX FUME TRAP AFTER MELT
REFINING EXPERIMENT
i

# «

s,  OUARTZ TUBE
e " FURNACE

ZONE FACING THE MELT DURING REFINING OPERATION

108-6076B

After the Fiberfrax fume trap was isolated, argon contain-
ing 6 ppm moisture and 2.2 ppm oxygen* was passed over the surface of
the Fiberfrax (in order to sweep away released iodine) and then through the
activated charcoal filter assemblies. The flow rate was held constant at
about 6.6 ft/min over the sides of the Fiberfrax and at about 34 ft/min
through the filter assemblies. At frequent intervals, one of the two filter
assemblies (Filter A and Filter B) was removed from the system, and the
gamma activities present were measured with a 256-channel analyzer.
While an assembly was being counted, it was replaced with the other one so
that the argon-transported activity was collected continuously, except for
overnight periods when the bed was cooled to room temperature and main-
tained in a static argon atmosphere. On completion of the experiment, the
apparatus was dismantled. Samples for the determination of activity re-
tained by the Fiberfrax and condensed on the walls of the quartz tube were
then obtained by leaching techniques.

Results

The analytical results obtained when the Fiberfrax was re-
heated are summarized in Table I-1. Since it was considered likely that

*The argon atmosphere in theargon cell of the EBR-II Fuel Cycle Facility
is circulated through the process cell to provide heat removal, and
provisions have been made to remove oxygen and water vapor so as to
maintain the oxygen level below 20 ppm and the water below 5 ppm.
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Table I-1

DISTRIBUTION OF IODINE IN EXPERIMENTAL APPARATUS AFTER
REHEATING OF FIBERFRAX FUME TRAP USED IN
MELT REFINING EXPERIMENT

Experimental Conditions

Melt Refining Step

Crucible: Lime-stabilized zirconia

Charge: Lightly irradiated U-5 w/o fissium (19.731 g) spiked
with cesium (0.187 g}, uranium triiodide (0.033 g of
iodine), and sodium (0.21 g)

Fiberfrax Bottom area (facing melt), 1015 C; top area, 540 C;
Temperature: Fiberfrax outgassed at 1000 C prior to use

Iodine Collection Step

Argon Flow through
Carbon Assembly: 34 ft/min (max)

Fiberfrax
Temperature: Indicated below
Iodine Activity (uC)?
Collected by Volatilized
Fiberfrax Time Filter Assemblies to Walls of Retained by
Temperature (hr) (cumulative) Apparatus Fiberfrax
Constant at 680 C,
315 cP 34.2 47.7
Constant at 150 C, 117.9 691.2
110 CP 5.5 2.8
Varying® 17.7 7.9
Total Activity 58.4 117.9 691.2

@Appropriate corrections for decay have been applied.

bTemperatures apply to bottom and top areas of fume trap, respectively;
bottom area faced the melt during the refining operation.

CCooling to room temperature for overnight holding periods and reheating
to experimental temperatures.

the rate of iodine release would be much greater at the higher tempera-

ture (680 to 315 C), the major portion of the experiment was conducted

at this temperature. Preliminary results were obtained for only a

short time at the lower temperature (150 to 110 C) because of the ana-

lytical limitation imposed by the short (8-day) half-life of the iodine-131

activity. Of the 867 uC of iodine-131 accounted for, about 80 percent was

retained by the Fiberfrax, 14 percent was found on the walls of the appa- ‘
ratus, and the remainder was collected in the activated charcoal filters.




Since an appreciable amount of the iodine released from the Fiberfrax was
retained on the walls of the quartz apparatus, which were heated at ele-
vated temperatures for extended periods of time, it appears likely that
much of the iodine was condensed in a form other than the elemental form.
Qualitative analyses of all samples after more than 99 percent of the
iodine-131 had decayed showed that cesium-134 (produced by activation of
the added cesium) was the only additional gamma-active element present.
These observations suggest that the iodine found in the Fiberfrax, on the
walls of the apparatus, and in the charcoal filters was primarily cesium
iodide. Under actual process conditions in the Fuel Cycle Facility, a frac-
tion of the total iodine similar to the fraction found on the quartz walls in
this experiment would probably condense largely on cooler surfaces in or

near the melt refining furnace and would not be transported readily through-

out the argon-atmosphere cell.

The rates of iodine-131 collection by the carbon filter as-
semblies for the two conditions of Fiberfrax heating are shown in Fig-
ure I-4. The cumulative percentage of activity collected is based on the
amount of activity originally present in the Fiberfrax. At the higher tem-
perature (gradient from 680 C to 315 C), the rate appeared to be constant
after an initial period of more rapid release. The greater rate during the
initial period might have resulted from more rapid removal of the activity

Figure I-4

CUMULATIVE IODINE ACTIVITY RELEASED TO FILTER ASSEMBLIES
DURING REHEATING OF FIBERFRAX FUME TRAP USED IN
MELT REFINING EXPERIMENT

Initial Iodine Concentration in Fiberfrax: 867.5 UC
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which had been deposited on the outer surfaces of the Fiberfrax during
melt refining. Comparison of the collection rates at the higher tempera-
tures with the much slower rates of iodine collection at the lower temper-
ature (gradient from 150 C to 110 C) indicates that the rate of iodine
release from Fiberfrax to the argon stream is primarily dependent upon
the temperature.

Distribution data for the iodine-131 and ratios of the ce-
sium and iodine activities in the two charcoal filter assemblies are pre-
sented in Table I-2. Of the total iodine activity collectedin each assembly,
over 50 percent was retained by the inlet AEC filter. In each filter as-
sembly, the quantity of iodine collected by the granular charcoal decreased

Table I-2

ACTIVITY DISTRIBUTION IN AEC FILTER-ACTIVATED CHARCOAL ASSEMBLIES?
USED FOR STUDY OF IODINE RELEASE FROM FIBERFRAX

Experimental Conditions: See Table I-1

Filter Assembly AD Filter Assembly BP
CS134C/1131 C5134C/1131
c Activity Activity
Bed 3 Ratio Bed 1€ Ratio
Depth Activity (arbitrary Depth Activity (arbitrary
Component {cm) {(uC) units) (cm) {(LC) units)
Section I
i 5. 21.
Inle.t AEC Filter ‘ 15.08 (1.0)d 95 (1.0)c
Activated Carbon 1.28 8.18 1.35 6.45
Pyrex Connector 0.07 0.02
Section II
Activated Carbon 1.24 1.39 1.6 1.49 0.65 1.7
Pyrex Connector 0.04 0.02
Section III
Activated Carbon 1.16 0.89 1.6 1.45 0.49 1.4
Pyrex Connector 0.03 0.01
Section IV
Activated Carbon 1.36 0.83 1.6 1.16 0.25 1.4
Pyrex Connector 0.03 0.01
Section V
Activated Carbon 1.27 0.82 1.4 1.17 0.25 1.2
Outlet AEC Filter 0.28 0.69
Total Activity 27.64 30.79

2A diagram of an assembly is shown in Figure I-2.

bAppropriate decay corrections have been applied to the activities listed. Estimated
precision of analyses (relative %): iodine-131, *5; cesium-134, *10.

©These results are total values for the three heating conditions listed in Table I-1.

dCesium analyses used to calculate the activity ratios are considered questionable
because of handling problems associated with sample preparation.
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sharply after penetrating the first bed section (approximately 1.3 cm), and
the quantities collected in Sections II to V were similar. The ratio of ce-
sium activity to iodine activity remained nearly constant throughout all of
the activated charcoal sections of the assembly. This observation suggests
that much of the iodine collected was transported in the effluent argon from
the quartz furnace as particulate material, probably consisting of cesium
iodide or of reaction products formed at elevated temperatures from ce-
sium, iodine, and contaminants in the argon. Since an appreciable amount
of the iodine activity penetrated the inlet AEC filter, which type of filter

is reported to be efficient for particles larger than 0.35 i, some of the
iodine-bearing particles were very small.

In summary, the results indicate that the rate of iodine
release to the argon atmosphere of the Fuel Cycle Facility from a Fiber-
frax fume trap used for melt refining will depend primarily upon the tem-
perature of the trap at the time the furnace is opened. If the Fiberfrax
trap has a temperature gradient of about 700 to 300 C, it is estimated that
approximately 0.16 percent of the activity in the trap will be released to
the cell atmosphere during each hour of exposure. Because of the different
size and geometry of the melt refining equipment in the EBR-II Fuel Cycle
Facility, this result cannot be applied directly to the plant-scale operation.
However, it might be expected that less than 0.5 percent of the total iodine
activity present in the Fiberfrax fume trap would be released to the argon
cell for each hour of exposure to the argon atmosphere.

b. Removal of Nitrogen from Argon with Titanium Sponge
(M. Kyle, P. Nelson, and J. Arntzen)

A method is under development for removing nitrogen
from the argon atmosphere of the argon atmosphere cell of the EBR-II
Fuel Cycle Facility by gettering the nitrogen on hot titanium sponge (see
ANL-6648, pp. 38-40). Two sets of experimental equipment are presently
being constructed: (1) equipment for a study of the kinetics of nitrogen
removal from argon on hot titanium sponge, and (2) a pilot plant for obtain-
ing overall process performance data and information on component re-
liability. Studies will be conducted with argon containing initial nitrogen
concentrations of between 50 and 5000 ppm.

Containment of Titanium Sponge

Several Inconel, stainless steel, and Hastelloy alloys were
evaluated for the containment of titanium sponge in 400-hr tests at 900 C,
the probable operating temperature of the pilot plant. (Nitrogen reacts
with titanium at practical reaction rates at temperatures above 850 C.) In
these tests, particles of sponge and a coupon of the test material were
placed in intimate contact in an alumina crucible. At the conclusion of
the tests, particles of the titanium sponge adhered to the coupons. Metal-
lurgical examinations of the coupons were made in areas of particle
adherence.
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A thin reaction layer was present on all materials except
Type 316 stainless steel (Table I-3). In addition to this reaction layer,
grain-boundary precipitation of an undetermined phase was present insome
materials. Since titanium forms compounds with iron, nickel, and chro-
mium, the presence of a zone of interaction is not unexpected. (Titanium
is frequently added to alloys of the types tested as a deoxidant, hardening
agent, or carbon scavenger.)

Table I-3

CORROSION OF INCONEL, STAINLESS STEEL, AND
HASTELLOY ALLOYS BY TITANIUM SPONGE

Test Conditions

Time: 400 hr

Temperature: 900 C
Atmosphere: Argon

Charge: i——in, particles of solid titanium sponge (99.4%
Ti, melting point 1800 C). The particles were
placed on or in contact with a coupon of the

material under test in an alumina crucible.

Static conditions

Depth of Reaction Zone?

Material (mils)
Inconel 702 3to 4
Inconel 718 3to 4
Inconel 750 4 to 5
Inconel 800 3 to 4P
Stainless Steel Type 304 4 to 5P
Stainless Steel Type 310 2 to 4P
Stainless Steel Type 316 <1b
Hastelloy C 5t0 7
Hastelloy X 5to 7

2At the conclusion of each test, particles of the titanium

sponge adhered to all of the coupons.

The depth of the

reaction zone was measured in the area of adherence.

bIn addition to a reaction layer, grain-boundary precipi-
tation of undetermined phase was observed.

Type 316 stainless steel, although possessing very good

resistance to reaction with titanium sponge, does not possess the required
strength at the elevated temperature to be used. Hastelloy X will be used
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as the structural material for the high-temperature vessels of the initial
pilot-plant unit. However, those parts of the Hastelloy X vessels which
would come in direct contact with titanium sponge will be lined with

Type 316 stainless steel. Other vessels of the system which will be oper-
ated at lower temperatures will be fabricated of Type 310 stainless steel,
primarily because of its good resistance to external oxidation by air.

2. Processes Employing Liquid Metal Solvents

Several processes are being developed which employ liquid
metals and salts as processing media. Further small-scale demonstra-
tion runs have been made in investigation of the skull reclamation process
for recovering the fissionable material remaining in the crucible residue
{skull) after a melt refining operation. Equipment development studies and
large-scale demonstration experiments are also now being conducted in
essentially full-scale integrated process equipment.

Demonstrations of a liquid metal process for the extraction of
plutonium from EBR-II blanket material have been continued. Laboratory
development work is underway on processes for other fuel materials, in-
cluding those which will contain plutonium as a fissionable material.

Supporting fundamental studies of liquid metals and molten
salts of process interest are in progress. These studies include both the
chemical reactions involved in process steps and engineering operations
important to process development, such as distillation, heat transfer, mass
transfer, and mixing characteristics of liquid metals and salts.

a. Development of the Skull Reclamation Process

The skull reclamation process is being developed as an
auxiliary to melt refining for processing the first fuel loading of the EBR-II
reactor. The process has two purposes: (1) recovery of fissionable mate-
rials from the skull remaining in the crucible after melt refining, and
(2) separation of fission products from uranium. The recovered and puri-
fied uranium will be returned to the main EBR-II fuel cycle. The skull
reclamation process provides for disposal of all non-volatile fission prod-
ucts in the EBR-II fuel cycle.

The flowsheet for the skull reclamation process has been
presented previously (see ANL-6596, p. 46). For reference purposes, this
flowsheet is again presented in Figure I-5.* Results of a study of contain-
ment materials for the skull reclamation process are presented in a fol-
lowing section of this report.

*Figure I-5, which is a revised version of the previously published
flowsheet, presents the process conditions and process reagents now
being evaluated. '
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Figure I-5
FLOWSHEET FOR SKULL RECLAMATION PROCESS

(Relative weights based on a 120-g uranium charge)

Oxidized Crucible Skull
{160 g Containing ~120 g of U)

Zinc (3 kg)
Noble Metal Waste Zinc Containing Ru, Mo, Pd, and Rh
Extraction ~3 kg
Flux {750 g} {800 C)
46.8 m/o CaClz,
38.3 mjo MgClz,
4.9 mjo MgF, Skull-Oxide-Flux m——— Tungsten Crucible with

10 mfo ZnCiy*

Zinc-5%
Magnesium

Slurry Plus about
5% Metal Heel

about 5% Metal Heel

(3kg

Magnesium

Reduction of
Skutl Oxide

Waste Flux Containing MgO and

(800 C)

4wlo U - 4wlo Mg-Zinc
Solution {~3 kg

Precipitation of
Epsilon Intermetatlic
Compound {~ U2Zn23)
by Cooling to ~ 525 C

U Precipitate Cake
(~13wlo U)

~800g

Intermetallic

Compound I
Decomposition

(800 C - 425 C)

U Metal Ppt. (~115¢)
Associated with
~ 70 g of Mg and Zn

Retorting
(Evaporation of
Mg and Zn)

i

l U Product {~115 )

Possibly Unreduced ZrOg Crucible
Fragments (~775 g

Zinc Supernatant Solution Containing
Zirconium (~ 2100 g}

Supernatant Magnesium-50 wio Zinc
Solution Containing Ba, Sr, Y, and
Rare Earths {(~ 1500 g)

~70¢gof Mgand Zn

* After reaction of all of the ZnClz with uranium and magnesium metal heel from the reduction step, the flux
composition would become CaCly 47.5 m/o, MgClp 47.5 mle, MgFz 5.0 mio. However, an excess of ZnClp

{ahout 2 m/o} is employed.
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(1) Partial Oxidation of Crucible Skulls
(R. D. Pierce and K. R. Tobias)

The charge material to the skull reclamation process
is oxidized skull material (skull oxides). In order to remove the skull
material from the zirconia melt refining crucible, the skull material is
oxidized and is thereby converted to a powder which can be readily poured
from the crucible. The possibility of using partial oxidation to free the
skull, rather than complete oxidation as is now being done, was investigated
briefly.

Partial oxidation of the skull material was attempted
in upright crucibles in the same equipment that is being used for complete
oxidation of skull material (see p. 94 ). In this equipment the crucible is
dumped by partially rotating the crucible around a horizontal axis, much
as water is spilled by a water wheel. In this work, the partially oxidized
skull was in the form of a tight-fitting cup. Although the skull material
was no longer adhering to the walls of the crucible, it frequently wedged in
the crucible when an attempt was made to dump it out. Thus, partial oxi-
dation in the present equipment is not an attractive alternative to the pres-
ent method of skull removal.

The oxidation of skulls from inverted crucibles was
next attempted in two experiments in the semi-works. The advantage of
having the crucible inverted was that any loosened material dropped into
the receiver. The oxidations were performed at about 600 C in an atmos-
phere of about 20 percent oxygen in argon. In the first experiment, the
zirconia crucible was free-standing in the furnace, thus permitting some
oxygen penetration through the crucible walls and oxidation at the skull-
crucible interface. The skull material fell into the receiver when about
25 percent of it had been oxidized. In the second experiment, the zirconia
crucible was contained in a close-fitting stainless steel can. The oxidation
was stopped when about 22 percent of the skull had been oxidized. ILater
examination showed that much of the skull material had fallen into the re-
ceiver, but a cup-like portion which had fallen only part way was found
wedged in the crucible. This "cup" appeared to be nearly broken and
probably would have fallen free with very little additional oxidation.

These two experiments indicate than an appreciable
percentage, about 25 percent, of the skull material must be oxidized be-
fore the skull is completely freed from the crucible. The resultant mix-
ture of metal and oxide might have some advantage over an all-oxide
charge in the subsequent process (principally in the extraction of noble
metals), but because of the large fraction of oxide this advantage seems
small. Therefore, no further development of the procedure for partial
oxidation and no design and construction of new oxidation equipment seem
warranted.
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(2) Small-scale Demonstrations of the Skull Reclamation
Process
(R. D. Pierce, K. R. Tobias)

Small-scale (100 to 150 g of uranium) demonstrations
of the skull reclamation process are in progress in equipment located in-
side an argon-atmosphere glovebox (shown in Summary Report ANL-6543,
pp. 32 to 35). These demonstration runs are being made to expose and
rectify any process difficulties and to establish permissible ranges of
process variations. The determination of optimum flowsheet conditions in
these small-scale runs will permit emphasis to be given to process me-
chanics and equipment performance in large integrated process equipment,
operation of which is discussed in a following section of this report.

Removal of Zirconium as the Carbide

Some removal of zirconium, in addition to that achieved
in the intermetallic compound precipitation step, may be necessary if an
excessive amount of zirconia crucible fragments is frequently present in
the skull oxides. A suggested method of increasing the zirconium-removal
capability of the skull reclamation process is precipitation as the carbide
from the uranium-magnesium-zinc solution present at the conclusion of
the uranium oxide-reduction step (see ANL-6687, p. 32). It was expected
that any zirconium carbide formed would be suspended in the overlying
molten salt phase and discarded in this phase.

To test this method, carbon was added to the reduc-
tion solution in a demonstration run (Run BJ-20). Carbon addition resulted
in removal of only about 10 percent of the zirconium from solution, and
also precipitated some uranium and cerium. The uranium content of the
waste flux after carbon addition was about an order of magnitude higher
than normal (4 percent instead of about 0.4 percent). About 20 percent of
the cerium was also removed in the flux, whereas usually about ten per-
cent of the cerium is removed. It was concluded that the addition of carbon
during this step would be of little value for zirconium removal.

Investigation of High Uranium Losses in Waste Zinc
Solution of the Intermetallic Compound Precipitation
Step

In several runs, as much as 20 percent of the ura-
nium has been found in the waste zinc from the intermetallic compound
precipitation step. This high loss of uranium has been traced to the gentle
agitation which has been employed during crystallization of the intermetallic
compound. This agitation was employed to avoid accumulation of crystals ‘
on the crucible walls during cooling. To evaluate the possible effect of




agitation, the precipitation of the zinc-uranium intermetallic was per-
formed three times in one run: first, without stirring; second, with the
same stirring as had been used in preceding runs; and finally, again with-
out stirring. After each performance of the step, the waste ingot was
melted, sampled, and then recombined with the cake for another perform-
ance of the step. The uranium contents of the waste ingots are summarized
in Table I-4. In the absence of stirring, the uranium content of the trans-
ferred zinc solution was slightly greater than the solubility of uranium,
which is 0.03 to 0.04 percent at the transfer temperature; with stirring,

the loss was excessive. Therefore, elimination of stirring in this step is

recommended.
Table 1-4
EFFECT OF AGITATION ON URANIUM 1.0585 IN THE INTER-

METALLIC COMPOUND PRECIPITATION STEP OF
THE SKULL RECLAMATION PROCESS

(Run BJ-19)

Precipitation in a 3-in.-ID beryllia crucible with a

2-in. x%—in. slant-blade agitator deflecting downward.®

Uranium Calculated
Initial and Content of Percent LossP
Transier Time Held Transferred of Uranium in
Temperature Cooling at Transfer Zinc Waste Transferred
Agitation of Solution Time Temperature Solution Zinc Waste
(rpm) (C) (hr) (hr) (7o) Scolution
8§14 to 528 1.8 1.0 0.049 0.8
200 815 to 522 1.7 0.7 0.58 9.7
0 819 to 527 1.8 2.5 0.060 1.0

@The bottom of the agitator blade was 2 in. above the bottom of the container; the
top of the blade was just below the surface of the liquid.

1 - . . .
PBased on an original uranium concuntration of 4 percent and on 80 percent
transfer of the zinc waste solution.

Effects of Temperature and Agitation on
Noble Metal Extraction

Poor extraction of ruthenium reported in ANL-6648,
p. 40, was attributed to a lack of oxidizing power in the molten salt phase
(caused by the absence of traces of water). This hypothesis appeared to be
confirmed when good ruthenium removals (near 100 percent) were again
achieved by the addition of a small quantity of water or of a zinc chloride
oxidant to the flux phase in the noble metal extraction step. However, in
the runs in which good ruthenium extraction was obtained, the quantity of
zinc used was reduced in order to increase the concentration of ruthenium
in the zinc extract and thereby effect an improvement in the accuracy of
ruthenium analyses. The resultant change in zinc volume lowered the
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flux-metal interface from several inches above the agitator down to near
the agitator. The belief has grown that this change in mixing conditions may
have contributed substantially to the improvement in ruthenium extraction.
Therefore, two experiments (Runs BJ-22A and BJ-23A) have been made to
evaluate the effects of both agitation and temperature on the rate of ruthe-
nium extraction (believed to be representative of the extraction of all noble
metals) in the noble metal-extraction step. The effect of temperature was
studied in order to determine the lowest practical operating temperature.

In these experiments, one conducted initially at 650 C
and the other initially at 725 C, the stirring speed was increased in three
steps, 500, 800, and 1000 rpm (1—;— hr at each stirring speed at the initial
temperatures). The agitator was located just below the metal-salt inter-
face. The skull oxide emploved was from a common batch of material.
Zinc chloride, now a standard constituent of the flux to insure oxidation of
any metallic uranium present, was present in the flux at an initial concen-
tration of 1.5 m/o.* In the final 2 hr of each run, the temperature was
raised to 800 C and the melt was stirred at 1000 rpm to insure good ex-
traction of noble metals and permit continuation of the run through the
balance of the skull reclamation steps.

The data obtained are presented in Figure I-6. The
extraction rate of ruthenium was found to be higher at both the higher tem-
perature (725 C) and the higher stirring speeds. However, difficulty in
sampling of the zinc extract or in solution stability (insofar as ruthenium
is concerned) seemed to occur at 800 C, and low ruthenium concentrations
in the zinc extract were obtained. Absorption of ruthenium on the surfaces
of the tungsten crucible, molybdenum-30 percent tungsten agitator, tan-
talum thermocouple well, or tantalum sampling tubes could account for the
sharp decreases in ruthenium concentration at 800 C. It is known that
ruthenium absorbs on tantalum sampling tubes, and although measures
have been taken in the analytical processes to remove absorbed ruthenium
from the sampling tubes, the analytical problem remains a difficult one.
The reappearance of high ruthenium concentrations (see Figure I-6) in the
waste zinc ingots, which were remelted and heated to 800 C in tungsten for
sampling, refutes the supposition of ruthenium absorption on tungsten. To
obtain further information on the stability of solutions of ruthenium in zinc
in tungsten crucibles, the waste ingot from Run BJ-22A has been remelted
and held in a tungsten crucible at 650 and 800 C. The samples from this
holding experiment have not been analyzed.

Completed Demonstration Runs

Results are available for two demonstration runs
(Run BJ-18 and Run BJ-20). Both of these runs varied from the flowsheet
shown in Figure I-5. In Run BJ-18, a skull which had not been oxidized

*The composition of the flux on a zinc chloride-free basis was
47.5 rn/o MgCl,, 47.5 m/o CaCl,, and 5.0 m/o MgF,.




was used. In the noble metal-extraction step for this run, the uranium was
oxidized into the molten salt phase with zinc chloride, which was present
in the salt at an appropriate concentration. Under these conditions, the
noble metal extraction was performed at 650 C rather than at 800 C, the
temperature used for processing skull oxide. This lower temperature was
used to avoid excessive vaporization of zinc chloride. This is feasible be-
cause the noble metals remain in the zinc phase and the more difficult
extraction of noble metals from an oxide matrix is not encountered. In
Run BJ-20, carbon was added after the reduction step in an attempt to
precipitate zirconium carbide. The effects of this carbon addition were
previously discussed on p. 44.

Figure I-6

EFFECTS OF TEMPERATURE AND STIRRING RATE ON RUTHENIUM EXTRACTION
IN THE NOBLE METAL EXTRACTION STEP

Equipment Description:

Tungsten crucible having four integral mixing baffles - 4 1/4-in,-ID,
2-in, by 3/4-in. molybdenum-30 percent tungsten slant-blade agitator,
deflecting downward and located just below metal-salt interface.

Tantalum thermocouple well and sampling tubes,
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estimated or calculated by material-balance calculations.

The uranium material balances for these runs are
given in Table I-5. Of necessity, some of the figures in Table I-5 were

For example,

in Run BJ-18, because it is difficult to obtain a reliable sample of a
uranium-fissium skull, the charged uranium in the skull was determined
from the amount of uranium present in the metal and flux phases after the
reduction step. As pointed out previously, the high uranium loss in the
waste flux phase of Run BJ-20 (tenfold higher than usual) was caused by

the addition of carbon.

In both runs, high uranium losses were experienced
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in the supernatant solutions of the intermetallic compound precipitation
step. As discussed earlier in this report, it is now known that these losses
can be reduced to about 1 percent by elimination of stirring in this step.
However, as a consequence of these high losses, the vields of uranium
product in these runs were low, about 80 percent.

Table I-5

URANIUM MATERIATL BALANCES FOR SKULL RECTLAMATION
PROCESS DEMONSTRATION RUNS BJ-18 AND BJ-20

(See Figure I-5 for flowsheet and text for modifications)

Weight of Uranium (g)

Run BJ-18 Run BJ-20
Charge
Uranium-Fissium Skull (76)2 None
Uranium-Fissium Skull Oxide None 118
Heels (Z)a (45)a,b
Uranium Slug None 8
Total (78) (181)
Waste Ingots
Zinc from Noble Metal Extraction Step 0.5 0.3
Flux from Reduction Step 0.4 3.9
Supernatant Solution from Intermetallic
Compound Precipitation Step 13.2 27.7
Supernatant Solution from Intermetallic
Compound Decomposition Step 0.8 1.5
Heels (4.7)2 33.0
Samples 0.8 7.4
Product 58 97.3
Total 78.4 171.1

@Values in parentheses were estimated by material balance.

PThis value was much higher than typical as a result of an iron-addition
step used in the preceding run (Run BJ-19) in an attempt to increase the

removal of zirconium.

For each run, the product composition has been com-
pared with that of the charge (see Table I-6). Ruthenium removals were
very good; the removals of the other elements, although adequate, were
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somewhat lower than usual. These lower removals are in part due to the
lower scale of Run BJ-18 (78 g versus the design scale of 130 gof uranium).
Since the percent removal values were calculated by simple comparison of
charge and product compositions, they may, because of the low uranium
recoveries and the large input of recycle material in Run BJ-20, be some-
what lower than the removals actually achieved. The zirconium removal
in Run BJ-20, in which a large amount of zirconium was charged, was not
good enough. It is believed that this zirconium content, which resulted
from a very high introduction of zirconia crucible fragments, is about four
to seven times larger than will be encountered with EBR-II melt refining
skulls.

Table I-6

FISSION PRODUCT REMOVALS EFFECTED IN RUNS BJ-18 AND BJ-20

Run BJ-18 L Run BJ-20
Composition, w/o, Composition, wfo,
Oxygen-free Basis Percent of Oxygen-free Basis Percent of
e Component - T Component
Component Charge Product Removed? Charge Product _Removed
Ce 40 L1 3 6.0 18 70
Zr L1 0.5 55 134 3.9 71
Ru 17 0.15 91 1.6 0.12 92
Mo 2.1 0.83 60 2.0 0.83 59
] 9.1 97.4 - 77.0 93.4 -

@These removals are based on product and charge concentrations, which implies 100 percent recovery of
uranium. Since actual uranium recoveries were only about 80 percent in these runs, these are minimum
values for fission product removals; a higher recovery of uranium would give higher apparent removals.

(3) Engineering-scale Integrated Equipment for Skull
Reclamation Process
(I. O. Winsch, D. Grosvenor, G. Rogers, P. Mack)

Engineering-scale integrated equipment is currently
being operated for equipment demonstration as well as for purposes of
process demonstration. The design of the equipment was illustrated in the
preceding quarterly report (ANL-6687, p. 35) by photographs. The equip-
ment, which was sized for processing about 2.5 kg of skull oxide per batch,
consists essentially of two large crucibles (about 13 in. in OD by 19in. high)
one tungsten and one beryllia, in which the process operations are per-
formed. The crucibles are heated by radiation-cooled induction coils and
are centrally located within two large furnaces (24 in. in OD by 36 in. high)
covered with bell jars. Enclosure within the furnaces allows an argon at-
mosphere to be maintained over the process systems and allows pressuriza-
tion of the furnaces, which is required for the transfer of molten metals
and salts to a waste container or to the adjacent crucible. The bell jar
covers have three nozzles, one of which is used for a stirrer, the other two
of which are used for insertion of transfer pipes and other equipment used
for sampling, liquid-level measurement, and temperature measurement.

H

Equipment performance, which has been of principal
interest, is being determined by performing the necessary process
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operations in the course of making skull reclamation process runs. Three ‘
runs have been completed in the equipment, but analytical data are not yet
available for them.

Noble Metal Extraction

The noble metal-extraction step is performed in the
tungsten crucible at 800 C by contacting a slurry of skull oxides in a halide
flux with zinc to leach or extract the noble metal fission product elements,
molybdenum, ruthenium, rhodium, and palladium. The scale of operation
is such that 2.4 kg of skull material, 12 kg of halide flux, * and 35 kg of
zinc may be charged. The phases are mixed for 4 hr at 800 C, after which
the system is cooled to about 525 C to freeze the flux phase. The still-
molten zinc phase is then transferred by pressure through a heated trans-
fer line to a waste container. Since the solubilities of molybdenum and
ruthenium are exceeded at the transfer temperature, the zinc phase is
stirred during the transfer to suspend the precipitated molybdenum and
ruthenium particles.

The percentages of zinc transferred in three opera-
tions were 92.5, 96.7, and 93.3, which are regarded as very good. In these
tests, it was found that the frozen flux creates an effective barrier to trans-
mission of gas pressure to force the molten zinc phase out through the
transfer pipe. A high-resistance route exists along the agitator shaft,
which is rotated slowly during freezing of the flux. Consequently, a pres-
sure of about 12 psig was required to effect zinc transfer, rather than
the 7 psig calculated to be necessary. It was shown that, if desirable, the
transfer pressure could be lowered by maintaining an opening through the
flux by means of an open-end pipe having its top opening above the flux
phase and its bottom opening in the zinc phase. This pipe was kept open
during freezing of the flux to provide a direct path for gas through the
frozen flux phase. An agitator shaft with vanes, which would be rotated
slowly while the flux was solidifying, could also provide an effective open-
ing through the flux phase.

Reduction Step

The reduction of uranium oxides from the flux phase
is also effected at 800 C in the tungsten crucible, the flux phase being con-
tacted with a 5 percent magnesium-zinc alloy. As the uranium oxides are
reduced, the uranium metal dissolves in the zinc-magnesium phase. The
uranium concentration of the zinc-magnesium phase approaches 4 w/o at

*Composition of flux: 47.5 m/o MgCl,, 47.5 m/o CacCl,, and 5 m/o MgF,.
If uranium metal is present in the charge, zinc
chloride also is added to the flux to oxidize ura- ‘
nium into the flux.
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complete reduction. The reduction step was effected without difficulty, but
results of sample analyses are needed before it is known whether the agita-
tion was sufficiently vigorous to effect complete reduction.

Following the reduction, a high-temperature (800 C)
separation and transfer of the phases from the crucible is required, the
flux phase being sent to waste and the uranium-bearing metal phase to the
large beryllia crucible in the adjacent bell jar furnace. An automatic
method of separating and transferring the phases, which leaves behind a
small heel of each phase in the tungsten crucible, was initially given a
trial. Development of this phase separation procedure was reported in a
previous Summary Report (ANL-6543, p. 39). Difficulty was experienced
in the automatic phase separation of the flux from the zinc-magnesium-
uranium phase. This difficulty was caused by solidification of material in
the transfer lines at points of low temperatures along the transfer tubes.
This condition is being remedied by adding more electrical heaters. In
addition, it was found that the flux at 800 C severely corroded a stainless
steel section of the flux transfer line, which was employed between the bell
jar furnace and the waste receiver. Therefore, a new flux transfer line is
being fabricated entirely of a 70 percent molybdenum-30 percent tungsten
allovy.

Because of the inability to effect the automatic phase
separation, each phase was separately transferred. By the use of a
bubbler-type liquid-level gauge to locate the interface and to indicate the
total depth and weight of each liquid, it was possible to effect a carefully
controlled, sequential transfer of the two phases. The desired weight of
the zinc-magnesium-uranium phase was first transferred through a pipe
extending to near the bottom of the vessel. The transfer pipe was then
raised so that its open end was just above the interface and then the flux
phase was transferred. This method of phase separation and transfer
worked so well that it will merit consideration in the design of the final
plant equipment.

Uranium Precipitation Steps

After the uranium-zinc product solution is transferred
to the adjacent beryllia crucible, it is first cooled to between 500 and 525 C
to precipitate uranium as a uranium-zinc intermetallic compound (the
epsilon phase, which is approximately U,Zn,;). The supernatant liquid is
then pressure-siphoned to waste, and sufficient magnesium is added to the
precipitated uranium-zinc intermetallic compound to decompose it. and
thereby liberate uranium metal, which precipitates. The resultant super-
natant metal, a 50 percent magnesium-zinc solution, is then removed by
pressure siphoning.
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Removals of the supernatant have been lower than
previously achieved on a smaller scale (around 80 percent instead of 90 to
95 percent). Since much better phase separations have been achieved in
previous work, the poor phase separations in these early runsare attributed
to impure atmospheres and lack of experience with the new equipment.
When operational procedures have been improved sufficiently, the glovebox
will be closed and a dry air atmosphere, to be changed later to an inert at-
mosphere, will be maintained around the equipment.

Of much greater concern in these steps was wetting of
the beryllia crucible by the liguid metal solutions. As a result of this
wetting, it was not possible to remove the precipitated uranium cake after
the second uranium-precipitation step. Two large thixotropically cast
beryllia crucibles had been procured from the Brush Beryllium Co., and
both were wetted by the metal solutions.

Wetting of the beryllia is contrary to previous experi-
ence with small (4-in. OD by 9 in. high) thixotropically cast beryllia cru-
cibles. In discussions with representatives from the Brush Beryllium Co.,
it was ascertained that the method of fabrication of the large crucibles had
differed from the method used to fabricate the previously tested small
crucibles. The small crucibles had been fired in an electric furnace under
controlled-temperature, controlled-atmosphere conditions. The large cru-
cibles were fired at a slightly lower temperature (1470 instead of 1550 C)
in a gas furnace instead of in an inert atmosphere, and the resulting moist
atmosphere and lower temperature are believed to have caused poor sinter-
ing of fine beryllia particles. This would result in a rough and porous sur-
face susceptible to wetting by the liquid metal. Evidence that the differences
in firing conditions were indeed responsible for wetting of the large cru-
cibles is that small beryllia crucibles fired in the gas-fired furnace also
were wetted by the liguid metal. New beryllia crucibles fabricated under
the proper firing conditions are being procured.

Operation in a Single Tungsten Crucible

The lack of a satisfactory large beryllia crucible led
to consideration of performing all process steps in the tungsten crucible.
This method of process operation has a number of advantages:

1)  An entire furnace unit is eliminated.

2) The high-temperature separation of flux and
metal phases after the reduction step is elimi-
nated. Until the process step in which the ura-
nium product phase is removed, only waste
solutions of flux or metals are removed from
the tungsten crucible.
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The disadvantages of this procedure are:

1) possible contamination of the uranium product
with residual flux;

2) difficulty in removing the uranium product phase
from the crucible.

At the present time, uranium is being removed from the tungsten crucible
by dissolving it to a 12 percent concentration in a 12 percent magnesium-
zinc alloy.

One run has been completed with the tungsten crucible
used for all process steps. All process steps were performed without dif-
ficulty except that for removal of the uranium product. A 98 percent re-
moval of the zinc extract was effected, waste flux was easily removed, and
74 and 81 percent removals of the zinc-magnesium supernatant solutions
were realized. Dissolution of the uranium product in magnesium-zinc alloy
and its removal did not go well because the agitator could not be extended
far enough into the crucible to give good agitation. This situation is being
remedied. Because new beryllia crucibles will not be available for several
months, operation with only the tungsten crucible will be continued for some
time.

General Observations

The large tungsten crucible has proved to be very
durable. Freezing and remelting of entire charges were accomplished with
no adverse effects. Salt and metal vapors within the bell jars have caused
corrosion of the stainless steel parts. This corrosion isaccelerated by ab-
sorption of water vapor by the salts when the furnaces are opened. Plans
are being made to close up the glovebox which contains the furnaces so that
an argon cover atmosphere can be employed. This will eliminate problems
caused by the absorption of water by the hygroscopic salts which are used.

b. Processes for Plutonium Reactor Fuels
(R. K. Steunenberg)

Fuels containing uranium and plutonium are used in fast
breeder reactor cores and blankets. A critical separation in the processing
of fuels of this type by pyrometallurgical methods is the removal of rare
earth fission products from plutonium. A promising technique for effecting
this, as well as other pertinent separations, involves selective extractions
from zinc-magnesium solutions by means of molten halide fluxes. Previous
work has indicated that plutonium-rare earth separation factors in these
systems are large enough to provide adequate separations by using multi-
stage contacting equipment. However, additional work is needed to



54

determine the behavior of other fission products such as zirconium, the
metals used in fuel cladding alloys, and transplutonium elements generated
during irradiation of a fast reactor fuel.

Molten Salt Extraction Studies
(J. B. Knighton, J. D. Schilb, J. W. Walsh)

Further investigations have been conducted on the sepa-
ration of constituents of irradiated reactor fuels through equilibration be-
tween liquid magnesium-zinc alloys and molten magnesium chloride.
Distribution coefficients, Kg = (W/o in flux)/(w/o in metal), as a function
of magnesium concentration in the metal phase have been reported pre-
viously for thorium, uranium, plutonium, americium, curium, barium,
yttrium, cerium, praseodymium, neodymium, zirconium, vanadium, and
iron (see ANL-6687, p. 41; ANL-6648, p. 48, and preceding Summary
Reports). The effects of variables such as temperature, concentration,
and composition of the flux and metal phases have also been described (see
ANL-6596, p. 59; ANL-6648, p. 46). During the past quarter, additional
distribution data have been obtained for neptunium, curium, protactinium,
and chromium.

Neptunium

The distribution coefficients for neptunium between mag-
nesium chloride and zinc-magnesium alloy at 800 C have been determined.
Preliminary results were reported previously in ANL-6687, p. 43. The
tracer-level neptunium-239 (half-life, 2.35 days) used in the determinations
was prepared by neutron irradiation of highly depleted uranium. The ura-
nium was not removed prior to the experiments.

Three separate experiments have been completed. In the
first, NpE-1, which used tracer-level neptunium, the equilibrium was ap-
proached from the zinc-rich side of the zinc-magnesium phase. In the
second, NpE-2, macro amounts (~O.2 w/o) of neptunium-237, in the form
of neptunium dioxide, were spiked with neptunium-239. The equilibrium
was again approached from the zinc-rich side. The third experiment,
NpE-3, utilized neptunium dioxide spiked with neptunium-239 tracer, and
equilibrium was approached from the magnesium-rich side.

Filtered samples of the metal and salt phases were ob-
tained by withdrawing the samples through porous tantalum filters into
tantalum tubes. The neptunium contents of the samples were determined
by gamma counting.

The conditions of these experiments and the distribution
coefficients as a function of magnesium concentration in the metal phase
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Figure 1-7 are presented in Figure I-7. The
DISTRIBUTION OF NEPTUNIUM BETWEEN results show that neptunium exhibits
MAGNESIUM CHLORIDE AND ZINC- the same general behavior as pluto-
MAGNESIUM ALLOY nium and curium. The data from the
Conditions three neptunium experiments are in
- good agreement, and they indicate
Temp: sooc that changes in the neptunium con-
Mixing Rate: 300 rpm X
Crucible: Tantalum centration from tracer level to
Atmosphere: Argon 0.2 w/o in the metal phase had no
appreciable effecton the distribution
10.0g coefficients.
-~ Curium

T

Further measurements of the
distributions of curium betweenmag-
nesium chloride and zinc-magnesium
alloy at 800 C have been made. (Pre-
liminary data were reported in
ANIL-6687, p. 41.) In this study, two
experiments were performed. In one,
CmkE-1, equilibrium was approached
éxsg:; from the zinc-rich side, and in the
O NpE -3 other, CmE-2, equilibrium was ap-
proached from the magnesium-rich

y Np237 cpm/g FLUX
'y Np237 cpm/g METAL

® | Ill|ll|

lllli

DISTRIBUTION COEFFICIENT

o0l I T WO TR DU N T side. Approximately 0.1 mg of
° IOMAzG?\IESlsSM cqc?mcss.\?m;?omm zugg, wg/g 0 curium-244 (half-life, 17.6 yr) was
108-6863 used in each experiment. In each
experiment, the curium was added
as the trifluoride carried on about 100 mg of lanthanum trifluoride. Sam-
ples of the metal and flux phases were obtained by the method described
previously in the neptunium experiments. The specific activity of curium

in the samples was determined by alpha counting of the curium-244 isotope.

The distribution coefficients for curium (Figure I-8) show
the same general dependence upon the magnesium concentration in the
metal phase as do those of the other actinide and lanthanide metals, with a
minimum value at about 10 W/o magnesium. The absolute values of the
distribution coefficients for curium are very similar to those for plutonium,
with both elements favoring the metal phase.

Although the agreement of the data obtained in the two
curium experiments is adequate, the results indicate that a small sys-
tematic error may be present in either or both sets of data. The source
of this discrepancy has not yet been established.
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Protactinium

Two experiments were performed in order to obtain dis-
tribution coefficients of protactinium between magnesium chloride and
zinc-magnesium alloy at 800 C. Equilibrium was approached from the
zinc-rich side in the first experiment and from the magnesium-rich side
in the second. The tracer protactinium-233 (half-life 27.4 days) used in
the experiments was prepared by neutron irradiation of thorium-232. The

flux and metal phases were sampled by the technique described previously.

The specific activity of protactinium in the samples was determined by
gamma counting of the protactinium-233 isotope.

The data for the experiment in which equilibrium was ap-
proached from the zinc-rich side (Figure I-9) show a fair degree of self-
consistency, although scatter exists in the region of about 5 to 10 w/o
magnesium. The results from the reverse experiment, which are not
shown, scattered randomly, although the results were of the same order of

magnitude as those shown in Figure I-9. No explanation for the scatter
has been found.

The results from the first experiment indicate that pro-
tactinium behaves in a manner typical of the actinide elements, with the
distribution coefficient reaching a minimum value at a magnesium con-
centration of about 10 w/o in the metal phase. The absolute values of the
distribution coefficients are about an order of magnitude lower than those
for plutonium. Additional experiments have been planned in order to ob-
tain more reliable data on the distribution of protactinium.
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Chromium

Chromium is of interest as a constituent of stainless steel,
which is frequently used as a fuel cladding material. A single experiment
was performed in which an attempt was made to measure the distribution
behavior of chromium between magnesium chloride and zinc-magnesium
alloy. Chromium-51 tracer (half-life, 27.8 days) was prepared by neutron
irradiation of naturally occurring chromium. The sampling techniques were
identical with those described above, and the specific activity of the chro-
mium tracer was determined by gamma counting. The results, presented in
Figure I-10, show that chromium exhibits a preference for the metal phase.

100
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Chromium is like iron and unlike the actinide and lanthanide elements in
not distributing to the flux phase at very low magnesium concentrations.
Above about 42 w/o magnesium, the data showed considerable scatter and
are not included in Figure I-10 since their reliability in this region is
questionable.

c. Recovery of Plutonium from EBR-II Blanket Material
(I. O. Winsch, T. F. Cannon, P. J. Mack)

In the presently proposed blanket process (see Summary
Report ANL-6477, p. 47), uranium blanket material (from the EBR-II
reactor) containing about one percent plutonium is dissolved in a 12 to
14 w/o magnesium-zinc alloy at 800 C to produce a 12 to 14 w/o uranium
solution. The addition of magnesium to an approximately 50 w/o concen-
tration precipitates the uranium f{rom solution while the plutonium remains
in solution. The uranium solubility in the supernatant phase is decreased
by cooling to about 400 C prior to removal of the plutonium-bearing super-
natant phase. Isolation of the plutonium from this latter phase is to be
accomplished by evaporating the magnesium and zinc.

(1) Experiments Using Irradiated Uranium Blanket
Materials

Previous blanket-process-demonstration runs (see
ANL-6596, p. 66, and preceding Summary Reports) have demonstrated that
it should be possible to recover about 90 to 95 percent of the plutonium from
a uranium-1 W/o plutonium blanket material in a magnesium-zinc super-
natant. Subsequent recovery of the plutonium product would be accomplished
by distilling the magnesium-zinc solvent. The seventhof a series of blanket-
process-demonstration runs has been completed with the use of irradiated
uranium blanket rods. The purpose of this run was to determine the be-
havior of iodine and fission products in the blanket process. Even though
it is expected that blanket material will be stored for a long time, thus per-
mitting essentially complete decay of iodine-131 and other short-lived
isotopes, the behavior of iodine is of interest because it may occasionally
be desirable to process short-cooled blanket material.

Depleted uranium blanket rods and small sections of
these rods to be used as control samples were encapsulated in aluminum
cans and irradiated in the CP-5 reactor at a flux of about 6 x 10%? 11/cm2—sec
for a period of about one hour. A cooling period of about 20 days was al-
lowed before decanning and processing of the material. Because of the
expected variability of both the irradiation time of EBR-II blanket material
(between 2 and 20 yr) and the cooling time of this material, it is difficult to
specify the level of iodine activity which will be encountered. However, it
was calculated that after 15 days of cooling, the most active blanket mate-
rial (that next to the core) will have an iodine level of less than one-
hundredth that of the core material. The level of iodine activity employed
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in the experiment was about the same as that calculated for the most active
blanket material. In order to facilitate analytical work, plutonium was not
used in this experiment. Inactive fission product elements were added* to
bring the concentration of fission product elements up to expected process
levels. Molybdenum, the element with the highest fission yield, would have
a maximum concentration of about 600 ppm in discharged blanket material,
which would result in a concentration of about 70 ppm in the 13 w/o ura-
nium dissolver solution. All fission product analyses were, therefore,
performed by radiochemical methods.

A schematic diagram of the equipment employed is
shown in Figure I-11. The argon atmosphere in the dissolver was changed
nine times during the course of the run (see conditions in Table I-7) by
exhausting the argon before each sampling operation through an activated-
charcoal trap (of 4-in. OD by 7 in. long), and then venting the gas to the
building exhaust system. Since the blanket-dissolution and subsequent steps
would be effected in a closed system in production operations, changing the
atmosphere several times created a maximum off-gas-handling problem.
Glass wool filters were placed on the inlet and outlet sides of the activated-
charcoal bed to remove particulate iodine activity. A 16-in.-long, l-in.-
wide nickel strip was located on the wall of the furnace chamber and on the
underside of the water-cooled flange to obtain an indication of the propor-
tion of iodine depositing in the upper section of the furnace.

Figure I-11

EXPERIMENTAL EQUIPMENT FOR PROCESSING LIGHTLY IRRA-
DIATED URANIUM BY THE EBR-II BLANKET PROCESS

/SAMPLE AND MATERIAL ADDITION PORT

WATER COQLED FLANGE DISCHARGE TO BUILDING
l] / EXHAUST SYSTEM
) IR | 1 ]
' :)QL

ARGON VACUUM

I-INCH WIDE NICKEL
COUPON STRIP \

TANTALUM CRUCIBLE

TANTALUM AGITATOR

ELECTRICALLY HEATED TANTALUM COVER PLATE
$S FURNACE TUBE %

108-6842

*Elements added were: strontium, zirconium, molybdenum, ruthenium,
rhodium, palladium, tellurium, barium, lanthanum, cerium, and
neodymium.
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The distribution of volatilized iodine activity was as

follows:
Percent of the Total
Iodine Activity in
the Charge

Underside of upper water-cooled flange (~200 C) 11.8
Upper furnace walls (200 to 700 C) 12.0
Tantalum cover plate over crucible (~700 C) 0.5
Activated-charcoal trap® (room temperature) 0.03

Inlet section of charcoal 0.018

Exit section of charcoal 0.004
Inlet glass wool filter (room temperature) 0.08
Outlet glass wool filter (room temperature) 0.006

2Charcoal trap was 4 in. deep and 4 in. in diameter.

Based on analyses of dissolved l-in. squares of nickel strip and on the
assumptions that iodine was symmetrically deposited on the upper cylin-
drical section of the furnace and uniformly deposited on the upper water-
cooled flange, it was calculated that about 24 percent of the iodine charged
was deposited on the furnace walls. Because of the presence of a cover
plate over the crucible, it is believed that iodine could have reached the
upper furnace walls only by vaporization, probably as a volatile compound,
from the melt.

The gradual decrease in iodine activity through the
activated-charcoal bed is more characteristic of the removal of particulate-
carried iodine activity than of adsorption of molecular iodine. Previous
experience on adsorption of molecular iodine in a charcoal bed (see
ANL-6596, p. 38) showed essentially complete iodine adsorption to have
occurred in the first inch of the charcoal bed.

The concentration of iodine in the off-gases was low
in this experiment, despite frequent changes of the argon atmosphere, and
there should not be a serious iodine-handling problem in blanket-processing
operations. The use of at least one charcoal trap in the off-gas line and
controlled disposal of off-gases from a tall stack should be adequate to
avoid an off-gas-handling problem. The maximum iodine activity in the
gases discharged during this experiment from the stack (i.e., the building
exhaust system) was about one-quarter the maximum permissible iodine
concentration in air.




The concentrations of iodine and other fission prod-
ucts in samples of the metal solution taken during the run are shown in
Table I-7. The changes in the concentrations of these elements during the
course of the run are discussed below.

Table I-7

SUMMARY OF BLANKET PROCESS DEMONSTRATION RUN 7

23849 Zinc Y
3% g Magnesium fme UConc % of Theoretical Concentration in Mg-Zn Selution
449 83 g Uranium (hr) W U I SrBa Zr Ru Te TRE+Y B Y

Dissolution
I-337x10%¢/m at 800 C 4 13 935 92 755 920 99 %2 830 810 75
Sr Ba-184x 1010 ¢/ 4 133 95 420 700 915 9% 510 85 7155 735
8
8

137 980 67 690 930 % 270 838 760 740
Zr -49x 1010 cim 137 980 60 645 %4 9%4 210 80 720 705
Ru - 324 x 1010 ¢/m

1e-973x108 ¢/m 2000 g Magnesium
TRE -323x 1010 ¢/m

% of Theoretical Concentration in Mg-Zn Selution

B-113x10 ¢/m A U Conc
Y- 288 x 1011 c/m Prec|p|tat|on —(am_ _I.. _S_T__BE E_ ﬂ. .E. M L _Y.
arsac 0% o4 555 159 116 37 74 5 330
033 042 540 172 120 40 76 548 328
Cooling 003% 014 406 876 192 09 74 510 27
to 425 C 003% 009 400 78 183 09 73 500 271
Calculated Percent of
Ph Theoretical Concentration in Supernatant
s aie 4145 g Mg-Zn Product Supernatant U Conc
eparation 83% Phase Transfer (% I SrBa Zr Ru Te TRE+Y B vy
at434C L A A
0036 0098 355 64 165 78 65 4 24
1959 ¢ Zinc
622 g Mg-Zn
442 g Uranium % of Theoretical Concentration tin U-Mg-Zn Solution*

U Conc
(%) v I SrBa Zr Ru Te TRE+Y S b4

Dissolution of U
Precipitate at
804 Cfor 6 hr

13 80 06 192 235 735 95 146 140 210
125 85 011 157 161 720 50 122 120 180

*Analyses of duplicate samples are given
**Uranium Concentration based on analysis of samples of supernatant at 425 C

108-6892

Iodine

The concentration of iodine in the magnesium-zinc
dissolver solution decreased during the course of dissolution of the ura-
nium charge (from about 40 percent to about 6 percent of that charged).
Less than one percent of the iodine charged was found in the metal solution
samples of succeeding steps; thus, virtually all of the iodine activity which
was accounted for was the 24 percent found on the upper furnace surfaces.
Because of the many active metals present in the dissolver solution (for
example, magnesium, uranium, strontium, barium, and cesium), it is
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unreasonable to believe that iodine would exist in the molecular state. .
Rather it would be expected to form inorganic compounds, for example,

Mgl,, which would be highly insoluble in the zinc solution. Therefore, its
disappearance from solution, if it were in solution, is believed to have oc-

curred by agglomeration with other insoluble materials as a surface

dross. The high initial values can be accounted for by the fact that thief

samples, rather than filtered samples, were taken. This made possible

inclusion of fine particulate matter in the sample.

Barium and Strontium

When dissolution had been completed, 65 to 70 per-
cent of the charged barium and strontium activity was found in the dis-
solver solution. The bulk of this activity remained in the supernatant
solution on precipitation of the uranium. Of the barium and strontium
charged, 50 to 55 percent was finally accounted for in the product super-
natant phase and the uranium precipitate phase. Barium and strontium
are also believed to have been removed from solution through drossing
reactions, e.g., with oxygen present as an atmosphere impurity or other
less stable oxides present as impurities in the metal solution or tantalum
container.

Zirconium

About 90 percent of the zirconium activity charged
was present in the dissolver solution when dissolution was completed. The
bulk of the zirconium disappeared from solution on precipitation of the ura-
nium, but only a small portion of it reappeared in solution when the uranium
was later redissolved. Considerable analytical difficulty was encountered
in the zirconium analyses of the redissolved uranium solution.

Ruthenium

Essentially all of the charged ruthenium was found in
the dissolver solution. As expected, the bulk of the ruthenium then pre-
cipitated with the uranium and was later recovered when the uranium was
redissolved. The overall ruthenium material balance was between 90 and
95 percent.

Tellurium

The behavior of tellurium paralleled that of iodine;
that is, tellurium was gradually lost from the dissolver solution, and little
was found in either of the product solutions. There was very little tellu-
rium activity deposited on the nickel sample plates. Drossing reactions ‘
or absorption on crucible walls would account for its disappearance also.
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Rare Earths and Yttrium

Eighty to 85 percent of the theoretical concentration
of these elements was found in the solution from the dissolution step. The
amount finally accounted for in the product streams was 80 percent. As
expected, most of the rare earth elements remained in the magnesium-zinc
supernatant solutions on precipitation of the uranium.

Total Beta and Gamma Activities

Changes in these activities reflect changes in the con-
centrations of the individual activities.

Uranium Behavior

The behavior of uranium was not significantly differ-
ent from that found in previous demonstration runs. Uranium dissolution
was essentially complete after 8 hr at 800 C. The percentages of uranium
in solution at 784 and 425 C, after the addition of magnesium to precipitate
it from solution, are in agreement with solubility values. Transfer of
88 percent of the magnesium-zinc product supernatant is good for this
scale of operations. However, on redissolution of the uranium for material-
balance data, only 85 to 89 percent of the charged uranium was put into
solution. The redissolution was accomplished in a 12 percent magnesium-
zinc solution, whose volume was small compared with the previous 50 per-
cent magnesium-zinc supernatant solution. It is believed that some of the
uranium may have adhered to the crucible walls above the level of the final
uranium solution and thus escaped redissolution.

(2) Concentration of Simulated Plutonium Product
Solutions by Evaporation
(I. O. Winsch, T. F. Cannon, P. J. Mack)

The final step of the EBR-II blanket process is an
evaporation in which the plutonium-magnesium-zinc product solution is
concentrated by evaporation from an initial plutonium concentration of
about 0.1 w/o to a final concentration of between 1 and 10 W/O plutonium.
The final product solution will be fed into the core fuel cycle by adding it
at an appropriate point into the recovery process for the core fuelmaterial.
Since the plutonium-recovery process for plutonium-bearing core mate-
rials has not been selected, the required degree of concentration of the
product solution of the blanket process has not been firmly established.

The equipment being employed for the evaporation of
simulated product solutions is a slightly modified version of that previously
described in Summary Report ANL-6145, p. 62. For convenience a dia-
gram of the modified equipment is shown in Figure I-12. The capacity of
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the still pot of the metal evaporation unit is about 3.2 liters, which is
equivalent to 14 kg of the dilute plutonium-50 w/o magnesium-zinc solu- ‘
tion which is charged to the still pot. Evaporation is conducted at a pres-

sure of about 40 mm Hg pressure. The temperature increases as the more

volatile constituent, zinc, is removed. The temperature of the material in

the still pot is determined by a top-entering immersion thermocouple. The

tip of this thermocouple is at the same distance above the bottom of the

crucible as the final desired solution level. When there is a sharp rise in

the thermocouple temperature, this indicates that the solution level has

dropped just below the thermocouple tip.

Figure I-12
METAL EVAPORATION UNIT
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The unit was fabricated of Type 304 stainless steel.
However, tantalum liners are used to cover those parts of the still pot and
condenser where zinc-containing metal solutions are evaporated or where
zinc vapors are condensed. Zinc vapors, which are not excessively cor-
rosive, are allowed to come in contact with Type 304 stainless steel above
the still pot and in the vapor line between the still pot and the condenser.

Four preliminary runs have been completed in the
metal evaporation unit with charges of 50 W/O magnesium-zinc alloys. The
charges were simulated product solutions from inactive (i.e., no plutonium
was present) blanket-processing runs and contained uranium at or slightly
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above its solubility value at 405 to 425 C, namely, 0.03 to 0.04 W/o. Two
of these charges contained cerium at an initial concentration of about

0.5 percent as a stand-in for plutonium. The fates of uranium (which,

per se, is not very important) and of cerium, i.e., entrainment and deposi-
tion on baffles and still pot walls, are indicative of the probable fate of
plutonium during evaporation.

The results of the four runs are given in Table I-8.
The large percentages of cerium and uranium which were deposited on the
still pot walls in Runs 3 and 4 (between 12 and 40 percent, being larger in
the run in which a larger percentage of material was evaporated) are es-
pecially noteworthy. They indicate that a considerable amount of liquid
had splashed against or spattered onto the walls and had evaporated from
the walls. The still pot walls above the liquid level were undoubtedly
hotter than the liquid itself; therefore, any zinc or magnesium that came
into contact with the walls was rapidly vaporized, whereas cerium and
uranium, which have comparatively high melting points (790 and 1130 C,
respectively), remained on the wall as solids. Plutonium, which has a
melting point of 640 C, might flow back into the solution when present. The
comparatively small amount of deposition of material on the vapor baffles
probably is the result of less liquid being splashed onto the baffles and a
greater opportunity for the liquid to drop back into solution before vapor-
izing since the baffles are not directly heated.

Table I-8

ENTRAINMENT OF URANIUM AND CERIUM DURING EVAPORATION
OF 50 w/o MAGNESIUM-ZINC SOLUTIONS

(Uranium was present in all charges at a concentration of 0.03 to 0.04 W/o;
cerium was added to the charges of Runs 3 and 4 to a concentration of 0.5
and 0.4 w/o, respectively.)

Distillation Conditions

Pressure: 38-44 mm Hg
Temperature: 750-780 C

Entrainment of U and Ce Solutes
{% of that in charge)

Percent of Vapor Still Pot Conden-
Charge Average Baffles Walls sate
Run Charge Material Evaporation
No. {kg) Evaporated Rate (kg/hr) U Ce U Ce 8) Ce
1 10 84 1.8 N.D.2 - N.D.? - 2.0 -
2 9 72 2.2 N.D.? - N.D.2 - 1.4 -
3 15 54 2.2 0.14 0.9 18 12 0.2 0.2
4 15.3 96 1.6 1.0 1.9 31 40 3.0 0.2

aNot determined.
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Only 0.2 percent of the cerium originally present in .
the still pot was carried over into the condensates. However, up to
three percent of the uranium charged was found in the condensates. This
is probably associated with the fact that uranium is precipitated from solu-
tion during the course of the evaporation, making possible its entrainment
in particulate form, and, therefore, at concentrations higher than its solu-
bility value. The high entrainment values in Run 4 as compared to Run 3
are probably the result of the more complete evaporation of the charge
material in Run 4.

In the evaporation runs, the fraction of solute mate-
rials deposited on the still pot walls is indicative of a deposition of pluto-
nium that would be large in relation to process requirements. The small
volume of plutonium that will be present [only 5 cc in a2 10-kg charge
(530 cc) of blanket material] could create a problem in collecting the plu-
tonium from such deposits. Heating the still pot from the bottom, rather
than from the sides, would probably be an improvement, because there
would be increased opportunity for bathing the still pot walls with reflux
material.

d. Materials and Eguipment Evaluation
(P. A. Nelson)

Studies are in progress to evaluate the compatability of
various materials with liquid metal and fused salt systems of the types
contemplated for reprocessing reactor fuels. Selection of materials for
EBR-II processing equipment is the main objective, but data of more gen-
eral interest are also being accumulated. Included in this report are
studies of the corrosion of tungsten and a 30 percent tungsten-molybdenum
alloy at 1000 C in the zinc-halide salt systems of the skull reclamation
process, a study of the stability of uranium-zinc solutions, and evaluations
of ceramic and metallic coating materials.

(1) Corrosion Studies
(M. Kyle, M. Deerwester)

Corrosion of Tungsten and Molybdenum-30 W/o Tungsten
Alloy in Zinc-Halide Flux Systems

Both tungsten and molybdenum-30 w/o tungsten alloy
are being tested as containment materials for zinc-halide flux systems.
Most of the previous testing was done at temperatures of 800 or 850 C for
100 to 500 hr (see ANL-6596, p. 70, and ANL-6648, p. 66). In an effort to
determine a practical limit of these materials for containment of zinc-
halide flux systems, the materials have been tested at a higher temperature. ‘




. A run has been made at 1000 C for 500 hr to test the
corrosion resistance of pressed-and-sintered tungsten and arc-cast
molybdenum-30 w/o tungsten (MoW) to conditions of the noble metal leach
step of the skull reclamation process. The conditions of the run and the
results obtained are presented in Table I-9. After the test, sharp edges
were still present on all of the specimens. Metallographic examination
showed that tungsten was attacked to a depth of about 2 mils. There was
some evidence that cavitation had occurred to a slightly greater depth.
The exposure conditions did not greatly affect grain size, indicating that
grain growth is not a problem with tungsten, even at 1000 C.

Table I-9

CORROSION OF TUNGSTEN AND MOLYBDENUM-30 w/o TUNGSTEN
ALLOY EXPOSED TO THE SALT-METAL SYSTEM OF THE
NOBLE METAL EXTRACTION STEP

Conditions
Time. 500 hr
Temp: 1000 C

Metal Phase: 40 g zinc

Flux Phase: 20 g of composition (In/o) of 46.6 LiCl. +4o0.6 MgCl,
4.8 MgF,, 2.0 ZnCl,

Containment: Mo-30 w/o W welded capsule enclosed in a 310 SS capsule

Specimen
Size- 009 x0.09x 1.5in; W, 3.9 g2 MoW, 2.7 g

One capsule containing all six specimens was contained in a rocking
furnace which was oscillated through 180° at 2 Cycles/mim

Specimen Thickness

Photomicrograph
Material Initial (mils) Change (mil) Results
W 90.1 +0.4 Some 2- to 4-mil cavitation
W 89.0 -0.7 with 2-mil intergranular
W 89.5 -0.5 attack
MoW 86.8 +0.3 2- to 8-mil intergranular
MoW 90.7 -0.3 attack. No obvious
MoW 90.7 -0.9 molybdenum leaching.
. The molybdenum-30 w/o tungsten alloy withstood

attack better than anticipated. This is probably attributable to the method
of testing. Initial testing of the molybdenum-tungsten alloy at 850 C
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(see ANL-6596, pp. 71-72) had indicated that leaching of the molybdenum
occurred. In one of these tests, a 500-hr test at 850 C, the final molyb-
denum concentration in zinc was calculated from the weight loss of the
specimen to be 0.015 w/o (assuming that all of the weight loss was as
molybdenum). This concentration is somewhat lower than the molybdenum
solubility in zinc, namely, 0.022 w/o at 850 C.

These initial tests were run in alumina crucibles so
that all the molybdenum present in solution could have come only from the
test specimen. In the tests whose results are given in Table I-9, it was
necessary to contain the test specimens in a molybdenum-tungsten capsule
having a large surface area compared to that of the specimen itself. The
ratio of exposed molybdenum-30 percent tungsten area to the zinc volume
was 10 sqg cm/cc as compared with 0.029 sq cm/cc: for the previous tests
made in alumina crucibles. In the capsule test, the molybdenum solubility
limit of 0.022 w/o would have been reached by molybdenum leaching from
the surfaces of the capsule and corrosion specimens to a depth of only
0 005 mil (50 percent removal of molybdenum to this depth). It may be
concluded that the rate of attack of the molybdenum-tungsten alloy by
molybdenum-saturated zinc solutions is very low. However, as indicated
by the previous tests in alumina crucibles. slow leaching of molybdenum
from the alloy may be expected by zinc which is not saturated with
molybdenum.

The performance of the welded molybdenum-tungsten
corrosion capsule was satisfactory. The capsule and lid were machined
from bar stock and the closure was made by conventional inert gas Heliarc
welding. Satisfactory techniques for welding the molybdenum-tungsten
alloy make possible the fabrication of leak-tight, high-temperature corro-
sion capsules, and also may be useful in the fabrication of process equip-
ment from this alloy.

(2) Materials Demonstration Runs
(G. A. Bennett, N. Quattropani)

A series of experiments to determine the effect of
small amounts of added impurities on the stability of uranium-containing
zinc-5 W/O magnesium solutions has been completed. In these experi-
ments, known amounts of impurities were added to the metallic solutions
contained in a pressed-and-sintered tungsten crucible, which is apparently
inert to dissolved uranium (see ANL-6569, pp. 52 and 53). The tempera-
ture was maintained at 800 C, and mixing was effected by means of a
molybdenum-30 w/o tungsten agitator {also inert to dissolved uranium ac-
cording to the above reference) rotated at 530 rpm.

Runs of this type have been made to determine the

effects of added silicon, Type 304 stainless steel, aluminum, and beryllium.
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(Silicon, aluminum, and beryllium might be introduced into solution by re-
duction of oxide crucibles containing one or more of these elements. Stain-
less steel might be introduced as fuel cladding fragments.) With the
exception of the beryllium additions, the runs were made in four stages:
Stage I a "blank" stage in which no added impurity was present (to estab-
lish the initial concentration and sampling reliabilities); Stage II a stage
with 500 ppm of added impurity; Stage IIl a stage with 1000 ppm of total
added impurity; Stage IV a stage with one or two percent of total added
impurity.

Because of the low density of beryllium (1.85 g/cc)
and its relative insolubility in the solution (estimated at 0.03 w/o at 800 C),
special precautions were taken to insure its dissolution. A known weight
of beryllium rod was held under the surface of the molten metal during the
dissolution period by means of a tantalum tube to which the beryllium was
fastened. In two separate beryllium additions, 0.027 W/O was added in the
first addition and a total of 0.051 w/o (probably beyond the solubility limit)
had been added after the second addition. No later additions of beryllium
were made. The beryllium content of the solution as determined spectro-
graphically was 0.04 percent (order of magnitude accuracy).

Analytical results, although not yet complete are
available and are shown in Figures I-13 to -16. These results may be
summarized as follows:

(1) The addition of silicon to zinc-magnesium caused
direct precipitation of uranium from solution (see Figure I-13) Since
essentially all of the silicon reacted in Stages II and III (less than 50 ppm
of silicon was left in solution after each stage), it was calculated that be-
tween 0.7 and 0.9 atom of silicon caused the precipitation of one atom of
uranium. Examination of the uranium-silicon phase diagram indicates
that the probable compounds formed were U,5i; and USi. Silicon addition
to a one percent concentration (a considerable excess on the basis of for-
mation of USi) caused essentially complete precipitation of the uranium,
the final uranium concentration being about 0.02 percent.

(2) No effect of stainless steel addition on uranium
concentration was observable for additions of up to 1000 ppm stainless
steel (see Figure I-14) as determined from colorimetric uranium analyses
(accuracy, +5 percent). Fifteen separate analyses of samples (taken during
the blank, 500 ppm, and 1000 ppm periods of the run) showed a uranium
concentration of 2.00 * 0.04 percent (+2 percent deviation). This is in
agreement with the calculated initial uranium concentration of 2.00 per-
cent. However, when Type 304 stainless steel was added to give a two per-
cent concentration of stainless steel, the uranium concentration dropped
slightly to an average value of 1.94 percent. This slight decrease can
probably be attributed tfo the reaction of uranium with impurities in the
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stainless steel, the principal possibility being silicon. Differential colori-
metric uranium analyses, accurate to +1%, are being obtained to check the
validity of this apparent decrease.

Figure I-13

STABILITY OF SOLUTIONS OF URANIUM IN FIVE PERCENT MAGNESIUM-
ZINC ALLOY IN PRESENCE OF SILICON

Test Temperature: 800 C

Crucible: Baffled Pressed-and-sintered Tungsten

Stirrer: Mo-30 w/o W

Stirring Speed: 530 rpm
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Figure 1-14

STABILITY OF SOLUTIONS OF URANIUM IN FIVE PERCENT MAGNESIUM-
ZINC ALLOY IN THE PRESENCE OF 304 STAINLESS STEEL

Test Temperature: 800 C

Crucible: Baffled Pressed-and-sintered Tungsten
Stirrer: Mo=30 w/o W
Stirring Speed: 530 rpm

Solid points indicate duplicate samples with analyses
agreeing within 2 percent.
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(3) No effect of aluminum addition on uranium con-
centration was observable for additions of aluminum up to one percent
total aluminum concentration. The data shown in Figure I-15 are based on
differential color analyses (estimated accuracy, +1%) for the first two
stages of the experiment, and on colorimetric analyses (estimated accu-
racy, *5%) for the last two stages of the experiment. This probably ac-
counts for several high uranium concentration values (only one of which
exceeds the estimated analytical accuracy) shown for the last two stages
of the run. The uranium concentrations for these last two stages are
being checked by differential colorimetric analysis.

Figure I-15

STABILITY OF SOLUTIONS OF URANIUM IN FIVE PERCENT MAGNESIUM-
ZINC ALLOY IN THE PRESENCE OF ALUMINUM

Test Temperature: 800 C

Crucible: Baffled Pressed-and-sintered Tungsten
Stirrer: Mo-30 w/o W
Stirring Speed: 530 rpm
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(4) The dissolved uranium and the added beryllium
did not react, as was indicated by the preliminary single-aliquot colori-
metric analytical results for uranium shown in Figure I-16. The variation
of analyses of samples taken throughout the run did not exceed the esti-
mated 5 percent analytical accuracy. The uranium content of a few samples
is being determined by means of differential colorimetric analysis.

(3) Fabrication of Ceramic Containers
(P. A. Nelson, Z. D. Jastrzebski,* W. Pehl, and
M. Deerwester)

A need for large ceramic vessels is envisioned for
future large-scale liquid metal processes. Beryllia, alumina, and mag-
nesia are among the ceramic materials which are sufficiently inert to

*Consultant from Lafayette College, Pennsylvania,
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process systems (magnesium-zinc and halide salt systems) to be consid-

ered as container materials. No commercial source of large crucibles of .
these materials having good resistance to thermal and mechanical shock

and low permeability to halide salts has been found. Crucibles formed by

ramming or casting and containing large prefired aggregates have good

mechanical properties but, unfortunately, also have high porosity and are

easily wet and penetrated by molten magnesium-zinc solutions. On the

other hand, low-porosity crucibles formed by slip casting or isostatic

pressing from very fine, highly reactive powders have poor thermal and

mechanical shock resistance.

Figure I-16

STABILITY OF SOLUTIONS OF URANIUM IN FIVE PERCENT MAGNESIUM-
ZINC ALLOY IN THE PRESENCE OF BERYLLIUM

Initial Concentration

wi(g) Percent
Zn 3402.5 92,09
Mg 186.81 5,06
U 105.3 2.85

Test Temperature;: 800 C

Crucible: Baffled, Pressed-and-sintered Tungsten
Stirrer; Mo=30 w/o W
Stirring Speed: 530 rpm
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In order to take advantage of the good mechanical
properties of porous, coarse-grained alumina crucibles, an attempt is
being made to seal the pores of these crucibles by coating or impregnating
the inner surfaces with a slurry or thin paste containing a finely divided
mixture of low-melting oxides. Subsequent firing of the crucible fuses the
coating or impregnating material, thereby sealing the pores.

In the last summary report (ANL-6687, p. 50) it was .
reported that Alundum crucibles that had been coated twice with an alcohol



slurry of Al,0;-41 percent CaO-7 percent MgO mixture (and fired after
each coating at 1300 to 1500 C) were impervious to water. In the cases
reported, the slurry was formed by premelting the proper mixture of
Al,0;, CaCO;, and MgCO; (CO, is driven off during melting), and then
crushing and ball-milling the melted product. In recent coating tests, the
coating material was made by premelting and ball-milling a mixture of
oxides to obtain, it was thought, the same coating material. (The only
change in procedure was the use of calcium and magnesium oxides instead
of carbonates.) However, alumina crucibles coated with this material
(especially with heavy coatings of this material) developed cracks during
the firing operation at 1400 C. In one firing, an uncoated crucible which
was fired at the same time as a coated crucible was unaffected, while the
coated crucible cracked.

Later tests have confirmed the supposition that the
difference in coating preparation was the primary cause of cracking of
alumina crucibles coated with the oxide mixture. Three crucibles coated
with a new batch of coating material prepared from alumina and carbonates
of calcium and magnesium did not crack on firing, and each was rendered
impervious to water with two rather thin (5- to 10-mil) coatings.

One of these coated alumina crucibles was tested for
its ability to contain zinc-5 percent magnesium-4 percent uranium solution
at 800 C in argon atmosphere. No noticeable leakage of liquid metal oc-
curred during the 10-hr holding period, and no cracks were evident. How-
ever, the frozen melt adhered tightly to the crucible coating, indicating
that wetting had occurred. On remelting of the metal, in order to pour it
out, the crucible cracked. The surface of the coating had been blackened
below the liquid level (indicating oxygen depletion), but otherwise it ap-
peared unaffected. Examination of several crucible fragments indicated
that the coating had adhered very tightly to the substrate and that penetra-
tion by the melt had occurred only to a minor extent through a few flaws in
the coating.

The other two coated crucibles were tested for their
ability to contain a molten salt of the composition (in m/o): LiCl1-47.5 MgCl,-
5 MgF, at 800 C. Onmne crucible successfully contained the salt during a
2-hr run. However, a small amount of the flux leaked from the secondcru-
cible at two flaws in the coating which had not been evident in tests with
water.

Application of the coating material to crucibles cast
from cement-bonded castable alumina has not resulted in an impervious
coating because of roughness and air pockets on the surface of the cast
shape.



It is concluded that although the coating adheres well
to alumina and has a measure of corrosion resistance to EBR-II process
systems, the application of the coating requires extreme care. Coatings
of this type appear to be limited, at present, to application on rather
smooth surfaces.

(4) Testing of Plasma-sprayed and Vapor-deposited
Coating Materials
(G. A. Bennett, W. A. Pehl, N. Quattropani)

Although pressed-and-sintered tungstencrucibles have
been shown to be satisfactory for thenoble metal-extraction and -reduction
steps of the skull reclamation process, and although thixotropically cast
beryllia crucibles have shown promise of being satisfactory for the pre-
cipitation and retorting steps, fabrication of crucibles from each of these
materials is expensive, and the size of such crucibles may be limited. A
possible method of overcoming both of these problems is to plasma-spray
coating materials having good corrosion resistance on other, less expen-
sive materials which can be fabricated into large shapes. Spraying may
be done in air or in an inert gas chamber. Various spraying techniques,
such as the use of graded coatings (i.e., coating layers of increasing pro-
portions of coating material and decreasing proportions of substrate
material), deposition of an intermediate layer, or plasma fusion (which is
really a welding operation), may be employed to increase bonding and re-
duce the susceptibility of the coated crucible to thermal shock. By proper
use of available techniques, it may be possible to obtain adherent coatings
even though the coating materials have coefficients of thermal expansion
which differ from those of the substrate materials. The limitations of
these methods for crucible fabrication appear to be primarily geometrical,
i.e., the crucible being coated must be of sufficient diameter (approximately
10 in.) to permit positioning of the spray gun at the proper distance from
all surfaces to be coated.

In order to survey the applicability of plasma spray-
ing to the coating of crucibles which must contain molten flux and uranium-
zinc-magnesium solutions, samples of possible substrate materials (each
sample was approximately 3 sq in. in area) were sent to Western Gear
Corporation, Lynwood, California, for coating by the various plasma-spray
techniques. The substrate materials, which were silicon carbide, graphite,
Alundum, and Type 430 stainless steel, were selected because of their
fabricability into large equipment, their low cost, and, in some cases, the
compatibility of their coefficients of thermal expansion with those of the
coating materials. The coating materials consisted of tungsten, beryllia,
zirconium diboride, and tantalum monoboride. The last two coating mate-
rials may have resistance to attack by oxide fluxes. The coating thickness
and powder particle sizes (10 mils and 12 to 44 u, respectively) were those
recommended by the Western Gear Corporation.




ing adherence.

The coated samples were tested by thermal cycling
between 300 and 800 C for a total of twelve times in an argon atmosphere.
At the conclusion of the run, all samples were visually examined for coat-

The results are given in Table I-10.

Table I-10

PERFORMANCE OF PLASMA-SPRAYED COATINGS SUBJECTED TO

THERMAL CYCLING BETWEEN 300 AND 800 C

Except when noted, the following conditions were employed:

Spraving Conditions

Sintering Conditions

Thermal Cycling Conditions

Coating Thickness: 10 mils

Powder Particle Size: 12-44 p

Spray Density: 93% theoretical (minirurm)
Glovebox Atmosphere: 5% H,-95% Argon

In argon for 3 hr at ~1200 C
Twelve cycles between 300 and 800 C

Substrate Material

Silicon Nitride-bonded
Silicon Carbide

Oxide-bonded Silicon
Carbide

Type CS Graphite

Type 430 Stainless
Steel

Alundum

Coating Material

Tungsten
Tungsten®
Tungstenb
Tungsten

Tantalum Monoboride

{Tungsten
Tungsten
Zirconium Diboride

(Tungsten®

Tungsten
Tungsten

< Tungsten

Tungsten
Beryllium Oxide

| Per yllium Oxide

rTungsten
Tungsten
J Tungsten

| Beryllium Oxide

2Tungsten layer: 30 mils.

bTungsten particle size: 8 u.
€Sintered in H, at ~1150 C for 3 hr.

dComposition of spray material varied from 100 percent substrate material to

100 percent coating, in 8 equal increments.
€Nibrobraz No. 120 used.

fTwo samples.

Spraying Technique

Observed Change
after Thermal
Cycling

Inert atmosphere box
Inert atmosphere box
Inert atmosphere box
Spraved in air

Inert atmosphere box

Ineri atmosphere box

Inert atmosphere box
Inert atmosphere box

Inert atmosphere box

Graded coatingd
Intermediate layer of
1-2 mils molybdenum
Intermediate layer of
1-2 mils tantalum
Brazing technique®
Brazing technique®

Sprayed in air

Inert atmosphere box
Graded coatingd
Intermediate layer of
1-2 mils titanium
Sprayed in air

None
None
None
None
Separation of
coating

None

None
Coating powdered
during cycling

Coating cracked
at corners

None
Separation of
coating
Separation of
coating

None
Could not achieve
adherence during
plasma spraying

None

None
None
None

None
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No obvious deterioration was noted, either visually
or photomicrographically, for tungsten-coated specimens of the following
materials: nitride-bonded or oxide-bonded silicon carbide, graphite, and
Alundum. For coating silicon carbide with tungsten, spraying in air was
as satisfactory a technique as the more complicated and expensive tech-
nigues of graded coatings or plasma fusion. The latter methods appear to
be necessary, however, for coating of Type 430 stainless steel with tung-
sten. Satisfactory adherence of beryllium oxide on either Alundum or
Type 430 stainless steel appears obtainable by simple spraying in air.

Test crucibles of tungsten-coated silicon carbide and
tungsten-coated stainless steel are being obtained for evaluation under
process conditions.

A tantalum-clad thermocouple was coated with tung-
sten by a vendor who used the vapor-deposition technique. However, part
of the coating was easily peeled from the substrate, and further peeling
occurred after four temperature cycles between 300 and 800 C.

e. Supporting Chemical Investigations
(R. K. Steunenberg)

Certain fundamental studies of molten salts and liquid
metals are being conducted in order to supply data for process use and to
gain a fuller understanding of the basic principles involved. During the
quarter, additional results have been obtained on the nature of the species
formed when uranium oxides are added to molten chloride solvents.

Reactions of Uranium Oxides in Molten Chloride Media
(M. D. Adams, D. A. Wenz, J. S. Tait)

It was reported previously (see Summary Report ANL-6569,
p- 54) that a uranium(V) species tentatively identified as the UO;_" ion is
formed by the reactions of higher uranium oxides or oxychlorides with
molten halide salts. A characteristic absorption spectrum for this species
in the visible and near-infrared regions has been observed in the following
solvents: (1) equimolar lithium chloride-magnesium chloride, (2) the
binary eutectic at 59 m/o lithium chloride and 41 m/o potassium chloride,
and (3) the ternary eutectic at 30 m/o sodium chloride, 20 m/o potassium
chloride, and 50 m/o magnesium chloride.

Further identification of the uranium(V) species as UO;’
ion has been provided by comparing its spectrum with that of the isoelec-
tronic neptunyl ion, NpOF*.* The two spectra have the same general
characteristics, and the ratios of the wavelengths of the corresponding
peaks are nearly constant.

lCohen, D., and Taylor, B., Some Observations of Np(VI) in Chloride
Solutions, J. Inorg. and Nuclear Chem. 22, 151-3 (1961).




The UO; ion is formed by the thermal decomposgition of

uranyl chloride in molten chloride solvents at temperatures above about
600 C:

2U0,Cl1, = 2UO0,Cl1 + Cl,. (1)

An investigation of Reaction 1 is being made to obtain additional informa-
tion on the UO; ion and its spectrum. Two solvent systems are being used,
the lithium chloride-potassium chloride eutectic, and the ternary sodium
chloride-potassium chloride-magnesium chloride eutectic.

Preliminary molar absorptivity values at 650 C for the
UO:g" species and equilibrium data for Reaction 1 have been determined
with a Cary Model 14 spectrophotometer modified to accommeodate a one-
centimeter square gquartz cell at temperatures up to about 800 C. For this
study, the apparatus shown schematically in Figure I-17 was connected to
the spectrophotometer cell. This apparatus permitted simultaneous meas-
urement of the optical absorptivily of the salt solution and determination of
the amount of chlorine evolved by Reaction 1. Each spectrophotometer
cell was provided with a stopcock through which the chlorine could be

Figure I-17

APPARATUS FOR THE COLLECTION AND MEASTUTREMENT
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removed and condensed in a liquid nitrogen cold trap. The chlorine was

then warmed to room temperature and expanded into a section of the ap-

paratus having a known volume, and its quantity was determined by pres-
sure measurement.

In each determination, uranyl chloride was added to the
molten chloride solvent, and the amount of chlorine produced was deter-
mined. The quantity of chlorine collected proved to be directly proportional
to the absorbance of the UOQ‘ peaks. When the uranium concentration in the
salt had been determined by chemical analysis, it was then possible to com-
pute molar absorptivity values in the two solvents. The spectra based on
these values are presented in Figure I-18.

Figure I-18

MOLAR ABSORPTIVITY OF UO;" ION IN THE
VISIBLE AND NEAR-INFRARED REGIONS
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The results of these experiments indicate that the molar
absorptivities can be measured with good precision (about 3 percent) in
solutions of uniform composition. However, small changes in the propor-
tions of the components of the solvents used had a marked effect on the
molar absorptivities.

By determining equilibrium chlorine pressures over the
salt as a function of the optical absorbance, it is possible to determine the
equilibrium constant for Reaction 1:

i (UO,CL)* (Pcy, [atm])

(UO,C1,)?

At 650 C, a preliminary value of Keq is about 107% atm in the lithium
chloride-potassium chloride eutectic.
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3. Reactor Materials
(R. K. Steunenberg)

Pyrometallurgical methods show promise as simple, econom-
ical procedures for producing nuclear fuel materials. Refractory com-
pounds of the actinide elements that are of interest as high-performance
reactor fuels can be prepared by reactions of the actinide elements with
carbon or other elements in liquid metal media. Other new synthetic
methods for the preparation of refractory compounds such as the carbides
and sulfides of uranium and plutonium are being investigated.

An effective procedure for the preparation of metallic fuel
materials is the direct reduction of actinide oxides or halides from a
molten halide flux by liquid metal solutions containing magnesium.

The experimental work during the past quarter has been con-
centrated mainly on the preparation of uranium carbides and sulfides, and
the direct reduction of thorium and plutonium oxides to the respective
metals.

a. Preparation of Uranium Monocarbide
(E. J. Petkus, J. F. Lenc, T. R. Johnson, J. P. LaPlante,
M. A. Bowden)

Construction and testing of equipment for the preparation
of uranium monocarbide on a 500-g scale by the reaction of uranium and
carbon in liquid metal solutions has been completed. The principal com-
ponent is a helium-vacuum glovebox, shown in Figure I-19. This glovebox
can be evacuated with the metal covers of the glove ports in place. After
the box is filled with high-purity helium at atmospheric pressure, the
covers are removed to permit use of the gloves. The other major com-
ponents are a reaction-phase transfer furnace (shown in position under the
glovebox in Figure I-19) and a vacuum retorting furnace which can be at-
tached to a part on the floor of the glovebox. Materials can be transferred
into and out of the glovebox through a vacuum lock, thereby avoiding con-
tamination of the materials or the box by the atmosphere. The connection
between the furnaces and the glovebox can also be evacuated and filled
with high-purity helium, then opened to permit transfers of materials be-
tween these components without exposure to air.

This equipment is presently being used to develop pro-
cedures for the preparation of 500-g batches of high-purity, stoichiometric
uranium monocarbide. Particular attention is being given to reducing the
oxygen and nitrogen content of the product to low levels. Subsequent evalu-
ation of the product for fabrication into reactor fuel shapes will be per-
formed by the Metallurgy Division.
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Figure I-19

VACUUM GLOVEBOX FOR
URANIUM MONOCARBIDE
PREPARATION

108-6086

The preparative method currently under investigation in-
cludes the following steps: (1) dissolution of metallic uranium in zinc
containing a low concentration of magnesium, (2) addition to the metal
solution of degassed activated charcoal in the amount required to form ura-
nium monocarbide, (3) a phase separation to remove the bulk of the super-
natant liquid metal from the precipitated uranium monocarbide, and
(4) retorting under vacuum to remove residual zinc and magnesium from
the product. Analytical data are not yet available for the 500-g batches of
material recently prepared.

b. Development of New Methods for Preparation of
Uranium Carbide
(I P. LaPlante, H. E Griffin)

Attempts are being made to develop new methods for the
preparation of uranium-carbon compounds with different, but reproducible
uranium-to-carbon ratios, and to determine the effects of impurities and of
various carbon-to-uranium ratios on the physical properties of the product.



Several scouting experiments were performed, in which
magnesium carbide, prepared by the reaction of magnesium chloride and
calcium carbide,2 was added to uranium tetrafluoride or magnesium
uranate dissolved in a flux (32.4 m/o sodium chloride-19.3 m/o potassium
chloride-48.3 m/o magnesium chloride). The reaction vessel consisted of
a quartz tube open to the atmosphere, and the temperature range was about
460 to 750 C. The magnesium carbide appeared to react readily with the
dissolved uranium compounds, as evidenced by an immediate change in the
color of the flux from yellow or brown to white, and the formation of a
black precipitate. The precipitate has been found to react with water, but
has not been completely characterized.

An additional experiment was performed in which magne-
sium carbide was added to uranium tetrafluoride dissolved in a flux com-
posed of 35.0 m/o lithium chloride and 65.0 m/o magnesium chloride. A
black product that precipitated from the solution was separated from the
bulk of the flux by filtration in an inert atmosphere. An X-ray diffraction
pattern of the product indicated the major phase to be uranium monocarbide.

Plans are being made to perform additional experiments
under more closely controlled conditions in order to characterize the prod-
uct more fully and to determine its purity.

c. Preparation of Uranium Monosulfide
(S. Vogler, J. P. LaPlante, J. A. Trischan)

The major objective of this work is to prepare uranium
monosulfide that is suitable for evaluation as a reactor fuel material. A
product of controlled composition and satisfactorily low impurity content
is desired. To fulfill this objective, it is necessary to characterize by
various physical and chemical methods the uranium monosulfide prepared.

Procedure

3 was

The preparative method of Eastman and coworkers
chosen for the initial work. This procedure consists of three steps: (1)bulk
uranium metalis hydrided and dehydrided until a finely divided reactive
powder is formed, (2) the uranium powder is heated with the stoichiometric
quantity of hydrogen sulfide required to form uranium monosulfide, and
(3) the resulting mass of unreacted uranium and higher sulfides is ground,
sieved, mixed, and then heated in vacuum to about 1900 C to form homo-

geneous uranium monosulfide.

2‘Schneider, A., The Preparation and Thermal Stability of Magnesium
Carbides, MgC, and Mg,C;, Z. anorg. u. allgem. Chem. 279, 94 (1955).

3Eastrnan, E. D., Brewer, L., Bromley, L. A., Gilles, P. W., and
Lofgren, N. A., Preparation and Properties of the Sulfides of Thorium
and Uranium, J. Am. Chem. Soc. 72, 4019 (1950).
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Results

A series of uranium monosulfide preparations on a 40-g
scale has been completed, and the products have been analyzed. Some of
the results are presented in Table I-11. Common impurities in the product
are the oxides and oxysulfides of uranium, which are insoluble in dilute
sulfuric acid when present as a separate phase. Thus a rough estimate of
the purity of the product can be obtained readily by dissolving the uranium
monosulfide in dilute sulfuric acid and weighing the insoluble material.
However, more reliable analytical data on the oxygen and nitrogen contents
were obtained by direct determinations of these elements.

Table I-11

COMPOSITION OF URANIUM MONOSULFIDE SAMPLES

Total X-ray Results
Run Insolubles® Oxygen Nitrogen UraniumP S/U .
No. (w/o) {w/o) (w/o) (w/o) (atomic ratio)d {A)® Minor Phases
12 0.42 0.23 87.50 1.06 5.480
13A 3.2 0.22 88.20 0.98 5.480
15 1.03 0.001 0.077 87.46 1.06 5.481
16-1 0.04 0.089 87.79 1.03 5.487
16-2 0.04 0.0095 5.487
16-3 0.25 0.42 87.77 1.03 5.487
17-1 2,02 0078 0.083 87.18 1.08 5.482  Possibly UsSg
17-2 1.95 86.65 1,14 5.484  U,Ss, U,S;
18-1 0.1 0.24 0.063 86.86 1.12 5.481 Possibly UsSg
18-2 2.8 86.81 1.12 5.484  Possibly UsSs
19-1 0.0 0.085 0.0035 88.22 0.99 5.484
19-2 0.0 0.084 88.11 1.00 5.487
20-1 0.0 0.027 87.85 1.03 5.485
20-2 0.0 87.83 1.03 5.487

2In dilute sulfuric acid.
bDetermined by ignition of the sulfide to U;0,.
CLattice parameter.

dCalcu.la.ted value, based on uranium weights corrected for uranium content of
the insolubles.

The uranium contents of the products were determined by
igniting samples of the sulfide to uranosic oxide, from which the amounts
of uranium were calculated. By making corrections for the uranium con-
tent of the insoluble material, it was possible to compute the sulfur content
and the sulfur-to-uranium ratio of the uranium sulfide.

The products from Runs 19 and 20 in Table I-11 appear to
be satisfactory on the basis of the insolubles content and the uranium con-
tent. The products from Run 20 showed an oxygen content greater than
0.1 w/o, but the specific values are not listed in Table I-11 because of poor
precision of the results. The oxygen contents found for the products from




Runs 19 and 20 cannot be attributed to the phase that is insoluble in sulfuric
acid. It is believed that this oxygen may be present as a solid solution in
the uranium monosulfide. This possibility has been discussed by Cater.*

In those instances for which a substantial part of the oxygen content cannot
be accounted for by the presence of insolubles, values calculated for the sul-
fur contents of the products may be in error. In order to obtainunambiguous
results, direct determinations of the sulfur content will be made in future
experiments.

The nitrogen contents of the products varied considerably
(from 0.0035 to 0.083 w/o). In general, the higher nitrogen contents were
associated with smaller lattice parameters. This effect is attributed to the
formation of solid solutions of uranium mononitride and uranium monosul-
fide. An exception to this behavior was found for Run 19-1, in which a
small lattice parameter was observed in a sample with a low nitrogen
content.

Analyses of several samples of uranium monosulfide showed
approximately 1000 ppm carbon to be present in each sample. The source
of the carbon is believed to be carbon monoxide or carbon dioxide present
as an impurity in the hydrogen sulfide. These impurities can be removed
by holding the hydrogen sulfide under vacuum at liquid nitrogen temperature
for at least one hour. This purification step will be used in all future
experiments.

Several of the uranium monosulfide products were also
analyzed spectrographically for metallic impurities. The results indicated
that impurity levels in the uranium metal

Table I-12 and the uranium monosulfide product do
EFFECT OF REHEATING ON INSOLUBLES AND_OXYGEN not differ greatly.
CONTENTS OF URANIUM MONOSULF IBE
Insolubles (wfo@ Oxygen Gwfo) Effect of Reheating

Run No, Initial Reheated Initial Reheated
1340 32 056 0.2 015 Several samples that were known
%;l—)zc %gg 8:856 0.058 0.34 to contain oxygen were reheated in vac-
18-20 2.8 0.83 - - uum at 1900 C or arc-melted to determine
" an ditute sulfuric acid. whether the amount of oxygen would thereby

baterial from this run arc-melted in argon-helium mixture. he decreased. The results from several
Chiaterial from this run heated in vacuum at 1915 C for 4 hr. ‘

UMaterial from this run heated in vacuum at 1900 C for 6 hr. such samples, presented in Table I-12,
show that the insolubles content of the
uranium monosulfide is reduced by reheating in vacuum or by arc-melting.
The results of the direct oxygen analyses show a less definite effect and
suggest that the principal effect of reheating is the formation of solid
solutions.

*E. D. Cater, The Vaporization, Thermodyvnamics, and Phase Behavior
of Uranium Monosulfide, ANL-6140 (March 1960).
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d. Reduction of Thorium Dioxide

(W. H. Hauschildt,* J. B. Knighton, J. W. Walsh)

The objective of this work is to develop a practical method
for the reduction of thorium dioxide to the metal by means of a liquid metal-

flux technique.

Figure 1I-20

EFFECT OF THORIUM DIOXIDE TO FLUX WEIGHT
RATIO ON THE REDUCTION OF
THORIUM DIOXIDE

Temperature; 850 C
Mixing Rate: 1000 rpm
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*Dow Chemical Co.

The thorium dioxide, suspended in a molten halide flux of

the proper composition, is reduced
to the metal by liquid magnesium-
zinc alloy. Previous work on this
problem has been reported in pre-
vious Summary Reports (ANL-6477,
p- 43; ANL-6569, p. 66; ANL-6648,
p. 90; ANL-6687, p. 59). Further
investigations have been made of the
relationship between the weight ratio
of thorium dioxide feed to flux and
the reduction of thorium dioxide.
The suitability of various materials
for use as crucibles in the reduction
process was evaluated briefly.

A correlation between the
weight ratio of thorium dioxide to
flux and the extent of reduction is
shown in Figure I-20. The flux
(300 g) consisted of 10 m/o magne-
sium fluoride and 90 m/o magnesium
chloride, the zinc phase (600 g) con-
tained about 10 w/o magnesium at
the completion of reduction, and the
reaction was carried out for 4 hr at
850 C in a baffled tantalum crucible.
The amount of thorium dioxide varied
from about 30 to 80 g. It appears
that for complete reduction under
these conditions, a thorium dioxidec-
to-flux weight ratio of less than 0.2
is required.

Preliminary reductions were
performed in crucibles made of the
following materials: pressed-and-
sintered tungsten, ATJ graphite,
silicon nitride-bonded silicon car-
bide (Norton Crystolon 401), and




alumina (Norton Alundum 213). Thorium dioxide reductions were carried
out for 4 hr at 850 C with the 10 m/o magnesium fluoride-90 m/o magne-
sium chloride flux, and about 10 W/O magnesium in the magnesium-zinc
alloy. The product ingot for each reduction was retorted to remove the
zinc and magnesium, and the resulting thorium metal sponge was arc-
melted. Analyses of the products from the reduction in tungsten showed
the tungsten content to be below the limit of detection ({500 ppm). Reduc-
tion in either graphite or silicon carbide appeared to increase the carbon
content of the product, which was 0.34 percent for the former and 0.18 per-
cent for the latter, compared with about 0.025 percent for reductions per-
formed in tungsten and alumina. The silicon content of the product from
the silicon carbide crucible was one weight percent or more, as determined
by spectrographic analyses. Use of the alumina crucible resulted in a
product containing one percent or more aluminum. Although tantalum and
tungsten appear to be satisfactory crucible materials from the viewpoint

of integrity and lack of product contamination, it would be desirable to use
materials that are less expensive and more easily fabricated.

e. Reduction of Plutonium Dioxide
(1. B. Knighton, J. D. Schilb, J. W. Walsh)

The development of reduction procedures for uranium and

thorium oxides by zinc-magnesium alloys in the presence of fluxes prompted

a study to determine whether this technique could be extended to the reduc-
tion of plutonium dioxide. One previous experiment, reported in Summary
Report ANIL-6287, p. 57, had given a preliminary indication that plutonium
dioxide could be reduced by this procedure.

Effect of Flux Composition

The rate and extent of reduction of uranium and thorium
oxides are strongly dependent on the composition of the flux. Four pluto-
nium dioxide reduction experiments were carried out with fluxes which
had resulted in both good and poor reductions of uranium and thorium
oxides. The amount of plutonium dioxide used was sufficient to produce a
1.0 W/o plutonium concentration in the zinc-5 w/o magnesium alloy on
complete reduction. (Plutonium at a concentration of 1.0 W/O is well below
the saturation concentration of plutonium in zinc at 800 C.)

The experimental conditions and results of these experi-
ments are presented in Table I-13. The reduction of plutonium dioxide,
unlike that of uranium and thorium oxides, was rapid and complete in all
the fluxes used. The reduction appeared to be relatively independent of
the flux composition and did not require magnesium chloride as a major
constituent, as is required for uranium and thorium oxide reductions. This
difference in reduction behavior may represent a method of separating plu-
tonium from uranium and thorium.
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Table I-13

EFFECT OF FILUX COMPOSITION ON REDUCTION
OF PLUTONIUM DIOXIDE

Experimental Conditions

Temperature: 800 C
Mixing Rate: 800 rpm

Crucible: Tantalum
Atmosphere: Argon
Metal: 600 g Zn-5 w/o Mg
Flux: 300 g {of specified composition)
PuO,: 7.13 g (1.0 w/o Pu in metal phase at 100% reduction)
Pu Conc after
120 min (w/o) Percent
Reduction
Flux Composition In Metal In Flux, of Pu0,?
95 m/o MgCl,-5.0 m/o MgF, 0.95 0.0109 99.5
47.5 m/o LiC1-47.5 m/o CaCl,-5.0 m/o MgF, 0.88 0.0007 99.94
47.5 m/o KC1-47.5 m/o CaCl,-5.0 m/o MgF, 0.97 0.0034 99.9
47.5 m/o KC1-47.5 m/o LiCl-5.0 m/o MgF, 0.95 0.0038 99.4

2Based on amount of plutonium remaining in the flux after 120 min.

Effect of Magnesium Concentration

Six additional plutonium dioxide-reduction experiments were
conducted, with a 47.5 m/o calcium chloride-47.5 m/o magnesium chloride-
5.0 m/o magnesium fluoride flux and zinc-magnesium alloy with magnesium
concentrations ranging from 1 to 70 W/o. The results are presented in
Table I-14. The optimum reductions occurred at about 10 w/o magnesium.

Table I-14

EFFECT OF MAGNESIUM CONCENTRATION ON REDUCTION
OF PLUTONIUM DIOXIDE

Conditions

Temperature: 800 C
Mixing Rate: 800 rpm

Crucible: Tantalum

Atmosphere: Argon

Metal: 600 g Zn-Mg {(of specified composition)

Flux: 300 g 47.5 m/o CaCl,-47.5 m/o MgCl;-5 m/o MgF,
PuO,: 7.13 g (1.0 w/o Pu in metal phase at 100% reduction)

Pu Conc after
120 min (w/o)

Pu conc in flux, w/o

Mg (W/o) in In Flux % Reduction Ky = Pu conc in metal, W/o
Mg-Zn Alloy  In Metal {x 10%) at 120 min® (x 10%)
1 0.90 4.00 98.0 4.40
3 0.89 1.23 99.4 1.38
5 0.98 1.11 99.3 1.13
10 0.92 0.995 99.5 1.08
40 0.90 3.60 98.2 4.00
70 0.81 13.0 93.5 16.1

2Based on plutonium remaining in flux phase.



The distribution coefficients,

Pu conc in flux, w/o
Pu conc in metal, W/O

Kd:

H

for plutonium betlween magnesium chloride and zinc-magnesium alloy (sce
ANL-6569, p. 40) show a minimum at about 10 w/0 magnesium. These

Figure 1-21

DISTRIBUTION OF PLUTONIUM BETWEEN ZINC-
MAGNESIUM ALLOY AND MAGNESIUM CHLORIDE
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solution.

distribution coefficients and the
distributions obtained in the six plu-
tonium dioxide reduction experi-
ments are compared in Figure I-21.
The distribution coefficient curve
for the reduction experiments,
shown as the dashed line, is displaced
nearly uniformly below the curve for
This
downward displacement is in agrec-
ment with the results obtained in

a magnesium chloride flux.

other distribution experiments (see
ANL-6596, p. 64) when the magne -
sium chloride concentration in the
flux was lowered by dilution. It
therefore appears that the distribu-
tion coefficient for plutonium between
the two phases is the factor which
limits the extent of plutonium dioxide
reduction.

Analyscs of filtered metal
samples and flux samples showed
considerable scatter, and were
biased toward low material balances.
It was found that the reduction data
based on the flux samples were re-
liable and that the apparent pluto-
nium losses had resulted {from
interactions with impurities, causing
a small percentage of the plutonium
to precipitate from the liquid metal

For example, in one experiment, analysis of the filtered metal

samples indicated that the reduction was only 90 percent complete, whereas
analysis of the flux samples showed 99 percent removal of the plutonium

from the flux.

When two pie-shaped samples of the ingot were dissolved

and analvzed, however, 100 percent of the theoretical amount of plutonium
was found in the metal phase, thereby indicating that about 10 percent of
the plutonium had precipitated.

-
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The liquid metal-flux method for the reduction of pluto-
nium dioxide to the metal appears to be highly satisfactory, and it has the
advantage of a substantial reduction in the neutron hazard in that the (o ,n)
reaction is much less efficient in plutonium oxides than in the fluorides.
Although this technique may be useful for the practical production of plu-
tonium metal or for the recovery of plutonium from scrap that is gener-
ated by existing processes, no further experimental work is planned on
this aspect of the problem. Serious consideration of a process of this type
would require much additional work on techniques for recovering the re-
duced metal, scale-up problems, engineering feasibility, and economic
factors. However, further studies will be made of this technique as a step
in the reprocessing of uranium and plutonium oxide and carbide reactor
fuels by pyrometallurgical methods.

B, Fuel-p;qggﬁsﬁging Facilities for EBR-II
(3. H. Schraidt, M. Levenson, L. F. Coleman)

A direct-cycle fuel-reprocessing plant based on pyrometallurgical
procedures was designed and is being constructed as part of the Experi-
mental Breeder Reactor No. II (EBR-II) Project. Melt refining, liquid
metal extraction, and processes involving fractional crystallization 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.

1. Status of Fuel Cycle Facility

a. Building and Building Services
(. 0. Ludlow, M. A. Slawecki, H. L. Stethers)

(1) Operation during Argon Cell Leak Tests

The air in-leakage rate of the Argon Cell has been
determined in a series of tests (see ANL-6687, p. 63). For the last test
of the series the air in the Argon Cell was replaced with nitrogen. Residual
oxygen (one percent) was further reduced by operating the Argon Cell
atmosphere-purification system. The air in-leakage rate was periodically
determined by measuring the increase in the oxygen level of the cell atmos-
phere during various testing periods when the argon-purification system
was not in operation. The results of the leak tests indicated an air in-
leakage rate of less than 0.006 cfm at a pressure in the Argon Cellof -4 in.
water.

While the cell was filled with nitrogen, investigations
were undertaken to determine the effect that opening of certain penetrations
into the Argon Cell would have on the composition of the cell atmosphere.
The tests were necessary because similar openings will be made imme-
diately after the cell is filled with argon to replace shielding plugs in fill
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and vent penetrations and may be made again at some later date. The pene-
trations into the cell were opened one at a time while the pressure in the
cell was near atmospheric pressure. The openings were maintained for
various periods of time up to 5 min. The passages that were opened in-
cluded a horizontal penetration in the wall (of 5-in. diameter by 5 ft long),
a vertical penetration in the roof of the cell (of 7-in. diameter by 5 ft long),
and both ends of one of the small (2-sq ft opening) transfer locks mounted
horizontally in the wall between the Argon Cell and the Air Cell. The
opening of these penetrations caused no significant change in the oxygen
level of the cell atmosphere. When both ends of the large (6-ft-diameter)
transfer lock, which is mounted vertically in the floor, were opened for
4—;— min, the oxygen level in the Argon Cell increased from 10 to about

300 ppm. No detectable increase in the inventory of the gas in the Argon
Cell occurred during these tests.

During the nine-week period that the Argon Cell con-
tained nitrogen, operation of the cell pressure-control system and the
argon-purification system provided an opportunity for operational testing
of the equipment and for training of operators. During this period the cell
pressure-control system was operated continuously, and it was found pos-
sible to maintain the pressure in the cell at set point pressures which were
varied between +0.5 and -6 in. water (usually -4 in.). The effects of changes
in the rates of heat evolution in the Argon Cell and in outside temperature
and barometric pressure were noted. The rates of heat evolution in the
cell varied from 100,000 to 370,000 Btu/hr. The overall pressure-control
system of the Argon Cell, which includes emergency exhaust and emergency
fresh gas (argon) feed systems, operated satisfactorily and is considered
adequate for maintaining the cell pressure within controlled limits under
plant processing conditions.

Toward the end of the air in-leakage tests, a bearing
failed in the compressor used in the argon-purification system. The bearing
was removed and is being studied to determine the probable cause of its
failure. To remove the bearing, it was first necessary to remove the com-
pressor from its enclosure. The removal was difficult and the compressor
enclosure is being redesigned to overcome this difficulty.

(2) Purification System for Inert Atmosphere Glovebox

Two inert atmosphere glovebox systems will be used
for work associated with fuel processing. One glovebox system will be in-
stalled in the Fuel Cycle Facility; the other will be installed in the Labo-
ratory and Service Building. Each system will include a purification system
to remove oxygen and water vapor continuously from the argon used in the
glovebox (see ANL-6687, p. 68). The components of the system are mounted
on a portable base and consist of a Molecular Sieves* dryer, a palladium

*A product of the Linde Co., Division of Union Carbide.
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catalyst bed, a blower, and a control panel. Each system will also include
analytical instruments to determine the concentrations of oxygen, water
vapor, and nitrogen in the glovebox atmosphere.

One purification system was installed and leak tested
in the Fuel Cycle Facility. The associated gloveboxes were then purged
with argon and tests started to determine the in-leakage rate. The tests
showed that air leakage into the gloveboxes when they are not being used
is 0.015 percent of the system volume per day or 0.037 cu ft per day.
Nitrogen in the system was reduced to 0.6 percent or lower by the initial
purging. The oxygen has been reduced to 2 ppm while water in the system
has been decreasing slowly as the box continues to out-gas.

The second purification system for removing water
vapor and oxygen from gloveboxes has been fabricated, tested, and shipped
to the Idaho site.

The purification system was connected to a 30-cu ft
glovebox for testing. The glovebox atmosphere was continuously monitored
for water vapor and oxygen content while the glovebox gas was being cir-
culated through the purification system at a rate of approximately 7 cu ft/
min. Test results indicated that the atmosphere in the 30-cu ft glovebox
can be maintained at an oxygen content of less than 3 ppm and a water
vapor content of less than 3 ppm.

Two analytical instrument panelboards™® have been re-
ceived, successfully tested, and shipped to the Idaho site. Each instrument
panelboard consists of a water vapor analyzer, with a range of 0-1000 ppm
of water vapor, an oxygen analyzer, with a range of 0-1000 ppm of oxygen,
and a nitrogen analyzer, with a range of 0-10 percent nitrogen.

b. Cell Transfer Locks
(G. J. Bernstein, A. A. Chilenskas, J. Graae)

Air Cell Hatch Cover and Drive

The cover for the 7-ft square hatch connecting the Air
Cell to the Transfer Cell is being installed. The cover is designed to sup-
port 10,000 1b, and to be opened and closed by means of a remotely oper-
ated electric motor drive, which operates a chain hoist. Limit switches
stop the drive automatically in the open and closed positions of the hatch
cover. The motor drive is identical with those provided for the window
shutters (see ANL-6687, p. 65). A slip clutch, which is also identical with
those used in the window shutter drives, prevents overloading the mecha-
nism. Both the motor drive unit and the chainhoist canbe remotely replaced. .

*A product of Manufacturers Engineering and Equipment Corp.
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c. Miscellaneous Cell Service Equipment
(J. Graae, H. Stethers, M. Slawecki)

Storage Racks for Fuel Subassemblies

A storage rack for four fuel subassemblies has been de-
signed, and two such racks have been ordered. The rack will fit into a
12-in.~diameter by 10-ft-deep storage pit; ten such storage pits are pro-
vided in the floor of the Air Cell. Four pits will be modified to provide
piping for coolant air to the bottom of the pits. The piping in each pit
terminates in a ball joint which fits a companion socket on the bottom of
the storage rack. Racks will be installed in two of the pits; temporary
closures equipped with sockets will be placed on the ball joints in the other
two pits. This procedure permits the latter pits to be used for other stor-
age purposes until such time as expanded requirement for subassembly
storage makes it necessary to install additional racks in those pits.

Cooling air will be supplied by a blower located outside
the Air Cell. Each rack will consist of a cluster of four storage tubes. A
valve, located at the bottom of each tube, will automatically open when a
fuel subassembly is placed into the tube, thereby admitting cooling air. An
orifice in the valve will permit passage of some cooling air even when the
valve is closed. This prevents overloading of the blower, which will be of
the positive-displacement lobe-type.

2. Service Equipment Development

a. Interbuilding Fuel Transier Coffins
(G. J. Bernstein, A. A. Chilenskas)

Fuel subassemblies containing spent or reconstituted fuel
will be transported between the Reactor Building and the Air Cell of the
Fuel Cycle Facility in 20-ton interbuilding fuel-transfer coffins (see
ANL-6687, p. 65). One coffin, which was designed and built by a commer-
cial fabricator, has been delivered to Idaho. A second coffin, which was
designed by personnel of Argonne National Laboratory, is currently being
built at Argonne.

Tests of the Argonne coffin revealed difficulty in the oper-
ation of the large shielding plug which seals the top of the coffin. This plug
is driven by a horizontal screw shaft which passes through a seal plate.
When the plug and the coffin body were filled with lead, the mating surfaces
warped, which caused binding of the plug. These surfaces have been re-
finished, and additional support bearings have been provided for the screw
shaft. The plug assembly has been installed and functions satisfactorily.
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The gas-circulation blower, the blower motor, valves, and ‘
piping are being prepared for installation. The completed coffin will be
tested with a resistance-heated subassembly to determine the heat-removal
performance and the pressure drop in the circulating coolant gas.

b. Interaction of Fuel Pins and Pin Charger
(W. E. Miller, H. Stethers)

Spent fuel pins, after decanning, will be sheared to approxi-
mately 1%——111. lengths. These sheared pins will be collected in a pincharger
for transfer to the crucible in the melt refining furnace. The sheared pins
will have a surface layer of the sodium that is used for thermal bonding of
the fuel pins to their stainless steel jackets. The pins may be at an ele-
vated temperature due to radicactive decay.

The pin charger consists of a closed, shallow, rectangular
box with a pouring spout at one end. The surfaces contacted by the pins
are stainless steel. The pins normally lie on the bottom of the box, which
is held in a horizontal position until the pins are to be poured. For proper
operation of the pin charger, the pins must slide or roll along the bottom
of the pin charger when it is tilted in the pouring operation. Several ex-
periments were made to determine if interactions between a heated stain-
less steel plate and bare or sodium-coated pins would prevent free
movement of the pins.

In the first experiment, bare uranium-fissium pins were
used. To remove any oxide coating, the pins were polished inside a glove-
box (argon atmosphere containing 3 ppm oxygen, 3 ppm water, and less
than one percent nitrogen) and were then placed on a stainless steel plate
at 550 C within the glovebox. The pins were on the plate for 3 hr, during
which time the temperature of the plate was maintained at 550 C. No in-
teraction between the pins and plate was noted. When the hot plate was
tipped, the pins rolled and slid freely.

In the next experiment, sodium-coated pins were used.
The pins were polished inside the glovebox and were then placed in a
sodium bath at 450 C. In about l—j;_—hr the pins became wetted with sodium.
They were then removed from the sodium bath and placed in a rectangular
stainless steel box with a removable top cover. The bottom of the box was
heated until its temperature reached 450 C. This temperature was main-
tained for 2 hr, when the top cover of the box was removed. All the sodium
had evaporated from the pins and had deposited on the underside of the
cover. The experiment was repeated. However, in this experiment the
bottom of the box was heated to only 300 C. After the temperature had
reached 300 C, the top cover of the box was removed at %-hr intervals and ‘
the condition of the sodium film on the pins was observed. During these




observation periods the pins were moved around on the tray to see whether
any sticking of the pins to the stainless steel had occurred. No sticking
was observed. The experiment was terminated after 3 hr, since all the
sodium had evaporated from the pins and was found deposited on the re-
movable top cover.

The stainless steel surfaces were not wetted by the sodium
during the experiments with sodium-coated pins. Therefore, the effect of
such wetting on the interaction between the pins and the stainless steel sur-
faces is not yet known.

In plant operation it is possible that portions of the pin
charger will become coated with sodium by condensation of the metal on the
cooler surfaces of the charger. However, it should be possible to remove
the sodium deposits by heating the entire tray to vaporize the sodium.

c. Miscellaneous Service Equipment Development
(G. Bernstein, A. Chilenskas, W. Miller, M. Slawecki)

(1) Exhaust Air Prefilter

Approximately 5000 cfm of building air flows through
openings in the Air Cell wall, through the Air Cell, and into the Transfer
Cell. From this area, the air enters a 24-in. square duct which connects
to the building exhaust air duct. In order to reduce the possibility of par-
ticulate contamination of the building duct, a prefilter has been designed
for installation in the Transfer Cell. The prefilter consists of a plenum
approximately 5 ft high, S%ft wide, and 2 ft deep covering the 24-in. duct
opening in the Transfer Cell wall. The face of the plenum is a hinged door
which contains six standard commercial 20 x 20 x l-in. fiberglass filters.
The door containing the filters will be remotely removable through the Air
Cell floor hatch by means of the operating manipulator. This operation
will permit the remote replacement of the filters.

3. Process Equipment Development

a. Skull Oxidation Equipment
(W. E. Miller, M. A. Slawecki, H. L. Stethers)

After the melt refining step is carried out, a skull remains
in the zirconia crucible. The skull contains significant quantities of fission-
able material which will be recovered by means of the skull reclamation
process. The skull will be removed from the melt refining crucible by con-
verting the metallic skull to an oxide powder which can be poured out of the
crucible. Equipment is being developed for the oxidation of skulls and for
the transfer of oxide powders.

93
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The control system (see ANL-6687, p. 70) for the skull
oxidation furnace was used to control the oxidation of twelve skulls ranging
in weight from 300 to 1300 g. Some of the skulls contained cerium and
some did not. The system worked satisfactorily in all cases. The oxidized
material was removed from the crucibles by means of a dumper that is
being developed for this purpose No crucible fragments were visible in
any of the oxide products. A small amount of oxide (about 1to 5 g) re-
mained in each crucible after the oxide powder was dumped.

It has been proposed that partially oxidized skulls be used
in the skull reclamation process. In order to determine the degree of oxi-
dation that is required before a skull can be removed from a crucible, two
fissium-cerium skulls were partially oxidized. The oxidations were carried
out in the oxidation furnace with the crucible held in a secondary container
in the normal, upright position.

A 479-g skull, contained in a zirconia crucible, was oxi-
dized 37 percent. The steel container holding the zirconia crucible was
placed in the dumper and inverted, and 237 g of material fell out. A metal
cup or skull remnant was retained in the crucible. The crucible in its steel
container was placed back in the oxidation furnace and 10 percent of the
residual skull material was oxidized. After this additional oxidation, the
container and crucible were inverted by hand; however, only a small
amount of material fell out. While the crucible was inverted, the steel,
secondary container was removed The bottom of the crucible, which had
broken away from the side walls during oxidation, was also removed. A
metal cup, which was wedged against the cylindrical portion of the crucible,
remained. Figure I-22 shows the remainder of the crucible which contained
the wedged metal cup. The tape fastened around the crucible was added,
before the crucible bottom was removed, to keep the fragmented, upper sec-
tion of the crucible intact The residual metal cup weighed about 200 g and
was essentially unoxidized metal.

Figure I-22

PARTIALLY OXIDIZED MELT
REFINING SKULL

(Bottom of crucible became
separated during the run and
is not shown)

108-6000 Rev.
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In a second experiment, a 540-g skull was oxidized to the
extent of 50 percent. Results similar to those described above were
obtained.

The results of these experiments indicate the following:

(1) Partial oxidation (50% or less) does not completely
destroy the integrity of the skull, even though such
oxidation loosens the skull from the crucible wall.

(2) When a skull is partially oxidized in a standard melt
refining crucible maintained in an upright position
during oxidation, only a portion of the skull material
falls out of the crucible when it is inverted.

If oxidation occurs in an inverted crucible (see p. 43), the
skull will fall out at a degree of oxidation which is probably less than that
required to assure release from a crucible in which oxidation took place
in an upright position. However, the equipment required to oxidize the
skull in an inverted crucible and to collect the oxide as it falls from the
crucible is considerably more complex than the equipment now being devel-
oped for skull oxidation. The use of partially oxidized skull material
rather than fully oxidized material in the skull reclamation process does
not offer any significant advantage that would justify the development of an
inverted oxidation furnace.

A second skull oxidation furnace is being designed. The
shape of the second furnace will differ from that of the first (see Summary
Report ANL-6477, p. 87). In the new design, a coiled resistance heater
element, which is used to heat the skull, is made part of a removable cover.
The diameter of the cover is less than 12 in., which will permit the cover
to fit a standard waste container. The heater-cover assembly can be dis-
carded in the event that the heater fails and requires replacement.

b. Skull Oxide Processing Eguipment
(G. Bernstein, W. E. Miller, T. W. Eckels, J. Harast)

In the skull reclamation process molten flux or molten
metal wastes must be removed at the completion of each process step.
Present design concepts envision transferring this material from the skull
reclamation furnace through a removable, heated transfer line into a waste
pail. Approximately 5 gal of waste material will be transferred ineach step.

c. Inductive Heating and Mixing
(A. A. Chilenskas, M. A. Slawecki, P. Kelsheimer,
E. Johnston)

The skull reclamation process requires the heating and
mixing of molten metal-molten salt systems at temperatures up to about
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800 C. Because a high radiation field is associated with this process, it is
necessary to carry out the process remotely. Appreciable simplification
and greater reliability of plant equipment is anticipated if inductive mixing
can be used instead of mechanical mixing.

Preliminary work has been concluded which has demon-
strated that vigorous mixing of molten metal charges can be obtained using
60-cycle power (see ANL-6596, pp. 104 to 105). To determine whether or
not an acceptable degree of mixing of molten metal with molten salt can be
achieved by inductive mixing, the reduction step of the skull reclamation
process was chosen for the study. In this step, skull oxide (mainly U;Og),
magnesium, zinc, and salt are mixed for several hours at 800 C. The re-
duction of the uranium oxide to uranium and its dissolution into the metal
phase are used as a measure of the effectiveness of the mixing.

Two runs were attempted on a scale that is presently
planned for plant operation. In these runs 5-kg charges of skull oxide were
used. Because the graphite crucibles employed in these runs failed, the
tests were continued on a reduced (Z-IZ—kg) scale until tungsten crucibles
could be obtained. Two runs, IM-17 and IM-19, were thus made in an un-
baffled graphite crucible. The charge data and crucible-coil configuration
for these runs are given in Figure I-23.

Figure I-23
INDUCTIVE HEATING AND MIXING APPARATUS

(Used for reduction of skull oxide in
Runs IM-17 and IM-19)
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Mixing was induced in the melt by means of a power input
to the coil of about 15 kW at 60 cycles. Calculations showed that about
one-half of this power was consumed as a resistance loss in the coil while




' the other half was absorbed by the charge. The power was applied inter-
mittently to prevent excessive heating and to maintain the charge tempera-

ture between about 770 and 830 C. This was accomplished by turning the
power off when the charge temperature reached 830 C and turning the power
on when the charge cooled to 770 C. In Run IM-17, the power was on for a
total of 2.7 hr, whereas the time that the charge was between 770 and 830 C
was 4.4 hr. In Run IM-19 some of the insulation surrounding the crucible
was removed to increase the cooling rate. In this run, the power was on
for a total of 2 hr, whereas the time that the charge was at temperature
was 3 hr.

The metal phase was periodically sampled bv means of
quartz tubes, and the samples were analyzed for uranium. A plot of ura-
nium concentration in the metal phase as a function of mixing time is shown
in Figure I-24. The values shown in the plot indicate that in Run IM-17
about 86 percent reduction was obtained, whereas in Run IM-19 about
80 percent reduction was obtained. The actual reduction may have been
greater than that indicated by the analytical values, since it is known (see
Summary Report ANL-6379, p. 56) that loss of uranium from the metal
solution can occur by interaction of the uranium with the graphite to form
insoluble uranium carbide. Future investigations of skull oxide reductions
will be done in tungsten crucibles.

Figure I-24

OVERALL RATE OF REDUCTION AND
DISSOLUTION OF SKULL OXIDE

(Runs IM-17 and IM-19)

~ MAXIMUM THEORETICAL
CONCENTRATION 3 86 w/o

&
1
X
s
v
&

AN
N
.
AY

URANIUM IN METAL PHASE, w/o
[
O
xo\
AN
AN
AN

7 & O RUN IM -17 |
IO[/ /g/ e RUN IM-19 |
4 §
’ |
N | | | |
0 05 o s 20 25 30
TOTAL INDUCTIVE MIXING TIME, hr
108-6888
. Examination of the crucible after the runs showed that

some skull oxide had deposited on the crucible wall above the normal salt
level, thereby effectively removing a small fraction of the oxide from the
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metal-salt phases. It is believed that this deposition was caused by salt
foaming which occurred when the skull oxide was added to the molten salt.
This difficulty can be corrected by degassing the skull oxide prior to its
addition to the molten salt or by adding the skull oxide to the salt in small
increments rather than in single batches as was done in Runs IM-17 and

IM-19.

d. Collection of Metal Vapors

(W. E. Miller, H. L. Stethers)

The product from the uranium precipitation step of the
skull reclamation process is a precipitate of uranium in residual

magnesium-zinc alloy. Distillation is a convenient means of removing the
magnesium-zinc alloy from the uranium. Work was continued on the de-
velopment of a distillation apparatus (2-kg distillate scale) suitable for

Figure I-25
MAGNESIUM-ZJINC DISTILI.ATION
APPARATUS
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remote operation (see ANL-6687,
p. 73).

Additional tests were carried
out with the apparatus shown in Fig-
ure I[-25. The apparatus was heated
in an induction furnace which had
been used for development of the
melt refining process. In the first
of two runs, the graphite felt seal
washer shown in the figure was not
used. In this run, one kg of 50 w/o
magnesium-zinc was distilled at
one mm absolute pressure. Of the
charge, six percent was found in the
condenser, 90 percent was found in
the collector, and 4 percent was
found between the collector and the
crucible cap. There was no meas-
urable loss of distillate from the
condenser and collector enclosure,
other than that found between the

collector and the cap. The condenser could be lifted easily from the col-
lector, and the crucible cap could be lifted easily from the crucible. The
collector was bonded to the crucible cap by metal which had condensed in
the annulus between the crucible cap spout and the collector.

In the second run, a graphite felt seal washer was used as
shown in Figure I-25. (Liquid magnesium-zinc does not penetrate graphite
felt.) The magnesium-zinc was distilled under conditions that were iden-
tical with those of the preceding run. After the run had been completed, all
the distillate was found in the condenser-collector, and all parts of the ap-
paratus were separated easily. No deposit of metal was found between the
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cap and collector as had been found in the first run. In the first run,
molten metal apparently had trickled down the outside of the cap spout
and entered the annulus between the spout and the collector. In both runs
the distillation rate was about 25 g/min. The final crucible temperature
in each run was 750 C.

The modified apparatus was used to make four additional
runs which had two primary objectives. The first was to determine the
maximum distillation rate which could be achieved with this apparatus.

The rate is limited by the heat dissipation capability of the condenser since
uncondensed vapors would escape from the graphite enclosure. The second
objective was to determine whether or not any of the condensate would re-
evaporate from the condenser when the apparatus was heated to 1150 C. It
is intended in plant operations that the uranium which remains in the cru-
cible will be melted to consolidate it for ease of removal and handling.

In each run, 2 kg of 50 w/o magnesium-zinc was charged
to the crucible. Distillation was performed at one mm pressure and at a
temperature range from 660 to 700 C. In the first three runs distillation
rates of 25, 32, and 48 g/min were tested. At the conclusion of each run
all of the distillate was found in the condenser-collector, indicating no loss
during distillation and no reboiling when the crucible temperature was
raised to 1150 C. In the fourth run the distillation rate of 62 g/min ex-
ceeded the capacity of the condenser, and 17 g of metal escaped from the
graphite enclosure and deposited on the Fiberfrax insulators.

C. Chemistry of Liquid Metals
(I. Johnson, H. M. Feder)

The chemistry of liquid metal systems is being investigated to pro-
vide basic concepts and data for the design of methods for the reprocessing
of nuclear fuels and to provide a basis for the development of liquid alkali
metal technology. The results of these studies may also provide data for
the testing of theories of liquid metal solutions.

1. Solubilities in Liquid Metals

Of prime importance in the practical design of fuel-reprocessing
methods are the solubilities of the metals whose separations are being at-
tempted. These solubilities need to be known as a function of both temper-
ature and solvent composition. Since the solubility of a metallic phase in a
liguid metal solvent is related to the difference in free energy of formation
of the metallic phase and the partial excess free energy of the solute in
the saturated solution, information on the temperature coefficient of the
solubility gives information on the corresponding enthalpy and entropy dif-
ferences. The systematization of such data for a wide variety of different
systems will furnish the empirical relations which may lead to the reso-
lution of the factors governing the energetics of formation of ligquid metal
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solutions. For such fundamental applications, it is necessary to know the .
constitution and the thermodynamic properties of the solid phases in equi-
librium with the saturated liquid phase,.

Solubility of Plutonium in Liguid Zinc
(M. G. Chasanov and P. D. Hunt)

The solubility of plutonium in molten zinc was determined by
direct sampling of the saturated solution by means of tantalum sample tubes
fitted with tantalum filters. The results of this experiment, in which 20.7 g
of plutonium (99.85 percent plutonium)were added to 300 g zinc (99.995 per-
cent zinc) contained in a magnesia crucible, are given in Table I-15. The
data may be represented by the empirical equation

(458 to 752 C) log (a/o plutonium) = 8.612 - 10090 T™!
+1.461 x 108 T2,

The relative standard deviation is 4 percent. These data are compared in
Figure I-26 with earlier solubility data reported by Elliott and Sweezer
(in Summary Report ANL-5789, p. 91). The slightly higher solubilities
found by Elliott and Sweezer may be the result of shorter equilibration
times coupled with the fact that the samples were obtained only on cooling
the melt.

Table I-15

SOLUBILITY OF PLUTONIUM IN LIQUID ZINC

(Data in chronological order)

Temp Plutonium Content Temp Plutonium Content

(C) (w/o) (C) (w/o)

481 0.0230 608 0.384

501 0.0356 725 3.27

650 0.962 530 0.0737

602 0.352 458 0.0134

752 4.82 632 0.641

701 2.35 571 0.185

Solubility of Rare Gases in Liquid Alkali Metals
(S. K. Dhar)

The solubility of rare gases in liquid alkali metals is being
studied in order to gain a better understanding of the electronic structure
of metals and to check the validity of the existing theories of solution in mol-
ten metals, which are based on several statistical mechanical approaches.
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Analysis of data reported in the literature on the solubilities of
rare gases in molten metals indicated the desirability of having an appa-
ratus capable of yielding significant solubility data in the region below
10-1% atom fraction of gas in the metal. The apparatus that has been con-
structed for the present studies is designed to make possible the deter-
mination of solubilities down to 107!% atom fraction of the gas in the metal.

The apparatus consists of two interconnected vessels, each
having a capacity of 3.5 kg of sodium. In one vessel, the liquid metal is
saturated with the rare gas solute; in the other, the dissolved gas is re-
moved from solution by sparging with a suitable gas or mixture of gases.
The eluted rare gas is collected by adsorption on charcoal which is cooled
by ligquid nitrogen. The apparatus is completely self-enclosed, and all op-
erations are carried out by external manipulations.

The system, which is being tested for leaks, will be used {irst
for the determination of krypton-85 in sodium at temperatures up to 500 C
and pressures up to 10 atm.
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2. Ligquid Sodium Coolant Chemistry

The utilization of liquid alkali metals as heat transfer media
in high-power-density fast nuclear reactors as well as in other power
sources makes essential a continuing advancement in alkali metal tech-
nology. To insure a sound technological advance, a comprehensive funda-
mental research program is needed. A basic program has been started to
elucidate the chemistry of the reactions that occur in liquid alkali metal
solutions; special emphasis will be given to liquid sodium, since its prac-
tical importance is greatest.

Sodium of high, known purity is required for significant re-
search in this area. Thus the closely related problems of purification,
analysis, and metal handling are of importance in this research. Because
results of high-temperature corrosion studies indicate that high purities
may also be required for practical systems, basic information relevant
to the purification and analysis of sodium may have immediate practical
use.

The high chemical reactivity of liquid sodium makes it very
prone to contamination. Liquid sodium contaminated with oxygen and car-
bon has been found to be more corrosive to structural materials than pure
sodium; oxygen facilitates mass transfer whereas carbon causes carburiza-
tion. The two impurities when present together promote, under some con-
ditions, extensive carbon transfer.

a. Sodium Purification
(G. Lutz, K. E. Anderson)

The removal of oxygen from sodium is generally accom-
plished by cold trapping, hot trapping, or distillation. The effectiveness
of these procedures probably increases in the order given. For the prepa-
ration of sodium with a low oxygen content for use in the studies discussed
below, a small (one liter per day) apparatus has been designed in which
oxygen removal is accomplished by cold trapping followed by distillation.
The receiver has been designed so that the purified sodium can be trans-
ferred to the experimental apparatus without contamination.

b. Sodium Analysis
(G. Lutz, K. E. Anderson)

The analyses of sodium for oxygen and carbon are of im-
mediate importance in the studies of the carbon-oxygen-sodium system
that are being undertaken (see Section c below). Several methods have been
used by other investigators for the determination of oxygen in sodium. In
all these methods, the sodium is separated from the very small amount of




sodium oxide present, which is then analyzed either chemically or by flame
photometry. Of the various separation methods, distillation of the sodium
(under reduced pressure) or dissolution in mercury have been used most
often by other investigators. The accuracy of these methods is good when
the oxygen content of the sodium is greater than about 100 ppm. When the
oxygen content is in the range from 10 to 20 ppm, the accuracy is poor.
When the oxygen concentration is less than 10 ppm, the analytical results
are open to serious question. Since high-purity sodium is to be used in
the present program of study, it is desirable to develop analytical methods
which will give accurate results with sodium samples containing from

100 ppm oxygen to less than 10 ppm oxygen.

Two activation methods are being considered. In the first
method, 7N16 (7.35-sec half-life) is produced by fast (14.5-MeV) neutron
irradiation by the reaction gn' + 8016 - 7N16 + H'. Preliminary studies in-
dicate that this method may be useful for analysis of sodium containing
oxygen in the range of 1 to 10 ppm.

The second method under investigation involves the pro-
duction of F'8 from O by triton irradiation. A small amount (0.1 percent)
of lithium is added to the sodium and the tritons are produced in situ by the
thermal neutron irradiation of the lithium by the reaction ont + 3Li6 - T +
,H*. The tritons thus produced react with the oxygen in the sodium to form
Fi8 by the reaction T3+ 3016 - 9F18 + on'. The fluorine activity (112-min
half-life) is separated chemically from the sodium and counted. Theoret-
ical calculations indicate that this method is suitable down to less than

1 ppm.

Two crucial steps in this method require development.
These are (1) the addition of lithium to the sodium sample and (2) the
chemical separation of the fluorine activity from the large amount of so-
dium activity (Na?) produced by the neutron irradiation. The method
which appears satisfactory for the separation of the fluoride activity in-
volves the following steps. The irradiated sample is dissolved in water,
fluoride carrier is added, and the fluoride is precipitated as barium fluo-
ride by addition of barium ions. The precipitate is dissolved in an am-
moniacal EDTA solution. Sodiumcarrier is added and excess barium ion
to re-precipitate BaF,. This is repeated until sufficient decontamination
is achieved. Preliminary results indicate that each pass yields a 500-fold
separation of fluoride from sodium and a 70 percent yield of fluoride.

The development of a method of alloying lithium with so-
dium will proceed as soon as suitable inert atmosphere glovebox facilities
are in operation. These facilities have been assembled and are presently
being tested.

103



104

c. Carburization Reaction in Liquid Sodium

A potentially serious problem associated with the use of
liquid sodium in nuclear reactors is the tendency of metals to carburize
or decarburize. This is caused by the basic instability of many metallic
systems with respect to graphite. Thus, ordinary steel is a metastable
system of ferrite (0-Fe) and cementite (Fe;C). The thermodynamically
stable system would consist of ferrite containing a smaller concentration
of carbon and graphite. ILiquid sodium can act as a path for the trans-
formation of the metastable system to the stable system, thus effecting a
decarburization. Similarly, many ferrous alloys containing nickel and
chromium are not stable if carbon is available for reaction with the alloy.
Thus, sodium may also act as a medium for the transport of carbon to the
alloy to form the more stable carbide system. In either case, whether it
be carburization or decarburization, undesired changes in the mechanical
properties of the container materials result.

The mechanism by which liquid sodium can act as a me-
dium for the transport of carbon is not understood. Whether carbon exists
in liquid sodium as single atoms, ions, or more complex molecular species
is not known. The role of dissolved oxygen is not known although it is be-
lieved to be significant.

A basic study of the transport of carbon by liquid sodium
has been started. As a first step in this study the solubility of graphite in
liquid sodium will be measured as a function of temperature and oxygen
content. To facilitate the carbon analyses, carbon enriched with carbon-14
(5568-yr half-life, 0.15-MeV beta) will be used. The conventional dry-
oxidation method for the analysis of carbon will also be used. Apparatus
has been constructed to carry out both types of analyses. An apparatus to
equilibrate graphite and sodium has been assembled and is undergoing
testing. The apparatus is constructed so that procedures, such as sampling
and sodium charging, can be done in a dry inert atmosphere glovebox.

3. Thermodynamic Studies

Thermodynamic functions are being measured for elements
that are of importance to pyrometallurgical separations processes and for
elements that are particularly useful for the testing of theories of metallic
systems. Several methods are being used. Galvanic cells have proved to
be especially useful for the measurement of activities in liquid metal solu-
tions as well as for the determination of the free energy of formation of the
equilibrium solid phase in solid-liquid two-phase alloys. For systems
composed of several well-defined intermetallic phases, measurement of
the decomposition pressure by the Knudsen effusion method is proving to
be very useful. Systems in which only a small difference in electrochem-
ical potential of the components exists and in which both components have




105

nearly the same vapor pressure are not readily studied by either the gal-
vanic cell method or the effusion method. For such systems a vapor-phase
optical absorption method is being developed.

The galvanic cell method is being used to study systematically
binary plutonium alloys with the low-melting B-subgroup metals. Results
of studies of the plutonium-zinc and plutonium-cadmium systems are pre-
sented below. The effusion method is being used to study the binary rare
earth metal-zinc and ~cadmium systems. Results for binary systems of
cadmium with lanthanum, cerium, praseodymium, and neodymium are given
below. The optical method will be used to study the thermodynamics of
binary alkali metal systems. The basic principles of the method and per-
tinent experimental details are discussed below.

Thermodynamic Studies of the Plutonium-Zinc System
(I. Johnson, M. G. Chasanov, and R. Yonco)

Galvanic cell data for the plutonium-zinc system were reported
in ANL-6687, p. 79. These quantities have been combined with the plutonium-
zinc solubility data reported above to compute the activity coefficient of
plutonium in a saturated zinc solution. This activity coefficient may be
represented by the empirical equation

(420 to 670 C) log Vpy = 5-312 - 9713 T7%,

Within experimental error, the relative partial molal enthalpy and excess
partial molal entropy of plutonium in zinc solution are constant over this
temperature range, and have the following values:

Epu = -44.4 kcal/g—atom Pu; -S—;i = -24.3 cal/deg—g—atom Pu.
These partial molal excess quantities are markedly more negative than
those for uranium in liquid zinc solut:[o:n,4 thus reflecting the greater de-

viation from ideality of plutonium in zinc solution.

Thermodynamics of the Plutonium-Cadmium System
(I. Johnson, M. G. Chasanov, and R. Yonco)

Thermodynamic quantities for the plutonium-cadmium system
are being determined by emf measurements made on the galvanic cell

Pu/PuCl; (0.5 w/0)-KC1- LiCl{eutectic)/Pu-Cd(2-phase alloy).

The cell reaction consists of dissolution of plutonium into the fused salt at
the pure plutonium anode and deposition of plutonium into the saturated

4'Johnson, I., and Feder, H. M., Thermodynamics of Nuclear Materials,
LAE.A., Vienna, 1962, pp. 319-329.
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liquid alloy electrode. The phase diagram for this system is not completely

known; however, Winsch, Nelson, and Paul (see Summary Report ANL-5959, .
p. 120) have reported (from solubility data) that a peritectic reaction oc-

curs at 404 C. The intermetallic compounds at the cadmium-rich end of

the diagram have not yet been identified, although the most cadmium-rich
intermetallic is probably PuCd,;.

The cell assembly used for these studies is identical to that
described in ANL-6687, p. 80, for the plutonium-zinc galvanic cell. The
details of the preparation of the electrolyte, a mixture of LiCl-KCl eutectic
and PuCl;, and the operating procedure for the cell are similar to those
reported for the plutonium-zinc system. A small cylinder of plutonium
was welded to a tungsten wire to provide the anode; the cathode consisted
of liquid cadmium saturated with plutonium and contained in a small thoria
crucible. A tungsten lead wire was used for the cathode. The plutonium
used was high-purity material, produced by electrorefining, furnished by
G. B. O'Keefe of the Metallurgy Division.

The data for the emf as a function of cell temperature, shown
in Figure I-27, were obtained over a period of two weeks during which the
cell operated in a reversible manner. The data can be represented by the
empirical equations:

(358 to 403 C) E (V)

i

0.6999 - 0.5746 x 107> T, o= 1mV;

(403 to 570 C) E (V) = 0.5783 - 0.3949 x 10°* T, o= 0.7 mV.

The intersection of the lines representing these equations, 403 C, is in ex-
cellent agreement with the peritectic at 404 C found by Winsch, Nelson,

and Paul.
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The cell data can be combined with the solubility data to com-
pute the activity coefficient of plutonium in saturated liquid cadmium solu-
tions. The activity coefficient over the range from 358 to 570 C can be
represented by the empirical equation

(358 to 570 C) log Vp, = 4.786 - 6473 T~

Thermodynamics of Binary Alkali Metal Solutions (Optical
Absorption Method)
(F. Cafasso, V. Khanna, and R. Murray)

The various theories of liquid solutions which have been use-
ful in understanding the thermodynamic behavior of aqueous and organic
solutions have not been very useful in understanding liquid metal solutions.
This is likely due to the fact that many factors necessary for an adequate
description of metallic solutions are basically different from the factors
controlling interactions in nonmetallic systems. Most likely an under-
standing of metallic solutions will be accomplished by the fusion of basic
electronic theory with theories of many-body interactions. Significant
progress is being made in this area, and the time is approaching when con-
frontation of the theories developed by this fusion with experimental data
should occur. The electronic theory of metals has been most highly devel-
oped for the alkali metals; the validity of first-principle calculations for
more complex metals is far more uncertain. Thus, the first tests of theory
and experiment will be best made by comparing the results for binary
alkali metal solutions.

Surprisingly, practically no information has been published on
the thermodynamics of binary solutions of the alkali metals. This may be
due partly to the fact that the binary system most commonly used, namely,
the sodium-potassium system, is very nearly ideal, and thus other alkali
metal systems were assumed also to be nearly ideal. Inspection of the
phase diagrams for the binary alkali metal systems shows that this as-
sumption is far {rom being justified. Three types of phase diagrams are
found in the literature.®

1. Diagrams which exhibit either a simple eutectic (e.g., the
sodium-rubidium system) or both a simple eutectic and a single compound
which has an incongruent melting point (e.g., the sodium-potassium and
sodium-cesium systems).

2. Diagrams which exhibit a continuous series of solid solu-
tions (e.g., the potassium-rubidium, potassium-cesium, and rubidium-
cesium systems).

5Hansen, M., and Anderko, K., Constitution of Binary Allovs,
McGraw-Hill, New York, N. Y. (1958).
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3. Diagrams which exhibit extended solubility gaps in either
the liquid state (e.g., the lithium-sodium system) or both the solid and
liquid states (e.g., lithium-potassium, lithium-rubidium, and lithium-
cesium systems).

For those systems in which compound formation occurs or in
which large immiscibility gaps exist, significant deviations from ideal be-
havior are to be expected. In the present study, the activities of the com-
ponents as a function of temperature and composition will be determined
for systems of types 1 and 2.

The high chemical reactivity and chemical similarity of the
alkali metals limit the number of possible experimental methods which may
be used to determine thermodynamic activities. The vapor pressure method
may be used provided that a means is available for the determination of the
partial pressure of individual species which are present in the vapor phase.
For binary alkali metal solutions the vapor is known to consist of atoms
and diatomic molecules. Thus, for sodium-potassium solutions, the vapor
will contain Na, K, Na,, K,, and NaK.

The optical absorption method permits the determination of the
concentration of each of these species. In practice, it is only necessary to
determine the concentration of either monatomic sodium (Na) or potas-
sium (K) in the vapor, since all the others are inequilibrium. The optical
absorption technique which will be used in this study permits exactly this
to be done. In this method light of a frequency characteristic of Na alone
is passed through the vapor above the solution NaK(f). The amount of light
absorbed at any temperature is proportional to PNg, the partial pressure
of sodium in the vapor at that temperature. The partial pressure of Na
over the pure metal (PONa) can be obtained in the same way by replacing
the solution NaK(/{) with pure sodium. The ratio of the absorbance by the
vapor over the solution to the absorbance by the vapor over the pure
metal gives PNa/Pi\Ia, which is identical to the activity of sodium in the
binary solution at some temperature T. The activity of the potassium can
be determined in the same manner by measuring the light absorbed at fre-
quencies which are characteristic of K(g) both above the binary solution,
NaK(£), and above pure potassium as a function of temperature. The Gibbs-
Duhem relation will serve as a test of the internal consistency of the meas-
urements. The instrument which will be used in this study consists of
three parts: a liquid nitrogen-cooled hollow cathode lamp, a triple-zoned
furnace which houses the absorption cell, and a monochromator.

A schematic diagram of the hollow-cathode lamp is shown in
Figure I-28. The lamp consists of two parts: an upper anode and a lower
cathode section, which are joined by a water-cooled standard-taper joint.
The anode, which is housed in a glass envelope, consists of a cylinder of
high-purity nickel which has an internal diameter of -Z— in. The anode is




held in place and sealed through the glass envelope by means of a tungsten
rod which is welded to it. The tungsten rod also serves as the electrical
connection of the anode.

Figure I-28
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The lower section which houses the cathode was fabricated
from copper and glass joined together by a housekeeper seal. The cathode
consists of a copper rod into which a cavity, —fi—in. deep and TJZ in. wide, and
a channel (for the passage of helium) have been drilled. The discharge
takes place in this cavity. A few crystals of sodium iodide placed in this

cavity are sufficient to generate the sodium D lines.

A quartz window is held onto the upper section by Apiezon W
Wax. This wax is also used to establish vacuum tightness at the standard
taper joint. In order to warm the wax and thus prevent its fracture when
the cathode is immersed in liquid nitrogen, water is circulated around the
standard-taper joint.

The power for the lamp is generated by a regulated 1500-V,
200-ma, dc power supply (Kepco, model 1520B).

The absorption cells, which are made from high-purity quartz,
are housed in a chrome-plated copper block provided with channels for a
light path and slots to position the cells. Two absorption cells (sample and
reference) may be placed in the block simultaneously. This block is located
in the middle zone of a triple-zoned 15-in.-long Marshall Furnace. Two
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additional blocks, each provided with light paths and thermocouple holes,
reside in the two end zones. The temperature of eachzone can be controlled
separately. The furnace rests upon a table equipped with a micrometer
thread drive which will permit the sample and reference cells to be accu-
rately and alternately positioned in the light path.

The spectrometer is the Jarrell-Ash Model 8200, 0.5-m grating
monochromator. This instrument, with a grating of 30,000 grooves per inch,
has a resolution of at least 0.2 & using a 10-u slit.

The sodium-potassium system will be the first binary system
studied. It is planned to make measurements at temperatures as close to
the melting points of the alloys as possible. The deviations of a system
from ideality may be expected to become more pronounced in the neighbor-
hood of its melting point.

Intermediate Phases in the Rare Earth-Cadmium Systems
(Effusion Studies)
(E. Veleckis, E. Van Deventer)

Studies of the phase relations of the binary systems of cad-
mium with lanthanum, cerium, and praseodymium by means of the record-
ing effusion balance have been reported earlier (see ANL-6569, p. 88). In
addition to the line compounds MCd;;, M,Cdg, MCd,, and MCd, which are
common to all three systems, several phases which have ranges of homo-
geneity were observed. Of the latter phases MCd ., and MCd_, are typical
of cerium-~-cadmium and praseodymium-cadmium systems, whereas the
phase MCd_, is peculiar to the lanthanum-cadmium system.

Recently, these studies were resumed to include some repre-
sentative elements of the heavier rare earths. Because significant changes
were made in the apparatus and experimental procedure,* the results ob-
tained for the systems already studied were also reviewed.

The effusion isotherms (at 445 C) for the systems lanthanum-
cadmium, cerium-cadmium, praseodymium-cadmium, and neodymium-
cadmium are shown in Figure I-29 as plots of the logarithm of the effusion
rate vs. atom ratio (Cd/M). (To accommeodate all four isotherms in one
figure, the abscissae of the neighboring isotherms are offset by three units
of the atom ratio.) The results of the studies made with the more sensitive
equipment indicated the following:

*Improved sensitivity and reliability of the effusion apparatus were
realized by recent installation of a new commercial recording balance.
Also, the use of effusion crucibles having extremely small orifices
(of 0.004-in. dia) has greatly facilitated the delineation of the exact
phase-boundary locations.




1. A narrow phase having the stoichiometry La,Cd;; exists

rather than a phase with a wide solubility range as was reported previously.

2. The phases MCd_, and MCd., that were previously ob-
served in the cerium-cadmium and praseodymium-cadmium systems are
line compounds M,Cd;; and MCdy. Analogous phases also exist in the
neodymium-cadmium systern.

3.  All four systems form the compound having the stoichiom-
etry M;Cd,; rather than M,Cd,.

4. The sequence of compounds formed in the lanthanum-
cadmium system is: ILaCd;;, La,Cdy;, Las;Cd;3, LaCd,, and LaCd. The
intermediate phases that exist in the binary systems of cadmium with
cerium, praseodymium, and neodymium are: MCd;;, MCdg, M;Cd;5, M Cd,s,
MCd,, and MCd.
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II. FUEL CYCLE APPLICATIONS OF VOLATILITY AND
FLUIDIZATION TECHNIQUES*

The development of a fluid-bed fluoride volatility process for the
recovery of uranium and plutonium from spent uranium dioxide fuels was
continued. In this process, uranium and plutonium dioxides are fluorinated
to produce hexafluoride products, which are then decontaminated and sepa-
rated by volatility techniques.

In the development of the fluid-bed fluoride volatility process for
uranium dioxide-type fuels, current emphasis has been placed on the evalu-
ation of a two-zone, oxidation-fluorination scheme as a means of improving
performance of fluidized packed beds of uranium dioxide. In this scheme,
which is carried out in a single reaction vessel, the lower (oxidation) zone
of the reactor consists of a bed of uranium dioxide pellets with fused alumina
grain filling the voids of the bed (fluidized packed bed) and the upper
(fluorination) zone consists of a fluidized bed of fused alumina grain that ex-
tends above the fluidized packed bed. By passing an oxygen-nitrogen mixture
through the lower zone, U;O; fines are produced and transported to the upper
fluidization zone, where the fines are fluorinated to uranium hexafluoride
vapor. An evaluation of the two-zone technique for the processing of stain-
less steel-clad uranium dioxide pellets was also started.

Additional studies were carried out on the removal of uranium di-
oxide fuel from stainless steel cladding by converting the uranium dioxide

“to U304 In this reaction, the uranium dioxide pellets are transformed to a

fine powder that is removed from the cladding.

Construction was continued of a plutonium-handling facility for
engineering-scale investigation of the several steps of a fluid-bed fluoride
volatility process for recovery of fissionable values from spent nuclear
reactor fuel of the uranium dioxide type and for reconstitution of the oxide
fuel material after it is freed from fission products.

Additional studies of a fluid-bed volatility process scheme for the
recovery of enriched uranium from low uranium-high alloy fuel were carried
out. The first fuel that is being studied is uranium-zirconium alloy fuel. In
the process scheme, the zirconium is separated as the volatile tetrachloride
during hydrochlorination of the alloy, and the uranium is recovered as the
hexafluoride in a subsequent fluorination step. The reactions are conducted
in an inert fluidized bed (currently, fused alumina grain is being used as the
bed material) which serves as a heat transfer medium.

Studies were continued on the fluid-bed pyrohydrolysis reaction of
zirconium tetrachloride with steam. The tetrachloride, which is produced
during the chlorination of uranium-zirconium alloy fuels, is converted to the
solid dioxide, a form which is more convenient for ultimate waste disposal.

* A summary of this section is given on pages 18 to 26.
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Adaptability of the fluid-bed hydrolysis scheme to the conversion of aluminum
chloride vapor (from the processing of aluminum-based alloy fuels) to the
more readily stored oxide was demonstrated.

Installation was completed of the pilot-plant facility for the fluid-bed
volatility reprocessing of highly enriched uranium-alloy fuel.

Additional studies were made of the conversion of uranium hexafluo-
ride to high-density uranium dioxide by the simultaneous reaction of the
hexafluoride with steam and hydrogen.

Supporting studies were carried out on the basic behavior of solids
mixing in fluidized-bed systems for the purpose of assisting in the design
and interpretation of process equipment operation.

The study of methods of removal of plutonium hexafluoride from air
was continued.

Laboratory-scale fluorinations of U;04 were carried out in a 14 -in. -
diameter fluid-bed fluorinator. This work is being performed to develop and
to test apparatus and procedures for use in future work in which plutonium
will be handled.

Reaction rates have been measured for the reaction of U,;04 with
fluorine over the temperature range from 300 to 400 C employing a
thermobalance.

The study of the effect that the addition of helium to plutonium hexa-
fluoride has on the decomposition of plutonium hexafluoride by gamma
irradiation was continued.

A, Laboratory Investigations of Fluoride Volatility Processes
(J. Fischer) T

1. Fluid-bed Fluorination of U304
(A. V. Hariharan, R. L. Jarry, G. Manevy, J. J. Stockbar,
T. D. Baker)

In the fluid-bed fluoride volatility process,l the uranium and
plutonium content of spent oxide fuels will be recovered by fluorination to
produce the volatile hexafluorides of uranium and plutonium. The process
will employ a fluid-bed reactor as the fluorination vessel and will use fused
alumina {Alundum, a product of the Norton Co., Worcester, Mass.) as the
fluidized medium. One of the decladding schemes considered for this proc-
ess would employ an oxidation step to remove the uranium dioxide and

1 Jonke, A. A., Fischer, J., and Mecham, W. J., Fluoride Volatility
Processing of Low-enriched Fuels, Trans. Am. Nuclear Soc. 4(2),
184-185 (1961).
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plutonium dioxide from the stainless steel or Zircaloy cladding as a mixture
of U305 and plutonium dioxide., The oxide mixture produced by such an oxida-
tion process is a finely divided, free-flowing powder.

Two alternative schemes have been proposed for carrying out the
combination of oxidation and fluorination reactions. In one, the oxidation and
fluorination steps would be performed in the same fluid-bed reactor; the oxi-
dation would be carried out in the lower section of the fluid bed, and the fluo-
rination of the U304 product would be performed in the upper section of the
bed. The transport of the U;O4 fines from the oxidation zone to the fluorina-
tion zone of the fluid bed would be accomplished by the fluidizing gas stream.,
The second scheme would employ a separate oxidation reactor, and the U;0g
powder formed would be fed into the fluid bed of a fluorination reactor by gas
transport in a nitrogen stream used to fluidize the bed.

In the experimental work, the second scheme was used. A proto-
type fluid-bed fluorination reactor was set up to test and develop apparatus
and procedures for subsequent work with mixtures of plutonium dioxide and
U;04. A gas and solids distributor described in a previous report (ANL-6648,
p. 132) was used to produce a uniform dispersion of the oxide powder as it
was fed into the fluidized alumina bed in a stream of nitrogen. The fluorinat-
ing gas entered the bed through holes in the distributor. A vibratory powder
feeder, which was also described in ANL-6648, p. 133, was used to meter
oxide powder into the fluidizing nitrogen stream at a controlled rate.

The U304 powder used in this work, obtained from a commercial
source, had a surface area of 0.74 sq rn/g, as measured by nitrogen adsorp-
tion, and an average particle diameter of 3.1 . Chemical analysis of the
U305 powder showed a uranium content of 84.46 percent (theoretical,

84,80 percent), and spectrochemical analysis indicated that the principal
contaminants, expressed in ppm, were: Al-30, Cr-10, Fe-50, Mo-30, Ni-50,
and Si-30, Commercial-grade fluorine was first passed through a sodium
fluoride trap at 100 C to remove hydrogen fluoride from the fluorine. Nitro-
gen, which was used as the fluidizing gas and also as a diluent for the fluorine,
was passed through a trap containing Molecular Sieves to remove water be-
fore being introduced into the fluorination reactor. Fused alumina was used
for the inert fluidized bed.

The fluorination apparatus consisted of the following major
components: (1) a 13 -in.-diameter fluid-bed fluorinator, (2) a vibratory
powder feeder, (3) a system of cold traps and a sodium fluoride trap for
trapping uranium hexafluoride, (4) 2 Lapp diaphragm pump for the circula-
tion of the gas phase, (5) activated alumina traps for the disposal of fluorine,
and (6) manifolds supplying fluorine, nitrogen, and vacuum service.

Figure II-1 is a schematic representation of the fluid-bed fluo-
rination reactor. The lower section, which contains the inert bed of alumina,
was fabricated from a 1-ft section of 1% ~in, -diameter schedule 40 nickel pipe.
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The upper section of the reactor, the disengaging chamber, was fabricated

from a 1-ft section of 3-in, -diameter schedule 40 nickel pipe. This section

contained two sintered nickel bayonet filters through which the exiting re-
actor gases passed. The gas
Figure I1I-1 and solids distributor was
located in the conical bottom
of the reactor. The reactor
(The scale for the reactor was heated by a three-element
sections is 3 in. = 1 ft) resistance furnace. The lower
resistance element was con-
ALDmCTVETED,  trolled by a thermocouple in-
HIGH PRESSURE side the reactor at the level
of the fluorine inlet. whercas

the upper two elements were
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108-6887 The cold traps used

to condense the uranium hexa-
fluoride consisted of three traps in series, which were maintained at about
-80 C by means of a carbon dioxide-trichloroethylene slush. The first two
traps were <4 in. in diameter and 1 ft in length; the third trap was 2 in. in
diameter and 1 ft in length. In the second of the large traps. a sintered
nickel bayonet filter was placed in the outlet line of the gas stream to re-
tain any particulate matter. A trap packed with sodium fluoride was placed
at the end of the series of cold traps. This trap was heated to 100 C to ad-
sorb any uranium hexafluoride that was not condensed in the cold traps.

*J. W. Loeding et al., The Fluid-bed Calcination of Radioactive Waste.
ANL-6322 (May 1961),
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The U;04 fluorination is conducted in two periods. During the
first period, which will be referred to as the feeding-fluorination period, the
U,05 powder is injected into the fluid bed and most of the oxide is converted
to uranium hexafluoride by reaction with a 20 v/o fluorine in nitrogen mixture.
During the second period, which will be referred to as the recycle period, the
fluorine content is raised to about 100 percent and the gas is recycled through
the fluidized bed by means of the Lapp pump. The recycle period serves to
remove the last traces of uranium from the fluid bed and will later serve to
remove the plutonium from the bed.

The general operating procedure for the fluorination is as follows:
about 400 to 500 g of 120 mesh fused alumina is placed in the fluid-bed fluori-
nator and the system is then heated to the operating temperature of 500 C.
During the heating period, the nitrogen flow needed to fluidize the bed is
started. The fluidizing nitrogen enters the bottom of the reactor, as shown
in Figure II-1. A charge of a mixture of U;Og and alumina in a 2:1 weight
ratio is then placed in the vibratory powder feeder. When the fluid bed is at
the proper operating temperature, the fluorine flow is started into the bed
through the gas-~distributor cone. The fluorine, which constitutes 20 v/o of
the total gas flow, is diluted with an equal quantity of nitrogen before it
enters the bed. The U3;Oz-alumina mixture is then injected into the fluidizing
nitrogen stream and thence into the fluid bed at a rate of about 3 g U3Og/min.
The gas velocity in the %-in. -diameter fluidizing nitrogen inlet line into
which the uranosic oxide is fed is 5 ft/sec. Total flow through the fluid bed
is 12 liters/min, with the fluidizing nitrogen contributing approximately
7 liters / min, and the mixture of fluorine and nitrogen contributing approxi-
mately 5 liters/min. The superficial velocity in the fluid bed is about
0.6 ft/sec at room temperature.

The Lapp diaphragm pump, which was used to recirculate the
fluorine in the latter part of the fluorination procedure, had a rated flow
capacity of 0.5 cu ft/min at a discharge pressure of 15 psig and atmospheric
pressure intake. The remote head of the pump is constructed of Monel and
nickel on the gas pumping side, and the impulse is transmitted from the
compression head by means of a transmission line filled with fluorolube oil.
Measurements of flow rates were made by means of a thermal flowmeter.*
Flow calibration of the pump-flowmeter combination was accomplished by
means of a wet test meter with nitrogen as the test gas.

The effluent gas stream from the fluorinator, when gas recircu-
lation was not employed, passed through cold traps and a sodium fluoride
trap to remove uranium hexafluoride. The gas then passed through an acti-
vated alumina trap where excess fluorine was removed before the effluent
gas was exhausted to the atmosphere. This once-through flow was continued

* R, W. Kessie, The Design and Construction of Thermal Flowmeters. '
ANL-6531 (March 1962).
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while the U3Og-alumina mixture was being fed into the fluid bed and for —é— hr
after the feeding has been completed. Following this feeding-fluorination
period, the fluorine content of the gas phase was brought to approximately
100 percent and the recycle period started. The recycle flow was carried
out for a period of 5 hr,

After the recycle period had been completed, the cold traps, while
at -78 C, and the sodium fluoride trap were evacuated to remove the residual
gas phase. The cold traps were then warmed to room temperature and the
three cold traps and the sodium fluoride trap were weighed to assay the
amount of uranium hexafluoride collected. No attempt was made to recover
the uranium hexafluoride adsorbed on the sodium fluoride. The fluid-bed
alumina was removed from the reactor and sampled for uranium analysis.
The mixture of U;O04 and alumina retained in small amount in the disengaging
section was removed and analyzed for uranium.

This experimental work, in which U;0O4 alone was used, was pre-
liminary to work with mixtures of plutonium dioxide and U;Og4. The tests
were designed to determine the optimum reaction conditions for efficient
fluorination and to test the equipment. In the first series of experiments,
the parameters affecting the elutriation of U304 from the alumina bed were
explored. It is desirable to react the U;03 with fluorine while it is in the
bed. It is hoped that minimizing the elutriation will minimize the deposition
of solids containing plutonium in the disengaging chamber of the reactor and
on the filters. In tests of factors which might affect elutriation, the bayonet
filters were removed from the disengaging chamber and any solids that
passed through the disengaging chamber were trapped in a filter placed in a
separate chamber outside of the reactor. By weighing the filter before and
after the experiment, the quantity of unreacted U;04 and alumina elutriated
from the fluid bed could be determined. A determination of the quantity of
U304 in the elutriated solids was made by dissolving the U;04 in nitric acid.
The residue of alumina was then dried and weighed, and the weight of U0,
was obtained by difference.

The results obtained in experiments in which the effects of
alumina particle size, bed height, and fluorine concentration on U303 elutri-
ation were studied are shown in Table II-1. When the alumina particle size
was decreased from 60 mesh (Experiment 18) to 120 mesh (Experiment 16),
the elutriation of U,;05 from the bed was reduced from 19.5 to 9.0 percent of
the U3;Oq fed to the bed. When a 50-50 mixture of 60 and 120 mesh alumina
(Experiment 19) was used, no significant decrease in the amount of U;0,4
elutriated from the fluid bed was noted.

Variation of the height of the alumina bed also affected the elutri-
ation of U304 from the bed. Increasing the bed height from 4 to 8 in. reduced
the elutriation from 23 to 9 percent, as shown by the results of Experi-
ments 20 and 16, respectively. A further increase in the height (to 12 in. in
Experiment 21) did not result in a further reduction in the amount of U;0q
elutriated from the bed.
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Table 1I-1

EXPERIMENTAL CONDITIONS AFFECTING ELUTRIATION OF

U;03 FROM A FLUIDIZED BED DURING FLUORINATION

Experimental Conditions

Fluid-bed Alumina:

U;30;:

U304 Feed Rate:

Bed Temperature:

Total Gas Flow Rate:
Superficial Fluidizing Velocity:

Gas Velocity in ——g—- -in.-dia Feed Line:

ALO, Bed

Experiment Particle Size Height

No. (mesh) (in.)
A, Al,O, Mesh Size

16 120 8

18 60 8

19 60 + 1202 38
B. Bed Height

20 120 4

16 120 8

21 120 12
C. Fluorine Concentration

23 120 8

16 120 8

24 120 8

cent of the amounts of U304 fed to the reactor.

520 g

100 g

Approx 3 g/min
500 C

12 liters/min

0.6 ft/sec at 25 C
5 ft/sec at 25 C

F, Conc U304 Elutriated
in Gas from Bed
(v/o) (g)
20 9.0
20 19.5
20 19,0
20 23.0
20 9.0
20 9.5
10 29.0
20 9.0
30 5.7

8 Mixture: 50 W/O 60 mesh + 50 w/o 120 mesh,

The quantity of U;O04 elutriated from the reactor decreased as

the concentration of fluorine in the reaction gas mixture was increased. The
concentrations of fluorine in nitrogen in Experiments 23, 16, and 24, namely, 10,
20, and 30 v/o, respectively, resulted in elutriations of 29, 9.0, and 5.7 per-
From these data it is apparent
that the elutriation of U304 from the fluid bed will decrease with decreasing
particle size of the alumina, increasing bed height, and increasing concentra-
tion of fluorine in the gas phase.

In a second series of experiments, the effect of temperature on
the fluorination reaction was examined. The bayonet filters were reinserted
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in the disengaging chamber, and each filter was blown back with nitrogen
every 5 min during the experiment. The fluorinations were carried out
during the feeding-fluorination period. No recycle period was employed.
Table II-2 lists the data obtained in experiments performed at 450, 500, and
550 C. An appreciable increase in conversion of U304 to uranium hexafluo-
ride occurred when the temperature was increased from 450 C (Experi-
ment 48) to 500 C (Experiment 45), from about 92 percent to 97.6 percent,
When the temperature was increased to 550 C (Experiment 49), the per-
centage of U304 converted was not significantly greater than the percentage
converted at 500 C,

Table II-2

EFFECT OF TEMPERATURE ON THE FLUID-BED
FLUORINATION OF U304

Experimental Conditions

Bed: Norton Refractory AlL,Os,
120 mesh, 470 g

Feed Material: 100 g U;04 (325 mesh),
50 g Al,O; (120 mesh)

Total Gas Flow Rate (F,+N,): 12 liters/min

F, Concentration: 20% (2.5 liters/min)

Linear Gas Flow in Bed: 0.575 ft/sec at 25 C

Filters alternately blown back every 5 min
Fluorinations continued for 4 hr after feeding-fluorination
period completed.

U;04 Bed % Conversion of
Run Feed Rate Temperature U304 to UF Based on
No. (g/min) (C) UF, Collected
48 2.4 450 92.0
45 3.6 500 97.6
49 2.4 550 98.5

A series of experiments was performed at 500 C in which both
the feeding-fluorination period and the 5-hr recycle period were employed.
An automatic blowback system was used in these runs. During the recycle
period, in which 100 percent fluorine was used, the portion of the feed line
immediately adjacent to the reactor was heated to 450 C to facilitate the
fluorination of any oxide which might be present in this area. The results
obtained in these experiments and the experimental conditions used are listed
in Table II-3. These data show that 99 percent or more of the U;05 can be
converted to uranium hexafluoride by a fluid-bed fluorination under the re-
action conditions employed in these experiments. In Experiment 67, the
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5-hr recycle period was performed at a temperature of 550 C; however, the '
use of this higher temperature did not result in a greater conversion of U;0g

to uranium hexafluoride.

Table II-3

FLUID-BED FLUORINATION OF U304

Experimental Conditions

Fluid-bed Alumina:

U;05-A1,0; Feed Mixture:
Feeding-Fluorination Period:

Bed Temperature:

Total Gas Flow Rate:
Fluidizing N,
Fluorine
N; in Fluorine

Superficial Fluidizing Velocity:

Gas Velocity in 2 -in. -dia Feed Line:

Recycle Period:

Bed Temperature:

Total Gas Flow Rate:
Fluorine Conc in Gas Phase:
Recycle Time:

Temperature of Feed Line:

U304 U304
Experiment Charge Feed Rate
_ No. (g) (g/min)
63 100 3.7
65 300 3.7
66 300 2.5
67 300 3.3

120 mesh; 520 g in Exp. 63
450 g in Exps. 65, 66, 67

2:1

500 C

12 liters/min at 25 C
7 liters/min

2.5 liters/min

2.5 liters/min

1.5 it/sec at 500 C

5 ft/sec

500 C (550 C in Exp. 67)
8 liters/min

100 percent

5 hr

450 C

% Conversion of U;Oq
to UF, on Basis of

UF, Analytical®
Collected Results
99.8 99.7
98.9 99.9
99.0 99.8
98.5 99.5

% Material retained in disengaging chamber and representative sample
of bed material analyzed for uranium content; the total uranium con-
tent from both of these sources used to calculate the percent

conversion.
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The conversion values listed under Analytical Results in
Table II-3 are based on uranium analyses performed on representative
samples of the bed material and on the material deposited in the disengaging
chamber. These values are somewhat higher than the values that are based
on the amounts of uranium hexafluoride collected which is probably due to
weighing inaccuracies.

Uranium retention in the alumina beds ranged from 0.02 to
0.05 w/o, corresponding to total uranium contents of 0.1 to 0.3 g for total
weights of the recovered alumina beds of from 518 to 572 g. Samples of
solids deposited in the disengaging chamber ranged in weight from 1 to 3 g
and contained from 0.1 to 1.0 g of uranium. The total uranium contents of
the alumina beds and samples from the disengaging chamber were 0.1 to
0.5 percent of the uranium fed to the reactor. The material balance figures
were calculated from the values for the conversion of U;Og to uranium hexa-
fluoride based on the amount of uranium hexafluoride collected and on the
uranium analysis of the bed and disengaging chamber material. The follow-
ing equation was used:

Material Balance % = % U;Og4 converted (UF¢ base) + 100 - % U;Oq
converted (Analytical base).

The somewhat lower conversion figures based on uranium hexafluoride col-
lected are apparently not due to loss of hexafluoride, since the amounts found
on the sodium fluoride (4.5, 0, 2.5, and 2 g for Experiments 63, 65, 66, and
67, respectively) were well below the tested capacity of the trap. It is prob-
able that the discrepancy is due to weighing inaccuracies.

Future work will be carried out in the fluid-bed apparatus that
has been assembled for plutonium operation., Initially, only U;Og will be used
to test the operation of the apparatus. This work will be followed by experi-
ments in which mixtures of U3;0g and plutonium dioxide will be fluorinated.

In these experiments, the principal objectives will be to determine the re-
action conditions which will minimize the retention of plutonium on the sur-
face of the alumina fluid-bed material and the deposition of plutonium on the
surfaces and filters of the reactor and which will optimize the removal of
plutonium as the volatile hexafluoride from the reaction system. In addition,
determinations of the quantities of plutonium hexafluoride and uranium hexa-
fluoride collected as products will be made. Separation of plutonium from
uranium in the hexafluoride mixture by selective reduction of plutonium
hexafluoride to the tetrafluoride by reaction with sulfur tetrafluoride may

be used to determine analytically the quantities of plutonium and uranium
present in the product mixtures.
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2, Oxidative "Decladding” of Stainless Steel- and Zircaloy-clad .
Uranium Dioxide Pellets
(A. V, Hariharan, R. L, Jarry, T. D. Baker)

Removal of uranium dioxide and plutonium dioxide from stainless
steel cladding by oxidation of the uranium dioxide to U,O4 is being considered
as a step that would precede fluorination in the fiuid-bed fluoride volatility
process. Oxidation of uranium dioxide pellets results in an increase in vol-
ume and pulverization of the pellet material as U;O4 is formed. The feasi-
bility of the process was demonstrated at Atomics International,2 where
successful decladding of uranium dioxide pellets clad in Type 304 stainless
steel was achieved by oxidation at 400 to 500 C with air or oxygen as the
oxidant. In these experiments, in which greater than 99 percent of the ura-
nium dioxide was oxidatively removed from the cladding, holes at short
intervals from each other were punched through the cladding along the long
dimension of the fuel elements. As a result of this procedure, the cladding
ruptured during oxidation, thus allowing greater access of the oxidizing gas
to the uranium dioxide pellets. The U;Oz was separated from the cladding
by means of mild vibration.

The present report covers work on the oxidative removal of
uranium dioxide pellets from cladding in a fluid-bed reactor. Apart from
its utility in the separation of uranium and plutonium oxides from cladding
material, the oxidative process can also serve to produce a uniform feed
for the fluid-bed fluorinator. Direct fluorination of spent uranium dioxide
reactor fuel containing cracked and fragmented pellets would result in erratic
fluorination conditions. The oxidation step, however, produces finely divided
U305 powder with an average particle size of about 104 and a surface area
of about 0.5 to 1.0 sq m/g.

Introduction of the powdered U304 to the fluid-bed fluorinator
may be achieved by either of two methods., In one procedure, sections of
the spent fuel elements are oxidized and declad in the lower section (oxida-
tion zone) of a fluid-bed reactor. The oxide fines formed during the oxida-
tion are transported by the fluidizing gas stream to the upper section
(fluorination zone) of the reactor, where the fluorination step is carried out.
In an alternative procedure, the oxidation step is performed in a separate
reactor and the resulting oxide powder is then fed mechanically to a fluid-
bed fluorinator.

Preliminary experiments cn oxidative "decladding" were carried
out in a horizontal tube furnace with uranium dioxide pellets clad in # -in. -
long sections of Type 304 stainless steel tubing (wall thickness, 20 mils) which
were open at both ends to simulate sheared fuel segments. The following
information was derived from the experiments.

2 Guon, J., et al,, Low Decontamination Reprocessing Studies on
Irradiated UO, Reactor Fuel, NAA-SR-7136 (Dec 15, 1961).




a) Complete conversion of uranium dioxide to U;Og occurred
in 3 to 4 hr at temperatures between 450 and 550 C in a
flowing stream of air. The product was a finely divided,
free-flowing oxide powder.

b) The oxidized material could be removed easily from the
stainless steel cladding tube by gentle shaking.

¢} Although oxidation at 450 to 500 C is slightly faster in a
stream of pure oxygen than in air, the material obtained
in reactions with pure oxygen has a tendency to cake and
stick to the cladding.

Additional "decladding" work was carried out in a fluidized bed
of alumina with uranium dioxide pellets clad in 5 % -in, -long sections of

Type 304 stainless steel (wall thicknesses, 10 and 20 mils) or Zircaloy (wall

thickness, 30 mils). Slots (—é— in, x 332 in.) were milled along the length of the
3

cladding tubes. The distance between the ends of adjoining slots was % in.
The experiments were performed at 450 C with dry air as the fluidizing and

oxidizing gas.

A single oxidation run with air was made at 550C with uranium
dioxide pellets clad in Type 304 stainless steel tubing (wall thickness,
20 mils). The results of these experiments are given in Table II-4. In all
cases an initial swelling of the cladding tube was followed by a partial and
then complete splitting along the slit line. In runs made at 450 C with 10-
and 20-mil stainless steel cladding, the tubing split open along its entire
length after 2 and 4 hr of oxidation, respectively. Complete removal of the
U304 product was accomplished by 1 or 2 hr of additional oxidation. In the
runs with 30-mil Zircaloy cladding at 450 C and 20-mil stainless steel
cladding at 550 C, the tubing was completely split after é hr of oxidation,

Table -4
OXIDATIVE DECLADDING OF URANIUM DIOXIDE PELLETS CLAD IN TYPE 304 STAINLESS STEEL/ZIRCALOY

U0z Pellets NUMEC, size  7/16-in dia, 7/16 1in long
Fluid-bed Materal 500 ¢ 120 mesh Al203 fproduct of Norton Co)
Fluidizing Gas Alr (hinear velocity 03 fi/sec at 25 C
Size of Cladding 5 U2 long (slots 18 in x 132 1n  were milled along the length of cladding
Distance between ends of adjoining slots was 3/8 in )
Number of Pellets 12 total wt U0z ~120¢
Percent Retention? of Uranium
Type and Wall Dioxide 1n Cladding after Time (hr) Average Rate
Temperature Thickness (mils) of U032 Removal
© of Cladding 2 4 5 6 1 8 g/hnt
450 Type 304 S, 10 657¢ 002 . - - . 309
450 Type 304 SS, 20 934 182¢ 003 - - - 244
450 Zircaloy 30 %6 872 - 10 0¢ 015 15d
550 Type 304 SS 20 914 911 - 100¢ 003 - iy

aCalculated on basis of initial weight of UO2

b Caleulation hased on time necessary for complete removal of oxide from cladding
¢ Cladding spht open completely at the end of this period

d Some uranium oxide fines rematned in the fluid bed

123
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The appearance of stainless steel-clad fuel segments at differ-

ent stages of oxidation are shown in Figure II-2, The uranium dioxide .
pellets in these specimens were clad in stainless steel tubing having a wall

thickness of 20 mils.

Figure I1-2

SPECIMENS OF SIMULATED SEGMENTS OF STAIN -
ILESS STEEL-CLAD URANIUM DIOXIDE FUEL ELE-
MENTS AFTER VARIOUS STAGES OF OXIDATION

A -Original Element, 20-mil Stainless Steel Cladding
B - After 2 hr of Oxidation
C - After 4 hr of Oxidation
D - After 5 hr ot Oxidation

108-6081

In Figure II-2, A is the fuel segment before treatment, B is a
similar specimen after 2 hr of oxidation, C is a specimen after 4 hr of
oxidation, and D is a specimen after 5 hr of oxidation. D shows the com-
plete removal of the U304 powder from the cladding. Several observations
can be made from the results of these experiments:

1) The removal of uranium dioxide pellets from Type 304 stain-
less steel or Zircaloy cladding by oxidation is feasible in a
fluid bed at 450 C with air as the oxidant.

2) Slots milled along the length of the cladding allow greater
access of the oxidizing gas to the uranium dioxide pellets
and promote splitting of the cladding along the slot line,
thereby also aiding the release of U;04 from the cladding,

3) The time necessary for complete removal of the U,0q formed
appears to be dependent on the thickness of the cladding, i.e.,
the time necessary to achieve complete splitting of the
cladding.
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The Kinetics of Fluorination of U304
(R. L. Jarry, T. D. Baker)

The oxidative "decladding" of uranium dioxide fuel elements will
produce finely divided, powdered U;Og. In a proposed fluid-bed fluoride
volatility process, the U;05 powder is to be fluorinated in a fluid~bed reactor.
The U304 will either be produced in the same fluid bed in which the fluorina-
tion is to be carried out, or will be prepared in a separate reaction vessel
and injected into the fluid bed of a fluorinator. It is necessary that the U;0q4
be fluorinated during its residence time in the fluid-bed medium in order to
minimize elutriation of powder to cooler portions of the reactor, where re-
action would not take place. A study of the kinetics of the reaction of fluorine
with U304 was made in order to obtain information from which the residence
time necessary to completely react a particle of U305 with fluorine in a fluid
bed could be calculated.

Two batches of U304 were used in this study. The first was a
standard sample {designated as NB-15), which was prepared by the New
Brunswick Laboratory of the AEC and which had a certified purity of 99 per-
cent. The second batch (designated as UCN) was prepared by Union Carbide
Nuclear Corp. Chemical analysis of this sample showed a uranium content
of 84.99 percent (theoretical uranium content of U;Og is 84.80 percent). The
NB-15 and UCN samples had surface areas, as measured by nitrogen adsorp-
tion, of 0.14 and 0.28 sq m/g, respectively, The fluorine used was commer-
cial grade from which hydrogen fluoride was removed by passing the gas
through a trap filled with sodium fluoride heated to 100 C,

The fluorination experiments were performed with a thermobal-
ance that was specially designed for use with fluorine. The main components
of the thermobalance, which have been described in detail by Johnson and
Fischer,3 are a Sartorius Selecta analytical balance, equipped for autoweight
recording, and a vertical, tubular nickel reaction chamber. A nickel sample
pan, upon which the U;O04 powder was placed, was suspended in the reaction
chamber by a Monel chain attached to the stirrup of the Sartorius balance.
Fluorine was passed through a preheater before entering the reactor, and
the flow rate was measured by means of a thermal flowmeter. A thermo-
couple positioned directly beneath the sample pan sensed the reaction tem-
perature. The output of the thermocouple was measured by means of a
Rubicon Type B potentiometer. A multipoint recording potentiometer was
used to monitor the temperatures of the preheater, the reaction chamber
furnace, and the output of the thermal flowmeter.

In a typical experiment, 400 mg of U304 was placed on a tared
nickel pan and then lowered into the preheated reaction chamber., During
this stage of the experiment, nitrogen flow was maintained through the

3 Johnson, C. and Fischer, J., J. Phys. Chem., 65, 1849 (1961).
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reactor., The weight of the oxide sample was checked on the Sartorius bal-
ance while temperature equilibrium between gas and solid was being attained,
When the reaction system had reached a uniform temperature, the nitrogen
flow was stopped and a flow of fluorine at a rate of 150 cc/min was started.
During the reaction period, a continuous record of the weight change of the
oxide sample versus reaction time was obtained.

The data obtained in these experiments was correlated by means
of the diminishing-sphere model. This treatment of data was discussed in
detail by Johnson and Fischer.3 Briefly, the method assumes that in the gas-
solid reaction the solid reactant consists of spherical particles of uniform
diameter, and that the reaction occurs uniformly on all the particles simul-
taneously when the layer of solid is thin enough to allow saturation with the
reactant gas. The reaction rate is then a function of the surface area of the
particle. A mathematical treatment was developed for this kinetic model
based on a gas-solid reaction which occurs at a continuously diminishing
spherical interface. The final expression relates the reaction rate to a func-
tion of the fraction of the solid unreacted, as shown in the following equation:

(1-F)¥3 = 1 - krt, (1)
in which
F = the fraction of solid reacted;
k! = k/ro P, where rp is the initial radius of a particle and p is the
bulk density;
t = reaction time.

A plot of the function (1 - F)I/3 versus t results in a straight line, and the
reaction rate constant can be obtained from the slope of the line.

Seven experiments were performed with the UCN oxide and
fourteen with the NB-15 oxide. The temperature range covered in the ex-
periments was from 300 to 400 C. The fluorinations were completed in
2 or more hours at 300 C and in about 20 min at 400 C. The plot of (1 - F)1/3
versus time t for each of these experiments gave a straight line over a
significant portion of the data. A plot for a typical experiment is shown in
Figure II-3. Deviation from the expected kinetics at the beginning of the
experiment was due to dilution of the fluorine by the nitrogen initially present
in the reactor. The deviation at the end of the reaction period is probably
due to the small amount of sample remaining. X-ray diffraction analyses of
the residues indicated that uranyl fluoride is an intermediate in this reaction.
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Figure I1-3
FLUORINATION OF U304
Temperature: 401 C

Fluorine Flow

Rate: 120 ml/min
U;04 Mesh
Fraction: -100 +325

Rate constants were calculated from the slopes of the plots of
the function (1 - F)l’/3 versus time t. The variations of the rate constants

(k' of Equation 1) with temperature for the UCN and NB-15 samples of

U,05 are shown in Figure II-4. From the slopes of the lines drawn through
the two sets of data points, values of the activation energy of 31 and 30 kca.l/
mole were calculated for the reactions of fluorine with NB-15 oxide and

CN oxide, respectively. The somewhat larger values of the reaction rate
constants obtained for the UCN U;O; is probably due to the larger surface

Figure II-4

VARIATION OF REACTION RATE
CONSTANT k' WITH TEMPERA-
TURE FOR THE FLUORINATION

OF U,04

Temperature
Range: 300-400 C

Rate Equation: (1-F)Y? = 1-k't

(see Figure II-3 for definition of
symbols)
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area of that material., The integrated form of the Arrhenius equation was ‘
fitted to the two sets of data shown on Figure II-4 to obtain the following
equations representing the change in rate constant with temperature:

NB-15 oxide: logk'= - 671,87 + 8.4438; (2)
UCN oxide: logk'= - 6—%‘9—? + 8.3133, (3)

By means of equation (3) an extrapolated value of 0.6 min~! was
calculated for the rate constant at 500 C, the temperature for the fluid-bed
fluorination of U304, To estimate the time necessary to completely fluorin-
ate a particle of U304, the kinetic equation in the following form was used:

1 - = = k't, (4)

in which

r = radius of the particle at time t in the fluorination;

I

ry = initial radius of the particle.

When r is very small, that is, when the particle has been essentially com-
pletely converted to uranium hexafluoride, then the time is equal to the
reciprocal of the rate constant. The solution of Equation (4) for t by use

of the extrapolated rate for 500 C gave a value of 1.7 min. Therefore, if the
extrapolated rate constant is reasonably accurate, a residence time that is
several times greater than that needed for complete reaction is available.
That this is so can be deduced from the data for the fluid-bed fluorination
of U304 presented in another section of this report (p. 120). In these experi-
ments, which were performed at 500 C and with a superficial fluidizing
velocity of 1.5 ft/sec, more than 99 percent of the U;05 was converted to
uranium hexafluoride, and the alumina bed material contained no more than
0.05 w/o uranium.

Decomposition of Plutonium Hexafluoride by Gamma Radiation
(M. J. Steindler, D. Steidl)

In the fluid-bed fluoride volatility process, plutonium hexafluo-
ride will be subjected to gamma radiation from fission products. The cur-
rent investigation is intended to demonstrate the behavior of plutonium
hexafluoride in a high gamma field under various process conditions and to
serve as a fundamental study of the mechanism of the decomposition of
plutonium hexafluoride by gamma radiation.
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Plutonium hexafluoride at pressures of 80 to 100 mm Hg has
been shown to decompose with a G value* of 7.5 & 0.7 molecules in the
range from zero to 37 x 10% eV (see ANL-6687, p. 106). Both oxygen and
fluorine, which will be present in process gas streams from the fluorina-
tion step of the fluid-bed fluoride volatility process, reduce the decompo-
sition of plutonium hexafluoride by gamma radiation to rates that are nearly
the sarne as those obtained for plutonium hexafluoride in the absence of
gamma radiation (see ANL-6596, p. 126; ANL-6687, p. 109). The effect of
added helium or krypton on the decomposition of plutonium hexafluoride by
gamma irradiation has also been studied (see ANL-6596, p. 127; ANL-6687,
p. 108). Current emphasis on the problem has been directed toward a de-
tailed investigation of the effect of added helium on the decomposition of
plutonium hexafluoride under gamma irradiation.

The experimental procedures employed in this work have been
previously described (see Summary Report ANL~6477, p. 118). The results
of current as well as previously reported experiments with helium are
shown in Table II-5 and Figure II-5. These experiments were done at

Table II-5

DECOMPOSITION OF PLUTONIUM HEXAFLUORIDE BY
GAMMA RADIATION IN THE PRESENCE OF HELIUM

Average Gamma Energy: 0.75 MeV

Dose Rate: 1x10* to 4 x 10 rad/min
Temperature: 60 to 70 C
PuF, Pressure: ~80 mm Hg at 25 C
Initial  Absorbed Dose PuFgP PuF,°©
Initial He (eV = 107%%) Lost Formed
PuF, (milli~- ————  (milli-  (milli-
Experiment (millimoles) moles) In PuFy; InHe moles) moles) G
1199F-146 0.996 8.863 8.0 1.0 0.072 0.084 5.9
106 1.010 8.659 8.1 1.0 0.134 0.086 8.2
116 1.026 8.413 8.7 1.0 0.147 0.116 9.1
128 1043 8.629 14,7 1.8 0.185 0.139 6.6
140 0.982 8.342 15,1 1.9 0.185 0.196 7.6
148 1.016 8.998 15.1 2.0 0.192 0.187 7.5
7 1.073a 8.132 15.6 1.8 0.252 0.222 9.1
40 0.964% 8.133 26.7 3.7 0.299 0.291 6.7
118 1.015 8.566 38.9 5.5 0.373 0.317 5.3
49 0.9352 8.298 40.5 6.2 0.361 0.436 5.9
34 1.0352 17.16 15.6 3.7 0.150 0.203 6.8
10 1.0972 17.29 16.8 4.0 0.184 0.183 6.6
122 0.967 17.22 25.7 7.5 0.315 0.223 6.3
158 1.045 17.58 28.2 7.6 0.314 0.315 6.7
130 1.010 17.31 28.6 7.6 0.242 0.236 5.0
152 1.022 18.14 30.6 8.3 0.216 0.231 4.4
154 1,005 17.78 40.8 11.8 0.324 0.347 4.9
132 1,018 17.58 40.8 11.9 0,391 0.389 5.7

& Presented previously.

b By tensiometric methods.

¢ By chemical analysis of solid residue.

dG value calculated from the average of PuFy lost and PuF, formed with
energy absorbed in PuF; alone.

* Molecules decomposed per 100 eV of absorbed energy.
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The data show, therefore, that when a vessel that contains plu-
tonium hexafluoride only and a vessel that contains the same amount of
plutonium hexafluoride together with one or two atmospheres of helium
are subjected to the same external source of radiation for identical periods
of time, the extent of decomposition of plutonium hexafluoride will be the
same in both vessels, in spite of the fact that the total energy absorbed in
the vessel containing helium is 10 to 20 percent greater than the energy
absorbed in the absence of helium. Since plutonium hexafluoride has an
estimated first ionization potential of 15 eV, and the first excited state of
helium is approximately 20 eV, inhibition of plutonium hexafluoride decom-
position by helium would involve deactivation of a plutonium hexafluoride




molecule which is both ionized and excited. On the basis that such excited
ions are present in very small concentration, the slight effect of helium is
in keeping with theoretical expectations.

The effect of krypton on the decomposition of plutonium hexa-
fluoride is now being studied and will be reported in the next summary
report.

The Alpha-radiation Decomposition Rate of Plutonium

Hexafluoride
(R. Wagner, W. Shinn)

Studies of the decomposition of plutonium hexafluoride due to
alpha radiation are continuing with an investigation of the effect of the gases
nitrogen, oxygen, fluorine, helium, or krypton. Binary mixtures of 100 mm
of plutonium hexafluoride and each of the above gases have been prepared
at room temperature in 127-cc nickel spheres. Analysis of the products
has begun and the results will be published in the next Chemical Engineer-
ing Summary Report.

B. Engineering-scale Investigation of Fluid-bed Fluoride Volatility Process
(A. A, Jonke) i

1. Development of Fluid-bed Fluoride Volatility Processes for the

Recovery of Uranium and Plutonium from Uranium Dioxide Fuels

(W. J. Mecham)

Development of a fluid-bed fluoride volatility process for the re-

covery of uranium and plutonium from irradiated uranium dioxide fuels has
continued. In this process, uranium and plutonium oxides are reacted with
fluorine to produce hexafluoride products, which are then decontaminated
and separated by volatility techniques. The fluorination is carried out in a
fluidized packed-bed reactor, in which the packed section is formed by ura-
nium dioxide pellets. Alumina grain is used to fill the voids in the uranium
dioxide pellet bed and to form a fluidized bed above the pellets. Develop-
ment studies on an engineering scale have thus far been directed toward
process optimization of the primary fluorination of uranium dioxide pellets.
The major objectives of these studies have been to demonstrate short-time
(less than 20 hr) batch fluorination and satisfactory fluorine utilization ef-
ficiencies (greater than 75 percent). During the present period, continued
emphasis has been placed on the evaluation of a two-zone, oxidation-
fluorination technique that is carried out in a single vessel.

In early one-zone system runs (see ANL-6596, pp. 136 to 139)
with shallow beds (less than 6 in. deep) of reactor-grade (unirradiated) ura-
nium dioxide fuel pellets, satisfactory heat removal, reaction control, and
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the general effects of major process variables, such as temperature, reagent
gas flow, and composition, were demonstrated. Although these runs were
made mostly with batch charges of pellets, the semicontinuous feeding of
pellets was also demonstrated. The introduction of oxygen along with fluo-
rine in the fluidizing gas was shown to promote the fluorination reaction by
the formation of uranium oxide (U;04) fines of high specific surface area.
Satisfactory process control was achieved by metering the inlet fluorine and
oxygen gases. Although oxygen is a product of the fluorination reaction and
must be bled from the system, a mathematical analysis (see Summary Report
ANIL-6543, pp. 131-134) of the use of process off-gas indicates that high
fluorine efficiency can be obtained through off-gas recycle while holding re-
cycle oxygen to a minimum.

In batch runs utilizing deeper pellet beds (18-in.-deep initial
batch charges), caking tendencies were noted (see Summary Report
ANL-6569, p. 109). These caking tendencies were apparently due to second-
ary reactions of uranium hexafluoride vapor with uranium-bearing inter-
mediate compounds in the form of solid fines. To prevent caking in these
deeper beds, low oxygen concentration was required, which in turn entailed
the practical disadvantage of a relatively low rate of U;0O4 production and a
consequent low rate of uranium hexafluoride production and low efficiency
of fluorine utilization. It has been found that caking can be prevented by the
use of a two-zone oxidation-fluorination scheme. This scheme has been
used successfully with 12-in.~deep beds and has allowed both high production
rates and high fluorine efficiencies. Although the two-zone method is con-
sidered promising for beds deeper than 12 in., such tests have not yet been
carried out.

In the two-zone process, two distinct reaction zones are utilized:
The first is a bed of uranium dioxide pellets with fused alumina grain par-
ticles in the voids (oxidation zone); the second is a bed of fused alumina
grain particles placed over the uranium dioxide pellet bed (fluorination zone).
In the oxidation zone, U304 fines (about 10 to 20 in mean diameter) are pro-
duced by contacting the uranium dioxide pellets with a mixture of oxygen and
nitrogen which also serves to fluidize the alumina particles. The U;O;4 fines
are transported 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 uranium dioxide pellet bed. The fluidized
alumina serves as a heat transfer medium. A discussion of the two-zone
method of operation and a summary of earlier runs are given in ANL-6687,
pp. 112-124,

During the present period, improved process control was achieved
in the batch fluorination of unclad pellets, as shown by satisfactorily high and
uniform rates of uranium hexafluoride production and by high efficiency of
fluorine utilization. The improvement in process control was aided by the
use of a gas thermal conductivity instrument for the continuous monitoring
of fluorine concentration in the process off-gas.
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The fluid-bed oxidation-fluorination techniques under development
for processing uranium dioxide fuel pellets may also be applied to metal-clad
fuel elements that have been cut to expose the uranium dioxide to the reagent
gases. In this way separate chemical decladding steps, such as chlorination
for the removal of stainless steel, can be avoided. In an oxidation-
fluorination process, the uranium dioxide would be removed from the unre-
acted cladding, which would be discarded with the solid waste from the fluo-
rinator. Thus, by shearing fuel elements into approximately one-in. lengths,
it is possible to react the exposed uranium dioxide with fluorine to form the
volatile uranium hexafluoride or with oxygen to form a mobile powder of
U305 Tests of the two-zone oxidation-fluorination scheme on variously cut
fuel elements have been performed during the present period. In this
method, the unreacted cladding is disposed of as solid waste after removal
of the uranium.

Separate studies of the oxidation step for the removal of uranium
dioxide fuel from stainless steel (Type 304) cladding were also made.
Earlier oxidation studies (see Summary Report ANL-6477, p. 139) of unclad
pellets showed that the oxidation of uranium dioxide to U;04 proceeded rapidly
to completion, requiring only about 4 hr for a bed of——zl--in. pellets at 500 C.
Preliminary tests of the oxidation of one-in.-long segments of stainless steel-
clad uranium dioxide fuel elements in a fluidized packed bed were reported
in the preceding quarterly (ANL-6687, p. 124). The current work is directed
toward the development of an oxidation step that may be incorporated into the
two-zone oxidation-fluorination scheme in which uranium and plutonium
hexafluorides are the product.

In the fluid-bed, oxidation-fluorination process, the transport of
both heat and material is important, and depends on the mixing of solids and
gas in this system. DBecause no previous work has been reported on the mix-
ing behavior of such fluidized packed beds, basic studies in this area have
been carried out as a part of process development. Rates of transport in
the longitudinal (axial) and lateral (radial) directions are different and have
been measured separately. When feasible, these studies have been carried
out with materials that are more convenient to handle than uranium or fluo-
rine. Earlier work on fluidized packed beds dealt with heat transfer and gas
mixing. In the preceding quarterly (ANL-6687, p. 128), studies of rates of
elutriation of fines from fluid beds were studied as a function of gas rates,
fines concentration in the bed, size of fixed packing, and size of fluidized
particles were reported. Studies of heat transfer rates as a function of fines
concentration were also reported. During the present period, solids mixing
rates in the lateral direction were investigated.

An engineering-scale high-alpha facility is being designed and
installed for the purpose of studying the several steps involved in the fluid-
bed fluoride volatility processing of uranium-plutonium oxide fuel. Process
equipment is now being installed for the fluorination step; equipment for
other separations steps is to be installed later.
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2. Fluorination of Dense Uranium Dioxide Fuel Pellets in a
Fluidized Bed
(L. Anastasia, B. Kullen, R. Kinzler, A. Rashinskas)

In order to improve reactor operation and control during the
processing of uranium dioxide pellets by means of the two-zone oxidation-
fluorination scheme, two modifications have been made in the 3-in,-diameter
fluorinator system. One modification concerns the disengaging section and
filter system, and is intended to minimize problems associated with the
fluorination of fines of uranium intermediate compounds which may be
elutriated from the fluid bed. The other modification provides a method
whereby the fluorine concentration in the process off-gas is continuously
measured.

Filter Modification

The function of the disengaging and filter sections is to prevent
solids from escaping the fluorination zone of the reactor. The following
steps are involved:

1) The freeboard immediately above the fluid bed provides a
region in which lowered gas velocity (about —;- that in the dense fluid bed)
allows some of the larger, entrained particles to fall back into the fluid bed.
This is most effective in practice for particles of +200 mesh which may
acquire high velocity from bubble bursts or slugging in the fluid bed. The
effectiveness of this freeboard increaseswith height of freeboard up to about
2 ft.

2) In general, disengaging sections of larger diameter would
be expected to allow more effective settling of the finer particles because
of the consequent decrease in gas velocity. In order to achieve a substantial
reduction in the number of entrained particles of -200 mesh size, very large
disengaging sections may be necessary. An increase in both the diameter
(for reducing gas velocity) and the height (for increasing residence time) of
the disengaging section would be advantageous. (Also, cyclones are some-
times used as an alternative to large disengaging sections.) The resulting
low gas velocities may allow collected powders to accumulate. Vibration
may be effective in reducing holdup of fines in this case.

Accumulations of uranium oxide or oxyfluoride in the disengag-
ing section may be removed by fluorination at temperatures of 250 C or
above. However, because of relatively poor heat transfer of such nonfluid-
ized material, this method is considered to be limited in practice to thin
(~% -in.) deposits.

Uranium or plutonium compounds that are carried through the
disengaging section are collected on porous metal filters. These give good




separation performance due to filter cake action, and the cake can be re-
moved from the filter and returned to the fluorination zone by reverse gas flow
(blowback), These filters are mechanically weak (compared with solid
metal) and are subject to corrosion. For use with fluorine, nickel or Monel
filters have a long life only at temperatures below 200 C. Important in the
control of temperature is (1) the cooling of hot gas from the reaction zone
and (2) the prevention of any extensive fluorination of fines on the filter
surface. The general approach has been to minimize the fines loading on
the filter and to provide positive cooling of the filter chamber and of the

gas before it contacts the filter.

In some recent runs, elutriated fines have accumulated in the
disengaging and filter section because of low operating temperatures and
because of internal surface configurations favoring powder holdup. The
temperature of the disengaging section has been maintained at 100 to 200 C
during fluorination experiments in order to maintain the physical integrity
of the two porous metal filters. The tops of these filters with exposed pipe
connections provided several areas suitable for fines buildup. In addition,

a 19-in, length of Schedule 40, 3-in.-diameter pipe attached to the top flange
of the reactor and perforated with sixty-eight 0.5-in.-diameter holes pro-
vided numerous horizontal surfaces and an additional vertical surface upon
which fines have deposited. (The perforated pipe was originally intended as
a mechanical guide for lowering solid charges into the fluorinator.) The
pipe and filters have been removed from the disengaging section, and an ex-
ternal filter assembly has been constructed. Previous tests with external
filters have been described in Summary Report ANL-6333, p. 184, A sche-
matic diagram of the present system is shown in Figure II-6. The parts of
the reactor system that have been removed are shown in dotted lines.

In the modified system, a single 3-in. x 18-in. bayonet filter
surmounts the disengaging section to filter the process off-gas. A bypass
gas path through a second external filter (non-blowback) has been provided
to allow blowback of the process filter. The bypass is opened electrically
by means of the blowback timer and a delay relay. Three seconds before
each blowback, the timer actuates a solenoid that operates a pneumatic valve
which in turn opens the bypass line; the delay relay then actuates the blow-
back system. This operation completes the timer cycle; the bypass is
closed and normal gas flow through the process filter is resumed. The
present location of the filters allows the use of higher temperatures for the
fluorination of fines in the disengaging section; calrod heaters have been
added to the disengaging section for this purpose.

Continuous Fluorine Analysis of Fluorinator Off-gas

Since fluorine is metered into the reactor system at a known
rate, a continuous analysis of fluorine in the off-gas allows immediate knowl-
edge of fluorine utilization efficiency. Also, since the uranium hexafluoride
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collection rate is known independently, the rate of accumulation of fluorine
as intermediate fluorides can be calculated. (In the two-zone system,
uranyl fluoride is the chief intermediate compound resulting from the re-
action between fluorine and U;Oq {ines.)

Figure II-6

FLUORINATOR FOR URANIUM DIOXIDE PELLETS:
PIPING AND VALVE ARRANGEMENT FOR EXTERNAL FILTER
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From such information on the rate of fines accumulation, ap-
propriate control action can be taken to limit the accumulation of {ines in
the system by reduction of the oxygen/fluorine ratio of the reagent gas in-
put. However, an analytical time lag of -;— to _31- hr for a separate fluorine
analysis is too long for fines control by regulation of the gas input. Hence,
it is desirable to have a method of monitoring fluorine and uranium hexa-
fluoride concentration in the off-gas continuously. For this purpose, a
method employing thermal conductivity cells is currently being applied.
With this system fluorine and uranium hexafluoride concentration in the
oif-gas can be plotted continuously on a strip-chart recorder.

In initial tests of the fluorine-analysis system, the gas feed for
the thermal conductivity cell is taken from a point downstream of the ura-
nium hexafluoride condenser and sodium fluoride traps. This gas contains
oxygen, nitrogen, and fluorine. After the gas mixture passes through the
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reference side of the cell, the fluorine in the mixture is replaced with
chlorine (by reaction with sodium chloride) to form the sample gas analyzed
by means of thermal conductivity. Output of the cell is, therefore, based on
chlorine concentration, but the cell is calibrated to give readings in terms
of fluorine concentration. Tests of the uranium hexafluoride analysis cell
are to be made later.

Results of Fluorinations of Uranium Dioxide Pellets

Engineering-scale studies have continued on the development of
a two-zone oxidation-fluorination scheme for the conversion of uranium di-
oxide pellets into uranium hexafluoride in a single reactor. In this scheme,
the oxidation (lower) zone consists of uranium dioxide pellets with alumina
grain filling the voids between the pellets. The fluorination (upper) zone
consists of a fluidized bed of alumina grains which extends above the oxida-
tion zone. By passing an oxygen-nitrogen mixture through the oxidation
zone, U304 fines are produced. These fines are transported from the oxida-
tion zone to the fluorination zone, where they are fluorinated to uranium
hexafluoride vapor.

In two previous runs, lZ2-in.-deep beds of uranium dioxide pellets
were converted to uranium hexafluoride in 15 hr when 4.5 percent oxygen in
nitrogen was used as the oxidant and in 12.5hr when 6 percent oxygen in nitro-
genwas used (see Runs UOF-68 and -69, ANL-6687, p. 117). Overall fluorine
utilization efficiencies for these runs were 64.5 and 72.5 percent, respec-
tively. In these runs, heat was conducted to the pellets from the fluorination
zone, which was maintained at 500 C; no attempt was made to maintain pre-
determined temperatures in the oxidation zone. In these runs, fluorine input
to the fluorination zone was diluted by a partial recycle of off-gas (0.25 cfm)
to prevent plugging of the fluorine inlet. Gas pulsing was used to aid fines
transport from the oxidation to the fluorination zone.

Another run (UOF-70) in this series has been completed with
satisfactory results. A 12-in.-deep bed of pellets was completely reacted
in 12.5 hr, The concentration of oxygen in nitrogen in the gas stream to the
fluidized-packed bed was 8 percent. An overall fluorine efficiency of 75 per-
cent was achieved. The operating conditions and results for Run UOF-70
are given in Table II-6 and in Figures II-7 and II-8. Good temperature con-
trol was achieved in this run, as in other recent two-zone runs.

The changes of the uranium hexafluoride production rates with
time, shown in Figure II-7, were somewhat different than those obtained in
the previous run, Run UOF-69. In Run UOF-69, production rates virtually
doubled after 5.5 hr of operation, and reached a maximum of 107 1b UF6/
(hr)(sq ft) during the eighth hour, whereas in Run UOF-70, rate increases
were more moderate and a maximum production rate of 82.5 1b UFé/(hr)(sq ft)
was achieved during the seventh hour. The uniformity in the rate of uranium
hexafluoride production is shown by the plot of cumulative product gain with
time in Figure II-8, and is taken to indicate good reaction control.
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Table II 6

OPERATING CONDITIONS AND RESULTS FOR RUN UQF 70 A TWO ZOMNE OXIDATION FLUORINATION
OF URANTUM DIOXIDE PELLETS WITH GAS PULSING

10y Pellet Charge Weight 88kg
Bed Height 1210
Atumina Charge Wewght 7 1kg (Blue Label Alundum)

Static Height above Pellets 201n
Size Limits (U S Meshy -40 +170

Temperatures Fluorination Zone 500 C
Oxidation Zone {(Pellets) 340 ¢ T <480 C
Putstng Conditions Duration 0 04 sec

Frequency 2 pulsesimin
Pressure 20 psig
Gas Votume 0016 cu ft/pulse

Oxygen Diluent Np
Fluerine Diluent Pracess Off-gas (0 25 cfm)
Run Duration 12 5 hr (925 hr once through gas flow
325 hr total off-gas recycle
Overall Fluorine Efficiency 75 percent
Gas Flow
Oxidation Zone Fluorination Zone
Average Fy Input Average Fluorine Average
Process Time Rate 02 Rate to Reactor Utilization Efficiency?@ Production Rate
b (cfm) ] icfm) %) (3] {Ib UFe/thr)(sq ft)]
0-35 104 80 144 102 694 37
3585 104 80 151 144 858 68
85-925 104 80 142 94 464 23
925-125 (05 efm gas recycle +0 06 cfm Fa) 423 9

3 (mole UFg produced/hr)
a - 2 AiE e pie e
Fluorine utilization efficiency = 100 [ ol ¥z Tealhns }

80 |-
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s g
= ] Figure 11-7
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Figure I1I-8

CUMULATIVE URANIUM HEXAFLUORIDE
PRODUCT COLLECTION FOR RUN UOF-70.
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During the first 9.25 hr of operation in Run UOF-70, once-
through gas flow and a partial off-gas recycle of 0.25 cfm to the fluorination
zone was used. During this period, a fluorine utilization efficiency of
78.6 percent (based on hexafluoride production) was achieved. The final
3.25 hr of the run was used to clean up the alumina bed with an enriched
fluorine atmosphere using total off-gas recycle. This operation reduced
the overall fluorine efficiency to 74.9 percent, which, nevertheless, is the
highest efficiency yet obtained in two-zone oxidation-fluorination
experiments.

The rates of fluorine input to the reactor are shown in Fig-
ure II-7. The average fluorine concentrations in the gas stream to the
fluorination zone are given in Table 1I-6. In general, the method of com-
paring fluorine utilization efficiency for hexafluoride production with over-
all fluorine consumption calculated from fluorine analysis of the process
off-gas was used to determine fluorine requirements needed to prevent
fines accumulation. Continuous measurement of fluorine concentration in
the off-gas was furnished by means of the thermal conductivity cell. The
response time of the cell to a change in fluorine concentration at the reactor
was determined to be approximately 4 min. Most of this time lag is due to
the residence time of gas in the piping. This response time can be signifi-
cantly reduced by shortening the length of the sample line.
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Fluctuations in fluorine concentration in the process off-gas
were apparent from the cell output. Because the thermal conductivity cell
is sensitive to these fluctuations, it offers a significant improvement in
process instrumentation over the previous grab-sample technique.

The use of a single, cooled, sintered-metal filter, a heated
(400 C) disengaging section, and an alternate gas path during filter blowback
gave very promising results during Run UOF-70. In general, pressure drop
across the single filter was somewhat higher than that across the two paral-
lel filters used previously. Although the total gas rate of 1.5 cfm (during
the run period of 3.5 to 8.5 hr; see Table II-6) was 7 percent higher than
that for a comparable period of uranium hexafluoride production during
Run UOF-69, maximum differential pressures across the filter were 12 in,
H,0 in Run UOF-70 and 7 in. H;O in Run UOF-69. This result indicated that
the solids loading of the exit gases had been reduced. At the same solids
loading and gas rates, but with one-half the filter area, pressure drop is ex-
pected to increase by a factor of four.4

The bottom cone of the disengaging section was clean and the
walls had a relatively light coating of solids. The single-process filter had
a layer of solids which was similar to that normally obtained on each of the
parallel filters previously used. The non-blowback filter in the bypass sys-
tem had a barely discernible layer of oxide fines, thereby indicating that the
non-blowback filter may not be necessary in similar operations.

Blowback frequency of the main process filter was once every
15 min; this compares with a blowback frequency of once every 30 min for
each of the two filters in the previously used parallel arrangement (i.e., a
blowback of a filter occurred every 15 min, alternating from one filter to
the other),

The time required to collect 90 percent of the amount of uranium
hexafluoride in tests with 12-in. deep beds of pellets is shown in Figure II-9
as a function of oxygen concentration in the oxidation zone. For purposes of
comparison, it is noted that in Runs UOF-63 and UOF-64 (two-zone oxidation-
fluorinations in which thermal gradients in the oxidation zone were present
but in which no gas pulsing was used) the time required for 90 percent col-
lection was 14 hr with 18 and 31 percent oxygen and 16 hr with 26 percent
oxygen (see ANL-6648, pp. 137 to 143). As shown in Figure II-9, the re-
quired processing times were shorter with lower oxygen concentrations in
two-zone oxidation-fluorinations with gas pulsing. These data also imply that
the use of more than 8 percent oxygen with gas pulsing may not significantly
reduce processing time, and that the concentration range 6 to 8 percent
oxygen is satisfactory for high uranium fluoride production rates.

4D. B. Pall, Filtration of Fluid Catalyst Fines from Effluent Gases,
Ind. Eng. Chem. 45 (6), 1197 (1953).
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Uranium Material Balances for Runs UOF-68, UOF-69 and
UOF-70

The uranium material balances for several recent two-zone
oxidation-fluorinations utilizing 12-in. -deep beds of bare uranium dioxide
pellets are shown in Table II-7. Material balances near 100 percent have
been obtained since the recent addition of sodium fluoride traps downstream
of the condenser; prior to the use of these traps, an empirical condenser
efficiency of 96 percent was used for material-balance calculations. The
average condenser efficiency for Runs UOF-68 to UOF-70 was 95.6 percent,
whereas for individual runs the efficiencies were 95.0, 96.6, and 95.1 percent
for Runs UOF-68, UOF-69, and UOF-70, respectively. For Runs UOF-68,
UOF-69, and UOF-70, the overall uranium balances were 100 + 0.4 percent.

Fluorination of Stainless Steel-clad Uranium Dioxide Pellets

The work described above has been directed toward the process-
ing of beds of unclad uranium dioxide pellets. In the present period, work
has been started on the evaluation of the two-zone technique for the process-
ing of stainless steel-clad pellets. In these tests, uranium dioxide pellets
are placed inside short lengths (about 1 to 2 in.) of stainless steel tubing
to simulate sheared fuel elements. Longer-element sections with longitudinal
slits are also being used in these experiments,
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Table II-7

URANIUM MATERIAL BALANCES FOR RECENT TWO-ZONE OXIDATION -
FLUORINATIONS OF 12-IN. DEEP URANIUM DIOXIDE IN FLUIDIZED
PACKED BEDS

Runs UOF-68
and UOF-69 Run UOF-70

Initial Weights (g)

UO, charged 17,610 8,851
Al,O; charged 7,0872 7,087
UO, Recovery
As UFy in condenser (g UO;) 16,726 8,407
in NaF traps (g UO;) 736 433b
As Nonreacted UO; (g) 63 13
As Uranium Compounds in Al,O; (g UO,) 20 28
Total U accounted for (as UO;) (g) 17,545 8,881
Collection of UF, Product (% of U charged) 99.1 99.9
Final U Concentration in AL O, (w/o) 0.25 0.35
Overall Uranium Material Balance (%) 99.6 100.3

a Alumina was not removed from the reactor between Runs UOF-68
and UOF-49,

bg.6 g of this material was UO, enclosed by a piece of stainless
steel cladding,

Two experiments (Runs UOF-71 and UOF-72) have been com-
pleted in the 3-in.-diameter reactor with the objective of determining the
completeness of removal of uranium dioxide pellets from short pieces of
stainless steel cladding. These experiments were carried out by means
of the two-zone oxidation-fluorination technique. In Run UOF-71, a 1.2-kg
charge of pellets was used. The charge consisted of 40 stainless steel-
clad elements which were -i—% in. long and contained two uranium dioxide
pellets each, one segment which was 1 %in, long and contained three pel-
lets, and one which was 1 —i—% in. long and contained four pellets. Two stain-
less steel-clad pieces, which were about 5.2 in. and 10.3 in. long and which
had been slit longitudinally, were also included in the charge. The height
of the fluidized packed bed formed by the smaller pieces was about 2 in.,
with the longer pieces protruding above. A 100 percent removal of uranium
dioxide from the cladding was achieved in 8.5 hr, .




In the second experiment (Run UOF-72), a charge of 3.5 kg of
uranium dioxide pellets was used. The pellets were clad in i—'z -in. long
segments of Type 304 stainless steel (two pellets in each of 175 segments),
The height of the fluidized packed bed was 6 in., In this run, 95 percent of
the original uranium was removed from the cladding in 13.5 hr. Typical
specimens of stainless steel-clad fuel segments before fluorination are
shown in Figure II-10.

Figure II-10

TYPICAL SPECIMENS OF TYPE 304 STAINLESS STEEL-CLAD
URANIUM DIOXIDE FUEL SEGMENTS
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The general operating conditions used in the decladding runs
were similar to those used in recent runs with unclad pellets. However,
the clad segments were exposed to higher oxygen concentrations than those
used in runs with unclad pellets. In the present two runs, 22 percent oxygen
in nitrogen was supplied to the oxidation zone, whereas 8 percent oxygen in
nitrogen was used in typical earlier runs with unclad uranium dioxide pellets.

Run UOF-71

Operating conditions for Run UOF-71 are listed in Table II-8.
With the oxidation zone (fluidized packed bed) at 450 C, the fluorination
zone at 500 C, and with 22 percent oxygen being passed through the fluidized
packed bed, a maximum uranium hexafluoride production rate of 31 1b UFé/
(hr)(sq ft) was obtained after 3 hr of operation After 4 5 hr of operation,
the production rate dropped off to zero. At this point, 90 percent of the
uranium originally present had been collected as the hexafluoride The
remaining 10 percent of the uranium was fluorinated by passing fluorine
through the fluidized packed bed and using total off-gas recycle. Overall
fluorine efficiency, based on conversion to the hexafluoride, for Run UOF-71
was 26.6 percent.

143
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Table II-8

OPERATING CONDITIONS FOR RUN UOF-71, A TWO-ZONE

OXIDATION~FLUORINATION OF A FLUIDIZED PACKED

BED OF STAINLESS STEEL~-CLAD UQ, PELLETS

U0, Pellets:

Type 304 SS Cladding:
Materials Charged:

Pulsing Conditions:

0.42-in. right cylinders

0.45-in. OD; 0.43-in. ID; 0.010 in. thick

Weight of UO; Pellets:

Fixed Bed Height:
Weight of Cladding:

Simulated Fuel Segments:

1224 ¢
1.5 in.
55 ¢

40 pieces 1716 in. long (2 pellets each)

1 piece 22

16 in. long (3 pellets)

1 piece 29/16 in. long (4 pellets)
1 piece ~6 in. long (slit, 12 pellets)
1 piece ~12 in. long (slit, 24 pellets)

Weight of Alumina

(Blue Label Alundum):

Duration
Frequency
Pressure
Gas Volume

For Once-through Gas Flow (5.25 hr)

Oxidation Zone:

Fluorination Zone:

Temperature

Oxygen Concentration
Diluent

Total Gas Rate

Temperature
¥, Concentration
Total Gas Rate

For Total Off-gas Recycle (3.25 hr)

Run Duration

Temperature
Max F, Concentration
Total Gas Rate

7.1 kg

(size limits:

-40 +170 mesh)

0.04 sec

2 pulses/min

20 psig

0.016 cu ft/pulse

450 C

22 percent
Nz

1.1 cfm

500 C
4.2 to 10 percent
1.4 cfm

500 C
58 percent
0.59 cfm

8.5 hr
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The forty-two smaller pieces of stainless steel cladding were
recovered from the reactor in virtually the same form as charged; however,
only small, thin fragments of the slit, longer sections of cladding were re-
covered. These fragments were about 1 sq in. in area by 0.003 in, thick,
All of the stainless cladding sections had undergone fluorine attack, as was
evident from surface scale formation. A photograph of the tubing elements
after exposure to fluorine is shown in Figure II-11; one unexposed fuel
segment is shown at the left. The reason is not known why in this run the
stainless steel in the 6- and 12-in. segments were more severely attacked
than the -i—z -in. segments. Because the longer elements projected out of
the packed bed and may have been carried upward out of the pellet bed, they
may have been subjected to alternate oxidizing and fluorinating environments.

Figure II-11

APPEARANCE OF TYPICAL STAINLESS STEEL CLADDING
RESIDUES AT END OF RUN UOF-71

FRAGMENTS FROM SLIT PIECES

@ .
CLADDING SEGMENT e

WHICH CONTAINED
THREE PELLETS CLADDING SEGMENT

WHICH CONTAINED
FOUR PELLETS

L SCALE |
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CLADDING SEGMENTS WHICH CONTAINED TWO PELLETS
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Run UOF-72

For Run UOF-72, the height of the fluidized packed bed of clad

pellets was increased to 6 in. The length of the stainless steel cladding

segments was i—'z in, Operating conditions for this run are given in Table II-9.
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Table II-9

OPERATING CONDITIONS FOR RUN UOF-72, A TWO-ZONE
OXIDATION-FLUORINATION OF A FLUIDIZED PACKED
BED OF STAINLESS STEEL-CLAD PELLETS

UO, Pellets: 0.42-in. right cylinders
Type 304 SS Cladding: 0.45-in. OD; 0.43-in. ID; 0.010 in. thick
Materials Charged: Weight of UO, Pellets: 3484 g
Fixed Bed Height: 6 in.
Length and Weight of
Cladding: 175 pieces
15/16 in. (length)
287 g

Weight of Alumina
(Blue Label Alundum): 7087 g
(size limits:
-40 + 170 mesh)

Pulsing Conditions: Frequency 2 pulses/min
Pressure 20, 30, and 40 psig
Duration 0.04 sec

For Once-through Gas Flow (6.75 hr)

Oxidation Zone: Temperature 450 C
Oxygen Concentration 22 percent
Diluent N,
Total Gas Rate 1.1 cfm
Fluorination Zone: Temperature 500 C
F, Concentration 4.0 to 10.3 percent
Total Gas Rate 1.5 cfm

For Total Off-gas Recycle (6.75 hr)

Temperature 500 C
Max F,; Concentration 25 percent
Total Gas Rate 0.56 cfm

Run Duration 13.5 hr




147

The initial operating conditions were identical with those used successfully
in Run UOF-71; however, when the uranium hexafluoride production rates
began to drop off after 3.5 hr of operation, pulsing pressures were in-
creased in an effort to increase the rate of hexafluoride production. As
shown in Figure II-12, the higher pulse pressures were not effective for
this purpose.
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L GAS FLOW GAS RECYCLE

g 20 psxg—>|4—- 30 psig ~+-4O OFF+4O—+—OFF—»
F psig psig

40r PULSING PRESSURES

1b UFg
(hri(sq ft)

o
[e]

Figure 11-12

URANIUM HEXAFLUORIDE PRODUCTION RATES
FOR RUN UOF-72, A TWO-ZONE OXIDATION-
FLUORINATION OF STAINLESS STEEL-CLAD
URANIUM DIOXIDE PELLETS

{See Run Conditions in Table II-9)

URANIUM HEXAFLUORIDE PRODUCTION RATE,
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The maximum uranium hexafluoride production rate obtained in
Run UOF-72 was 42 1b UFé/(hr)(sq ft). In general, production rates were
lower than those obtained in oxidation-fluorination experiments with bare
pellets. The overall fluorine efficiency based on conversion to the hexa-
fluoride was 51 percent in Run UOF-72.

In 6.75 hr, 67 percent of the uranium charge had been collected
as uranium hexafluoride with oxygen passing through the oxidation zone
(fluidized packed bed) and using once-through gas flow. The remaining
28 percent was fluorinated by passing fluorine through the fluidized packed
bed and using total off-gas recycle. The total removal of uranium dioxide
was 95 percent for a total run time of 13.5 hr.

Operationally, Run UOF-72 is not considered satisfactory be-
cause a high pressure drop occurred across the packed zone after 12.8 hr
of operation, thereby indicating the formation of a caked bed. From sub-
sequent examination of the bed, it appeared that cladding pieces at the
bottom of the fluidized packed bed contained unreacted uranium oxide.
From the appearance of this residual material, it is believed to be uncon-
verted uranium dioxide. Incomplete conversion of the dioxide may have
been caused by excessive cooling of the fluidized packed bed when larger
quantities of ambient nitrogen were introduced into the system to increase
the pulse pressure. Further studies of the two-zone scheme for the
"decladding" and conversion of uranium dioxide fuels to uranium hexafluo-
ride are being planned.
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3. Oxidative Separation of Uranium Dioxide Fuel from Stainless
Steel-clad Fuel Segments in a Fluidized Packed Bed
(M. Baerns, R. Kinzler)

Studies have been continued to determine the feasibility of the
removal of uranium dioxide from stainless steel-clad fuel segments with
both ends open by oxidation of the uranium dioxide to U304 in fluidized
packed beds. The oxidation product, U;Og, tends to spall off the surface of
the uranium dioxide because of the differences in density of the two oxides.
In these tests, short fuel segments form a randomly packed (fixed) bed and
alumina grain is fluidized in the voids of the packed bed. Air is used both
as fluidizing and oxidizing gas. The U;Og4 fines formed in this process
mix with the fluid bed material and may be conveyed to a separate fluorina-
tion zone for the production of uranium hexafluoride.

The present studies of oxidative separation are intended to
evaluate such a method of processing sheared or chopped fuel elements of
the stainless steel-clad uranium dioxide type. This oxidation step could be
performed as a separate step prior to the fluorination or incorporated into
the two-zone oxidation-fluorination process carried out in a single vessel.

The results of the first five experiments of this type were pre-
sented in the preceding quarterly report (see ANL-6687, p. 124). In these
experiments it was found that higher rates of removal were obtained by
increasing the temperature from 350 C to about 450 C and by using gas
pulsing. Removal rates were nearly constant for removals of up to ap-
proximately 80 percent of the uranium oxide. The runs were terminated
before complete removals of uranium dioxide were obtained.

In the current tests, the emphasis was placed upon finding the
conditions for complete removal of the oxide from the cladding. Additional
runs were made in which the effect of bed temperature and of gas pulsing
was studied further. However, a complete removal of the oxide was not
achieved in any of these runs made thus far. A further effort is under way
to investigate additional techniques for improving the oxide removal from
sections of cladding. Three methods appear worthy of investigation:

(1) the fluorination of oxide residues (mainly U;Og) to uranium
hexafluoride;

(2) mechanical agitation or vibration to loosen the oxide
residues from the cladding;

(3) loosening of oxide residues by density changes involved in
the reduction to UO,; followed by reoxidation to U;0,.




section of this report.
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Preliminary tests of method (1) are discussed in the previous
In this section are reported some scouting tests

showing that methods (2) and (3) result in improved separation of the ura-
nium dioxide from the cladding.

Experimental

The 2-in.-diameter reactor system used for these experiments
was described in the preceding quarterly report (see ANL-6687, p. 125).

Figure II-13
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In the first series of fluidized packed
bed runs (Runs XO-1 to XO-14), the
batch charge of each run consisted
of a randomly packed bed (about

6 in. deep) of forty simulated fuel
segments and fused alumina grain,
which was fluidized in the voids of
of the packed bed and above it. Each
fuel segment consisted of two dense
uranium dioxide pellets (0.42 in. in
diameter and 0.42 in. in length)
placed in close-fitting stainless steel
(Type 304) tubes (15 in. long by

0.5 in. in OD). The wall thickness

of these tubes was 0.035 in. in

Runs XO-1 to XO-8 and 0.010 in. in
Runs XO-9 to XO-16. In Runs XO-15
and XO-16, the reactor was charged
with 32 fuel segments and alumina
grain. In these two runs, the packed
bed of fuel segments was divided into
four sections (see Figure II-13).
Each section was approximately

1.5 in. high and was supported by a
perforated plate.

The alumina grain was
fluidized throughout the voids of the
four sections. This arrangement
was expected to improve the circu-
lation of the alumina grain and to
allow the fuel segments to have
greater freedom of motion with gas
pulsing. The bed was fluidized with

nitrogen during the preheating period

In the experiment in which U;Og was re-

duced to uranium dioxide, a mixture of approximately 5 v/o hydrogen in

nitrogen was used as fluidizing gas.
air was measured by a gas thermal conductivity cell in several experiments.

Oxygen consumption in the fluidizing
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The primary purpose of measuring the oxygen consumption was to in-
dicate the time at which oxygen consumption ceased.

A description of Runs XO-6 to XO-16, which were performed
in this report period, is given below. Detailed conditions and experi-
mentalresultsare summarized in Tables II-10 and II-11. Runs XO-7

Table T-10

OPERATING CONDITIONS AND RESULTS OF OXIDATION RUNS FOR REMOVAL OF
URANIUM DIOXIDE FROM STAINLESS STEEL CLADBDING

Equipment 2-in -diameter column
nert Bed Charge 740 g of fused alumina grain -40 +170 mesh
Oxidizing Gas A

Weight of U02 Temperature Superficial Gas Time of [i[e7] Elutriated
Run Ne Pellets? {g) (¥ VeEocnyb {ftfsect Reaction (hr) Removed (%) Fines {%}
X0-5 (pulsed)® 79 a5 + 10 075 9 86 53
X0-6 (pulsedi® 782 452 = 10 075 1475 86 54
X0-9 (nonpulsed) 7% 550 = 10 077 9 53 364
X0-10 {pulsed)® 798 400 1o 490 Approx 075 15 67 305
X0-11 {pulsed)d 795 450 to 400 Approx 01 9 71 210
X0-12 (pulsedi® 797 Approx 390 Approx 074 9 58 64

3Added as forty random-packed pieces of simulated sheared fuel segments which were made by placing two UO2 pellets (0 42-in diameter and length)
in close-fitting stainless steel tubes These tubes were open at both ends

bCorrespondmg to reaction temperature and pressure

CGas pulses introduced o bottom of reactor column  Ten gas pulses of air every 15 min at a frequency of 10 pulses/min and a pulse
duration of 1 sec

dGas pulses were Intreduced info the bottom of reactor column throughout the run at a frequency of 6 pulses/min and a pulse duration of I sec
€Gas pulses were Introducet into the bottom of reactor column after 25 hr of process time for the remainder of the run at a frequency of

6 pulses/min and a duration of 1 sec
Table 1-11

OPERATING CONDITIONS AND RESULTS OF EXPERIMENTS FOR REMOVAL OF URAN{UM DIOXIDE FROM
STAINLESS STEEL CLADDING USING OXIDATION REDUCTION AND REOXIDATION OF THE FUEL

Equipment 2 in -diameter column
Inert Bed Charge 740 g {Run A0-13 and 1500 ¢ (Run x0-14 to X0-16! of alumina grain ( 40 +170 mesh}
Oxidizing Gas Air

Reduction Gas 5 vfo hydrogen and % vfo nitrogen
Run Ne and Weight of U02 Temperature Superfictal Gas Time of Udy Elutriated
Reaction Sequence Pellets? (g © \/elocﬂytJ {ftfsec) Reaction thr) Remaved (7} U30g Fines (%)
X0-13 7%
Oxidation 410 to 480 20 575
Reduction 500 to 600 18 4% &5
Reduction 350 to 600 19 25
Reoxidation 430 1o 460 16 45 80 [
Total 17
X0-14¢ 794
Oxidation 420 to 470 08 65
Reduction 580 to 610 11 37
Reoxidation 435 to 465 08 35 74 26
Reduction 210 {0 590 18 375
Reoxidation 440 1o 455 16 375 & 37
Total 21 25
%0-15¢ ¢ 629
Oxdation 430 to 465 08 13 91
Reduction 580 to 610 22 275 96 36
Reoxidation 245 to 465 08 32 100 39
Total 133
X0-16¢ 4 641
Oxidation 430 to 465 16 50
Reduction 540 to 600 19 175
Reoxidation 440 to 465 16 225 88 43
Reduction 580 to 605 20 133
Reoxidation 435 t0 450 16 200 988 50
Total 12 33

Added as forty (Runs X0-13 and X0-14) and thirty-fwo (Runs X0 15 and X0-16) respectively random packed pleces of simulated sheared fus!
segments which were made by placing two UO2 pellets {0 42 1n diameter and length) i close fithing stainless steel tubes  These tubes were
open at both ends

bCorrespondmg to reaction temperature and pressure

CGas pulses introduced into the bottom of reactor column (frequency 2/min, duration 05 sec) Pulsing gas was air during oxidation and
nitrogen during reduction

Apacked ped was divided into four inavidual 15-1n ~high sections (see text po 149 and 153 and Figure T-14}
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and XO-8 were eliminated from analysis because of malfunction of the
temperature-measurement instruments.

Run XO-6

The conditions of gas pulsing in Run XO-6 were the same as
in the previous Run XO-5: ten gas pulses of air were introduced into the
column below the gas distribution plate (see ANL-6687, p. 125, Figure II-8)
every 15 min at a frequency of 10 pulses/min and a pulse duration of
1 sec. During the pulsing period the continuous flow of fluidizing gas was
turned off to maximize the pulse effect. On the basis of earlier observa-
tions made with this mode of pulsing, the upper fuel segments in the packed
section of the bed are believed to be lifted and agitated by the gas pulsing.
Final removal in this run was 86 percent.

Run X0O-9

This run was performed at 550 C without gas pulsing. Poor
removal of uranium oxide from the cladding is believed to be due to highly
compressed UzOg inside the cladding. Such a condition is consistent with
the observation of bulging of the cladding which occurred in this run. Final
removal was 53 percent.

Run XO-10

Gas pulsing was applied in the same manner as in Runs XO-5
and XO-6. However, after 1.6 hr of operation the bed became partially
caked, as indicated by a temperature gradient (400 to 490 C) in the bed.
This gradient persisted during the remainder of the run. Final removal
was 67 percent.

Run XO-11

Gas pulses of air (frequency, 6/min; duration, 1 sec) were in-
troduced into the reactor throughout the run. In addition, air at a constant
velocity was fed into the bottom of the bed to provide enough oxygen for the
oxidation reaction during the intervals between pulses. The velocity of the
air stream (about 0.1 ft/sec) was less than the minimum gas velocity re-
quired for fluidization. This low velocity was used because earlier tests
showed that gas pulsing moved pellets more effectively if the bed is not
fluidized. In this run, a uniform bed temperature could not be maintained
after 4 hr of reaction, probably because of poor fluidization. The temper-
ature of the fluidized packed bed was initially 450 C, but as the run pro-
ceeded the temperature in the upper part of the bed dropped to 400 C. Final
removal was 71 percent.
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Run XO-12

It was planned to carry out Run XO-12 at 400 C without apply-
ing gas pulsing. However, a uniform temperature could not be maintained
throughout the bed after 2.5 hr of reaction; to promote solids movement,
gas pulses (frequency, 6/min; duration, 1 sec) were then introduced for the
balance of the run. The maintenance of a uniform temperature (about 400 C)
throughout the fluidized-packed bed was aided by the pulsing. Final re-
moval was 58 percent.

Run XO-13

In this run higher gas velocities and an oxidation-reduction-
oxidation cycle were used. The presence of U;Og fines at sufficiently high
concentrations in the alumina is believed to impair fluidization quality. In
order to elutriate U;Og fines from the bed in this run, the velocity of the
fluidizing air was increased to approximately 2 ft/sec, which was about
2% times greater than that used in the previous oxidation runs. The oxida-
tion, carried out at about 450 C, was terminated after 5.75 hr, since no
further oxygen consumption occurred after this time (as indicated by the
gas thermal conductivity cell). After the reactor system had been evacuated
twice at room temperature to remove traces of oxygen, the temperature
of the fluidized packed bed was increased while passing a stream of nitro-
gen through the bed. At 500 C, hydrogen was added to the nitrogen flow
in an amount sufficient to give a concentration of about 5 v/o for the re-
duction. The reduction was terminated after 4.25 hr. The bed was then
cooled, drained, and examined. Since it was not certain that the residues
remaining in the cladding were completely reduced back to UO,, the re-
duction was continued after recharging the reactor for an additional 2.5 hr
under the same experimental conditions as those described above. The
residual uranium dioxide was then oxidized again to U3;Og. The oxidation
stopped after 4.5 hr, as indicated by oxygen consumption. Final removal
was 80 percent.

Run XO-14

Gas pulses of air (frequency, Z/min; duration, 0.5 sec) were
here superimposed upon the fluidizing air stream. In this run, as in the
following ones, the reactor was charged with twice the weight of alumina
grain used in the previous Runs XO-1 to XO-13, because it was thought
that the quality and temperature control of the fluidized bed might be im-
proved by decreasing the concentration of U;zOg fines in the bed during oxi-
dation. Temperature control did appear to improve. The complete
treatment consisted of 6.5 hr of oxidation, followed by 3.75 hr of reduction,
and finally, 3.5 hr of oxidation. However, a removal of only 74 percent of
the oxide was obtained in this run, and the residual charge material was
returned to the reactor, and the reduction (3.75 hr) and reoxidation {3.75 hr)
procedures were repeated. The final oxide removal was 80 percent.
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Runs XO-15 and XO-16

In these two runs the packed section of the bed was divided into
four sections in the arrangement mentioned above. Gas pulsing (frequency,
Z/min; duration, 0.5 sec) was superimposed upon the fluidizing gas. The
reduction and reoxidation procedures were again applied (see Table I1-11).
No difficulties were experienced in maintaining a reasonable constant tem-
perature throughout the bed. In Run XO-15, the U;Op4 fines were separated
from alumina grain after the first oxidation to improve the fluidization
quality. This procedure is justified because the fines would be continuously
transported from the oxidation zone in the two-zone oxidation-fluorination
process. The final removal was complete in Run XO-15. At the end of
Run XO-16, after the fluid bed was drained, an inspection of the fuel seg-
ments showed that some of the fuel segments had become wedged together
in the two lower packed sections. These segments could not be moved by
gas pulsing. The uranium oxide was not removed from these immobilized
pieces, while the uranium oxide was completely removed from the other
fuel segments, which were free and therefore capable of moving by pulsing.
In Run XO-16, an additional reduction step and reoxidation step were per-
formed to further improve the removal. The final removal was about
99 percent.

Discussion

The experimental results are summarized in Tables II-10 and
II-11 in terms of the percentage of uranium dioxide that was removed from
the stainless steel cladding in the various runs. The results are discussed

below.

Effect of Temperature on the Separation

The results of the nonpulsed Run XO-9 and those of previous
nonpulsed runs (Runs XO-2 and XO-3, ANL-6687, p. 126, Table 1I-12) in-
dicate that the optimum temperature for the oxidative separation of UO,
from metal cladding is between 400 and 500 C. Although the oxidation rate
increases further with increasing temperature, the overall rate of removal
decreases, probably because of compaction of the oxide in the cladding.

Effect of Gas Pulsing on the Separation

Gas pulsing increased the initial rate of removal of UO; as was
shown in the preceding quarterly report (see ANL-6687, p. 127, Figure 11-9),
but the final amount of removed UO, could not be improved significantly.
Comparison of the results of Run XO-5 with those obtained in Run XO-6
indicates that no improvement in separation occurred in Run XO-6 in spite
of the 5 hr of additional run time. This is taken to indicate that gas pulsing
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is not capable of achieving complete removal for the packed bed as a
whole. The effect of pulsing is not uniform throughout the whole packed
section of the fluidized packed bed. In several experiments, the stainless
steel cladding tubes containing the UO, pellets were numbered, and the
position of each tube in the reactor was known. In each experiment, the
40 tubes were divided into four parts, each containing ten tubes. The re-
moval of UO, from the layer of fuel segments (Nos. 1 to 10) just above the
gas distribution plate was poorer than the removal from the topmost layer
of fuel pieces (Nos. 31 to 40). Some of these results, which are given in
Table II-12, may be explained by the degree of movement or vibration of
the fuel segments. The upper fuel segments are more readily moved and
agitated than the lower ones. The motion of the fuel pieces, in turn, pro-

motes the loosening and separation of the oxide residues from the cladding.

A lesser degree of movability of the lower fuel pieces is certainly caused
by the weight of the total bed that is resting on them. That this is actually
the case was shown in Runs XO-15 and XO-16, in which the movability of
the fuel pieces was assured by using very shallow beds with gas pulsing.

Table II-12

EFFECT OF POSITION OF SIMULATED 304 STAINLESS STEEL-CLAD FUEL
SEGMENTS IN A FLUIDIZED PACKED BED ON THE OXIDATIVE
REMOVAL OF URANIUM DIOXIDE FROM THE CLADDING

Percent of Uranium Dioxide Removed from Each of Four Layers
of Stainless Steel-clad Fuel Segments®

Run st Layer 2nd Layer 3rd Layer 4th Lavyer
No. (Nos. 1 to 10) (Nos. 11 to 20) {Nos. 21 to 30) (Nos. 31 to 40)
X0-9 41 55 49 68
X0-10 46 61 72 38
XO-11 51 74 88 70
X0O-12 43 45 57 85

2A total of 40 stainless steel-clad fuel segments, each containing two
UO,; pellets, was divided into four layers, each layer consisting of
ten segments. Segments No. 1 to 10 formed the bottom layer, and
segments 31 to 40 formed the top layer in the packed bed.

Effect of the Reduction-Oxidation Cycles on the Separation

As a basis for this approach, it was assumed that the U304
which was not removed from the cladding by oxidation may be loosened
enough that further oxidation is more effective in achieving separation
from the cladding. A possible advantage of this reduction method over the
fluorination method (see p. 150) is that the stainless steel cladding under-
goes less reaction with hydrogen or oxygen than it does with fluorine. The
results of the four experiments X0O-13, XO-14, XO-15, and XO-16 indicate
that some improvement can be obtained by the oxidation-reduction-
reoxidation procedure.
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Conclusions and Future Work

Complete separation of uranium dioxide from sheared fuel
segments was not obtained by oxidation of the UO, fuel to U304 in a fluidized
packed bed in these tests. Gas pulsing and a reduction-oxidation cycle
were auxiliary techniques which resulted only in minor improvement in
removal. However, it was shown that the separation can be significantly
improved if the fuel segments are moved and agitated during the process.
Therefore, some further considerations will be given to mechanical vibra-
tion of the fuel segments during the process to promote removal of ura-
nium dioxide from stainless steel cladding under oxidizing conditions in
fluidized packed beds.

4. Design and Construction of Plutonium Facility
(G. J. Vogel, E. L. Carls, W. Murphy)

Construction is under way of a facility for engineering-scale
investigation of the several steps of a fluid-bed fluoride volatility process
for recovery of fissionable values from spent nuclear reactor fuel of the
uranium dioxide type and for reconstitution of the oxide fuel material after
it is freed from fission products. In this process, the dioxides of uranium
and plutonium are fluorinated to form volatile hexafluoride products. Sub-
sequently, the hexafluorides are further purified by fractional distillation
and converted back to dioxides by reaction with steam and hydrogen.

Because of the high toxicity of plutonium, it must be completely
contained. Therefore, all equipment is being installed inside a large glove-
box, 17 ft high by 25 ft long. The fluorination equipment is now being in-
stalled. The principal features of the facility have beendescribed previously
(see Summary Report ANL-6569, p. 110).

Essentially all of the process piping and valve installations in
the large alpha-containment box and in the fluorine gas storage and supply
system located in the fluorine cabinet have been completed. Current work
is concerned chiefly with the instrumentation and auxiliary lines inside the
glovebox. The installation and mounting of the fluorine pump has also begun.

The elevator lifts which provide personnel with complete ac-
cess to glove ports at all levels of the large alpha box have been received
and installed.

The Phase II subcontract for the installation of services and
ventilation has been awarded. This work is scheduled to be completed
early in September 1963.

Testing of process valves under extended use has been started.
First results are described below.
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Performance Tests of Process Valves

The Hoke LM 744 angle valve is being tested. These valves
may be operated manually or, in remote operations, by air. Gas flowing
through the valve is prevented from leaking to the atmosphere by a Monel
sealing bellows which connects the valve stem to the body. A secondary
Teflon packing seal at the stem is provided should the bellows fail. In the
pilot plant, leakage through either will be determined by a pressure-drop
method. Pressurized gas from a fixed volume will be supplied to the cavity
between the bellows and the body.

Tests are underway to determine the number of times a valve
can be cycled (that is, opened and closed) before the secondary Teflon seal
leaks. The effect of cycling on seat wear will also be noted. In these tests,
which were carried out at room temperature, the packing leakage was de-
termined by pressurizing the cavity between the bellows and the secondary
Teflon-packed stem seal with 15 psig He. The seat leakage was checked
by connecting the outlet of the valve to a helium mass spectrometer leak
detector, evacuating and spraying inlet of valve with helium. Table II-13
summarizes the results of the first cycling tests on an air-operated valve.

Table II-13

RESULTS OF LEAK TESTS OF PROCESS VALVES

Valve opened and closed by automatic
timer, 1 cycle/S sec

Cycling Conditions:

Temperature: Approx 25 C

Number of

Leakage at

Time Cycles Seat Leakage Bellows Leakage Stem Packing
Specifications - 0.1 4 cuft/hr  0.0005 y cu ft/hr -
Initially - 0.1u cu ft/hr No detectable leak Not detectable

He leak detector leak with
bubble test
4 hr 2880 Not checked No detectable leak Not detectable
He leak detector leak with
bubble test
20 hr 14400 High No detectable leak High

He leak detector

The stem leakage which occurred between 2880 and 14,400 cycles
of opening and closing the valve, was easily corrected by lightly tightening
the packing nut, after which no escaping helium was detected by the mass

spectrometer.

Examination of the seat and plug after disassembly of the valve
disclosed an uneven groove formed on one side of the K Monel plug and an




apparent wearing down of the edge of the seating surface of the seat, which
is made of standard Monel. Tests are being planned for the investigation
of the duration of leak tightness of the valve seats and stem seals under
elevated temperatures and of the means of servicing the valves after proc-
ess installation.

5. Cleanup of Plutonium Hexafluoride from Cell Exhaust Air
(R. W. Kessie)

A study is under way of methods of removal of plutonium hexa-
fluoride (PuF) from air. The objective of this study is to obtain informa-
tion needed for the design of equipment

Figure II-14 capable of cleaning up the ventilation
FRACTION OF RELEASED PLUTONIUM air exhausted from gloveboxes or
HEXAFLUORIDE PASSING THROUGH other plutonium-handling areas
TWO AEC FILTERS which might become contaminated

with plutonium fluorides. The

" method studied was to react pluto-
ol Pu passing through two AEC fifers nium hexafluoride with water in the

: Pu released vapor phase to yield solid plutonyl
fluoride (PuOF,) and to pass the air
through a high-efficiency filter. In
a previous report (ANL-6596,
-2 pp. 123-125), the results were pre-
sented of experiments in which
-3 |- small-scale controlled releases of
plutonium hexafluoride, 25 mg or
less, were made into an atmosphere
o of known meoisture content. The re-

empirical penetration factor

i
]
00

*

W

) sulting air mixtures were passed at

9 a controlled flow rate through AEC

o filters, a water bubbler, and Mille-

=6 ) o pore filters in series. Alpha and

O o C%O o Oo gamma counts of filters were used
O O to determine the penetration of plu-

O tonium hexafluoride through the

-8 OO filters. These earlier data are

shown in Figure II-14.

The data in Figure II-14 show
y | considerable scatter. One source of
-2 - 0 | this variation is the different amounts

LOG(PU 5) MOLE of PuFy released into the moisture-

containing atmosphere. The result-

108-6852 ing differences in the production of
plutonyl fluoride may affect the fil-
tration by two mechanisms:
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(1) The particles of the hydrolysis product may agglomerate
at different rates before reaching the filter.

(2) Solid product may accumulate on the filter at different
rates and may thereby affect the filter efficiency.

In order to obtain an improved correlation of filter efficiency
by including the amount of PuF, released, a mathematical model was de-
veloped for the processes of agglomeration and of filtration under loading.
This model may also serve to indicate the range of operating conditions
in which the effects of agglomeration and filter loading are appreciable.

a. Model of the Agglomeration Process Affecting Filtration

In the model developed below, the change with time in the
number of particles in the mixing chamber (up stream of the filter) is ex-
pressed in terms of simple mathematical relations for the processes of
agglomeration and gas purging of the mixing chamber. The assumptions
involved in deriving the mathematical expressions are given below:

1. The plutonium hexafluoride and water vapor are com-
bined in a reaction chamber, where they are instantly reacted and the solid
product is perfectly mixed, i.e., evenly distributed in the chamber. Sub-
sequently, the product particles are swept out by air passing through the
chamber and to the filters. The gas purge sweeps out particles regard-
less of size.

2. The hydrolysis product particles are initially of the
same size (unagglomerated), and the range of sizes of the agglomerated
particles may be described by a Poisson distribution.

3. All the penetration of the filter is due to unagglom-
erated particles, that is, the agglomerated particles make a negligible
contribution to amount of material penetrating the filter. A penetration
factor for unagglomerated particles is taken as a property of the filter.

Other workers have found that, when agglomeration alone
is considered, the particle concentration varies with time as follows: >

L

1 —
n g

+ Kt, _ (1)

where n is the number of particles per unit volume at time t, n = ng at
t = 0, and

K = 4k TC/3 1, (2)

SHandbook on Aerosols, United States Atomic Energy Commission,
Washington, D. C., p. 69.



with k the Boltzmann constant, T the absolute temperature, C Cunning-
ham's correction factor to Stokes' law, and U the gas viscosity.

Differentiation of Equation (1) gives

dn
- -él—E-— = Kllz, (3)

This describes the change in particle concentration due to agglomeration
alone.

The loss of particles in the mixing chamber due to the gas
purge is treated as follows. Perfect mixing without agglomeration would
give

— emmnm I (4)

where R is the gas flow rate and V is the volume of the mixing chamber.
For both agglomeration and mixing, we have

- = Kn® 4+ (R/V) n. (5)

Integration gives

n t
; dn = / at, (6)
Kn® + (R/V) n

g 0

or

N e—Rt/V
= 0 . (7)
1+ (KVno/R)(l - e_Rt/V)

The effect of gas purge in Equation (4) may be expressed
also in mass terms, in which form it is independent of agglomeration. The
weight w of plutonium in the mixing chamber is independent of agglomer-
ation, and the rate of decrease of w is given by

dw _ R
i vV ®
or
w = wo e B/, (9)

where wy is the initial weight released at t = 0.
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For the whole collection of particles in the mixing chamber, ‘
the initial (unagglomerated) particle weight my is given by

my = Wo/noV. (10)
Similarly, the average particle weight m at any time is given by
m = W/nV. (11)

The average number of particles, M, per agglomerate is the ratio of the
average particle weight to the weight of the initial particle, and is given by

g

m 1,

M =

(12)

g
B

Mg 0

Substitution of (7) and (9) in (12) gives

_ KVny 7 —Rt/V)
M= 1+ \1—e . (13)

The fraction p of unagglomerated particles is obtained by
assuming that there is a Poisson distribution of the number x of (original)
particles in an agglomerate. By the well-known statistical property of the
mean we may write this as

-1 -M- 1)
p(x-1) = (M- 1) Y : (14)

Substitution of {(13) in (14) and setting x = 1 for unagglomerated particles
gives

- e—(KVnO/R) (1 - e'Rt/V)' (15)

The total amount of plutonium passing through the filter
is that fraction of unagglomerated material swept out of the mixing cham-
ber which also is not trapped on the filter. Thus,

woP =f np (wo/noV)PoR dt, (16)
0

where P is the average weight fraction penetration measured and P, is
the weight fraction of unagglomerated material that passes through the
filter. This P, is a standard property of the filter (for a particular par-
ticle size) and is not the empirical, overall penetration P measured for
agglomeration. The ratio P/Po is greater than one in all actual cases in




which some agglomeration occurs. Substitution of Equations (7) and (15)
in (16) and letting

KVng/R = a (17)

gives

P foo e'Rt/V+a(1-e'Rt/V) dt. (18)

Po 1 +a(1-—e-Rt/V>
The change of variables

Z = l+a(1—e_Rt/V> (19)

gives
1ta

-Z
P e e dZ
- == == 20
Po a f Z ( )
1

This integral is known as the exponential integral and has been tabulated.©®
The function is plotted in Figure II-15.

——
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The function P/Po is the ratio of the weight fractions:

measured penetration

penetration by unagglomerated particles

The abscissa a in Figure II-15 is the dimensionless agglomeration number
defined in Equations (17) and (2) above in terms of physical constants, gas
properties, flow rate, and the initial quantity of particles released.

6Tables of Sine, Cosine and Exponential Integrals, Federal Works
Agency Work Projects Administration, New York City (1940).
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b. Model of the Effect of Filter Loading on Filtration
Efficiency

A model for filter loading was developed along the same
lines as those used for the agglomeration process. A mathematical rela-
tion was initially taken for the instantaneous penetration of the filter and
the total surface of the filter (including the loading of trapped solid); sub-
sequently an integrated relation including the weight fraction of filter
penetration was developed. Finally, in a subsequent discussion, a new
correlation of experimental filtration data is discussed with reference to
these models.

The following assumptions were made for filter loading:

1. For the type of filter and fume particles of interest,
the diffusion mechanism of filtration is controlling.

2. The filtration performance at any instant of time is a
function of the total surface of the filter, which includes both the surface

of the filter medium and of the collected fume particles.

The diffusion mechanism gives for the instantaneous
weight penetration

Pi = e_kAt: (21)
where k is a diffusion constant for the process and
Ay = Af+ Acw. (22)

Here Ag is internal filter area and A is the specific surface area per
unit weight w of the deposited fume particles.

The average penetration P integrated over the total col-
lection of a single release starting with a clean filter is

"NO
P wq =f P; dw. (23)
0

For a clean filter without loading

e—kAf; Kk = In (1/Py)

Po = Af

: (24)

Substitution in (21) gives
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_In (1/Py)

~Ac(w/Af) In 1/P,

1]

Poe

Combination of (26) and (23) yields

P ZL/‘WO _Aclw/Af) 1n (1/Po) (27)

Py
0

~Ac(wo/Af) In (1/Py)
e

Acwg . 1

A n P,

This function is plotted in Figure II-15 as

P 1 - e'L
Lo (29)

where P/PO is the ratio of the same quantities defined in Section a above.
However, the ratio here describes the decrease in the penetration of the
filter due to loading. In Figure II-15, the abscissa L is the dimensionless
loading number:

AWO 1

= — 30
L= 15, (30)

Thus, L relates P/Po to the specific area of the filter medium and of the
fume, to the filtration efficiency of the unloaded filter, and to the weight of
particles released.

c. Discussion of Experimental Results

The models developed above may be used as a basis for
estimating the experimental conditions under which agglomeration and filter
loading have important effects on filtration efficiency. For this application
of the model, information is required about the surface area and size of the
fume particles and the filter medium.

The size distribution of particles resulting from the vapor-
phase hydrolysis of plutonium hexafluoride has been determined for one of
the experiments of the type summarized in Figure II-14 and described
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earlier in Summary Report ANL-6543, pp. 122-126. The particulate mat-
ter was produced from the release of 6.0 mg of plutonium hexafluoride
into a 385-ml volume containing air at one atmosphere and water vapor at
7.66 mm Hg. The particles resulting from the hydrolysis were collected
by an electrostatic precipitator, with a carbon film collector. From a
photograph made by an electron microscope, the particle size distribution
of the hydrolysis fume particles was determined; this result is shown in
Figure II-16. The same figure shows the fiber size distribution of AEC
filter media as determined in a separate electron photomicrograph. The
electrostatic precipitator and the photographs of the filter were described
previously in Summary Report ANL-6477, pp. 114 and 115. In Figure II-16,
the ordinate values are the integrals of the frequency factor f from zero
diameter to the diameter indicated on the abscissa. The data indicate that
both frequency distributions are accurately described by the log normal
frequency distribution. In Figure II-16 the mean particle size, dg, is
based on the number of particles. Also shown is gg, the geometric stand-
ard deviation. Because of the high resolution (20 A) of the electron micro-
scope used in these measurements, it was possible to estimate the size of
individual particles from the photograph even in the cases of agglomerates
made of several particles. The size distribution of Figure II-16 is for
unagglomerated particles.

Figure II-16

SIZE DISTRIBUTION OF HYDROLYZED PuF,
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The agglomeration effects of experiments made thus far
may be evaluated in terms of the above determination of unagglomerated




165

particle size and the theoretical model developed in Section a above. The
particle size distribution of Figure II-16 was converted to a weight basis,
and the dimensionless agglomeration factor a was calculated from Equa-
tion (17) above, with the result that a = 0.02 (WO/R), where wg 1is the initial
weight release of plutonium hexafluoride in milligrams and R is the air
flow rate in ml/sec. In this form, the agglomeration factor does not con-
tain the volume of the mixing chamber explicitly. In the experiments sum-
marized in Figure II- 14, releases up to 25 mg PuF, were used, and the
values of a ranged from 8to 140. Therefore, it appears that agglomeration
has a significant effect. An important result here is that the value of a
can be estimated for other operating systems.

The loading effect is evaluated in terms of surface areas
according to the model in Section b above. The diameter of the particle
of mean weight (derived from the distribution of Figure II- 16) was ap-
proximately 0.1 u. From this mean diameter it was estimated that the
hydrolysis product of this particle size from 1 mg of PuFy had a surface
area of 75 cm? The AEC filter medium had a total fiber surface of
77 cmz/cmz of the superficial area. Thus, the total surface area of the
filter was approximately doubled when the product from 1 mg PuF, was
collected on one cm? of superficial surface area. In terms of the model,
loading would be considered controlling when the loading factor L [see Equa-
tion (30) and Figure II-15] is greater than one.

In order to apply this agglomeration model to the
plutonium-release experiments referred to above, L was calculated for
the above-mentioned specific surface areas of the filter medium and the
particles resulting from the hydrolysis of plutonium hexafluoride. A
value of 107* was taken for the penetration factor P, which also enters
into the calculation of L by Equation (30). The values of L calculated for
the plutonium release experiments varied from 2 to 30. This result is
taken to indicate that filter loading is just enough to be controlling in these
experiments. From the same data, it was estimated that filter loading
would have a significant effect on similar plutonium-release experiments
where

Wo/A ) 5,

where wy is the release of PuFy in milligrams and A is the superficial
area of the AEC filter in square centimeters.

According to the above analysis, an effect of the quantity
of PuFy released would be expected to appear in the filter penetration re-
sults shown in Figure II-14. Consequently, a function including both the
overall penetration factor F and the weight wy of PuFy released may give
a better correlation (against the PuFé/HZO mole ratio) than does F alone.
Tests were made of Fw,, Fwj, and Fw}; the best correlation was obtained
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with Fw3, which is plotted in Figure II-17. Although a good deal of scatter
remains in Figure II-17, a greater regularity of the data points are shown
here than in Figure II- 14, and it is believed that this correlation is supe-
rior to the original one. The dependence of P/Po on the square of wy is
what would be expected when the effects of agglomeration and loading take
place simultaneously, since each factor (a or L) is proportional to wy.
Further experimental study will include the kinetics of the hydrolysis re-

action, and attempts to improve and to generalize the correlation of results.

*F = empirical penetration factor
. Pu passing through two AEC filters
2= Pu released o)
wy = weight of Pufy release, milligrams 8
| =
0
o)
- |
-2k Figure II-17
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6. Basic Studies of Fluidized-bed Behavior Related to
Process Operations: Solids Mixing
(J. D. Gabor, P. L. Katz,* and J. Savage)

A study was made of the mixing of particulate solids fluidized
in the voids of a packed bed of larger, nonfluidized bodies. This study was
carried out in support of work at Argonne National Laboratory on the ap-
plication of inert fluidized particles in chemical reactor systems to im-
prove the removal of the heat generated by the exothermic reaction of
larger bodies. Heat transfer rates are dependent on the movement of

*Student Aide, Illinois Institute of Technology.
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fluidized particles in such a system. A measure of the particle movement
was achieved in this study by the determination of diffusion coefficients
for the rates of solids mixing in the lateral direction for metal shot
fluidized in the voids of spherical and cylindrical packing. Experimental
data showed that the particle mixing was related to the void structure of
the packed bed by a random-walk model. A general correlation was made
for fluidized solids diffusivity in spherically packed beds.

There are few references to fluidized packed beds in the lit-
erature. Sutherland and Osberg7 were interested in fluidized packed beds
because the baffling effect of the fixed packing permits smooth fluidization
(without slugging) for large height-to-diameter ratios. However, the
baffling has some adverse effects in that it hinders the movement of the
fluidized material. Recently, Ziegler8 has published data and discussed the
mechanism of radial heat transfer in fluidized packed beds. This work was
performed at Argonne National Laboratory in cooperation with Northwestern
University.

No work on solids mixing in fluidized packed beds was found.
However, investigations of solids mixing have been made with fluidized
beds (without packing). Bart,? Massimilla and Bracale, 19 and Havyakawa
et al. 11 obtained quantitative measurements for longitudinal solids mixing
in the fluidized beds. Work on solids mixing in fluidized beds in the lateral
direction was done by Brotz. 12 Although the above references are inter-
esting as to analysis and technique, the references do not indicate the effect

that fixed packing would have on mixing rates.

In general, fluidized packed beds would be expected to show
features which are combinations of those of packed beds and of fluidized
beds. The primary motion of the fluidized material is determined by par-
ticle size and gas velocity, whereas the dimensions of the packed material
determine the void structure within which fluidization takes place. The

7Suther1and, J. P., and Osberg, G. L., The Effect of Fixed Packing
in a Fluidized Bed, Forty-Seventh Annual Meeting, AIChE, Baltimore
(May 1962).

8Ziegler, E. N., Radial Heat Transfer in a Packed-Fluidized Bed,
M. S. Thesis, Northwestern University (1961).

9Ba.rt, R., Ph. D. thesis, Cambridge, Massachusetts Institute of
Technology (1950).

10Massimilla, L., and Bracale, S., Ricerca Sci., 26, 487 (1956).

11Hayakawa, T., Graham, W., and Osberg, G. L., Canadian Research
Council, unpublished data.

12Brotz, W., Chem. Ing. Tech., 28, 165 (1956).
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present study concerns the measurement of mixing in the lateral (or radial) '
direction of solids fluidized in the voids of a fixed bed and the effect of sys~
tem variables on the rate of this mixing.

Experimental Design

In the present study, the experimental method of measuring
the rate of solids mixing was patterned after that of Brotz. The general
method is based on the use of two solids which are similar with respect to
the physical properties that determine mixing behavior, but which are dif-
ferent with respect to some property that is usable for analysis of compo-
sition. The analytical property employed by Brotz was color. In the
present study, the differences in magnetic properties of nickel and copper
were used. Since nickel and copper have the same density (8.9 gm/cc), it
would be expected that nickel and copper particles having the same size
and shape would exhibit identical fluidizing characteristics.

Determination of Solids Composition by Magnetic Separation

Pure copper and nickel particles are placed in a rectangular
cell and are separated from each other by a centrally located partition.
The particles are fluidized and when the partition is removed, mixing oc-
curs on each side of the center line. After a certain mixing tirme, the
fluidizing gas is cut off and the mixing is arrested. Bed samples are then
taken at points of known distance from the original partition location. The
samples are analyzed for weight concentration by magnetic separation.
From the sample analyses and the locations at which the samples were
withdrawn a concentration profile can be determined.

Diffusion Equation for Solids Mixing

A diffusion coefficient for the bed of fluidized solids was used
to characterize the rate of solids mixing. The usual differential equation
for diffusion in one dimension is

5C 52C
e e (1)
&x

The key to the symbols used in the above equation and below is

C Concentration, fractional weight
d Diameter of fluidized particle, ft
D Diffusion coefficient, sq ft/sec
Dp Fixed packing diameter, ft

R Half-width of column, ft
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Vo Superficial gas velocity, ft/sec

Voms Minimum superficial gas fluidization velocity, ft/sec
b4 Distance from center of column, ft

€ Packing void space

e Time, sec

The solution of the above equation is given by Sherwood and Reed: 13
C = —1-+ 2 (1)2 D6 sin 0= + 1 e 9 (ZT-)Z __DQZ si 3mx
2T | FPANZ) Rz 2R T 3 °FP 2] RZ )" IR

2 2
+ 1 exp |-25 (E) Do sin —5—72 + e . (2)
2 R?

In this equation, values of C are related to values of diffusion
distance x in terms of the diffusivity D, one half the column width R, and
the time O of mixing. Thus, D was found from the value of the parameter
which fit the experimentally measured profile of C as a function of x.

Apparatus and Procedure

A schematic diagram of the apparatus is shown in Figure II-18.
Nitrogen, the fluidizing gas, was distributed by a porous metal plate

Figure II-18

SCHEMATIC DIAGRAM OF APPARATUS USED IN STUDIES OF
MIXING OF FLUIDIZED PARTICULATE SOLIDS
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13Sherwood, T. K., and Reed, C. E., Applied Matheinatics in Chemical
Engineering, McGraw-Hill Book Co., Inc., New York (1939).
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(not shown in figure). A rotameter measured gas flow rates. Sampling '
was accomplished by a horizontal row of 1-‘],;—-in.-long, fixed hypodermic
needles, which were 1ocated-i-in. above the bottom of the column, and were
spaced 1 in. apart. Also, samples were taken by a 9-in.-long needle which
was injected into the bed to the desired position. The concentration pro-
file was invariant with respect to height because of high vertical mixing
rates.

The fluidizing gas was humidified to prevent static charges on
the fluidized particles by a separate 1-ft packed column partially filled
with water.

The fluidizing material consisted of copper and nickel shot of
-40 +50, -100 +120, -120 +200, and -140 +170 mesh sizes. Fixed packing
1

consisted of %—, -%-—, %-, and <% -in.-diameter steel spheres and +in. x = in.,
3 16 2 z

5 in. x%in., and i—in. X:lz-in. brass cylinders. A set of runs was also made
without fixed packing, i.e., a normal open-tube fluidized bed was used. The
run time varied from 0.5 to 20 min depending on the gas velocity and the
sizes of the fluidized particles. Smooth fluidization was attained in the
order of about a second after introduction of the fluidizing gas. It was,
therefore, expected that initial startup disturbance would have negligible

effect on the data.

Experimental Results

The mixing experiments performed resulted in obtaining values
of the diffusion coefficient D as a function of gas velocities for various
fluidized packed bed systems. Variations of D were investigated for dif-
ferent sizes of spherical and of cylindrical packings as well as different
sizes and heights of fluidized material. The results are presented also in
the form of a general correlation which is closely related to the random-
walk theoretical model. Reference cases for fluidization without packing
are also presented.

Effect of Size of Spherical Packing

A series of runs was made with packing consisting of —;--, %——,
Zl—-, and 116~in.-diameter steel spheres and with 0.0038-in.-diameter
copper and nickel shot. The data for the several packings are plotted as
the diffusion constant D versus average gas velocity in Figure II-19. The
diffusion coefficients increased with packing size over the range tested.
Fluidization was also attempted in a bed of %—in.—diameter spheres, but
the particle motion was greatly inhibited and channeling occurred. For
open-tube fluidization (no packing), bed diffusion coefficients are about
three and one-half times higher than for the same fluidized particles at ‘

the same superficial gas velocity in a bed containing-—lz-—in.—diameter




‘ packing. These fluidized-bed data were for an expanded bed height of ap-
proximately 1 in. The open-tube fluidized bed mixing rate increased
strongly with bed height; this effect is discussed further ina later section.
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The data in Figure II-19 indicate that the diffusivity D is
directly proportional to the packing diameter Dp over the range of gas
velocities used. This appears to be a general relation holding between the
mixing rates of fluidized particles and the void structure of a packed bed
of spheres in which the fluidization takes place. A mathematical theory of
this effect has been developed and will be presented in a topical report.
The mean particle velocities predicted by this theory are consistent with
independent observations of particle velocity made photographically.

Effect of Cylindrical Packing

The solids diffusivities of 0.0038-in.-diameter fluidized par-
ticles in voids of cylindrical packing having the following dimensions:

Lin. x4tin., %—in. x%in., and -i—in. x-‘i—in., are plotted in Figure II-20. The

élopes 2for these curves are somewhat less than those for spherical packing
(see Figure II-19). Aside from the difference in shape, the larger cylinders
exhibited a greater tendency for "bridging" than spheres when randomly
packed. This bridging resulted in nonuniform void fractions throughout the

bed and caused the results to be slightly erratic.

‘ In order to determine if length of time of fluidization affected

the solids diffusivity, a run was made with the +in. x ¢ in. cylindrical



172

packing in which samples were taken after 2.15, 3.84, and 4.84 min of
fluidization. The diffusivity was found to be time-invariant to within about

1.5 percent.
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Effect of Fluidized Particle Size

Runs were made with -40 +50, -100 +120, and ~140 +170 mesh
copper and nickel in the voids of g—-in.—diameter spherical packing to de-
termine the effect of particle size on mixing rates. Diffusivities versus
superficial gas velocities for the various particle sizes are given in Fig-
ure II-21. The smaller-sized fluidized particles showed higher diffusivities.

Generalized Correlation

From the above data on the dependencies of solids diffusivity
on system variables, a generalized correlation was made relating D/Dp
to the fluidized particle diameter d and the average gas velocity in the
voids of the packed bed, Vo/e, as corrected for the minimum fluidization
average gas velocity, Vomf/€' A plot is given in Figure II-22. In numer-
ical terms the correlation is

Vo - Vorns 1.15 .
= > omi -
D = D < (1.22 x 107°) sq ft/sec.
In this dimensional equation, all units of dimension are in feet and seconds.

The effects of gas viscosity and fluidized particle density were
not considered here.
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The above correlation was made with narrow cuts in screen
sizes. Several runs were made with -120 +200 mesh particles which have ’
approximately the same average diameter as - 140 +170 mesh particles

(0.0038 in.) but have a greater spread in size distribution. A comparison

was made of the effect of particle size distribution on the solids mixing for

fixed packings of ;——in.— and %—in.—diameter spheres (see Figure II-23). It

was found that mixing is greater with ~120 +200 mesh particles, i.e., with

particles having a wider size spread. Also, it appeared that the diffusion

coefficient for the -120 +200 mesh particles was not a simple logarithmic

function of gas velocity. It was observed that with particles of this mesh

size, the fluidized bed segregated into two phases when the gas velocities

were increased sufficiently. There was a dilute, highly agitated phase in

the upper portion of the packed bed, and a denser phase in the lower por-

tion of the column.
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Effect of Bed Height for Fluidized and for Fluidized
Packed Beds

A brief examination was made of fluidized-bed mixing, i.e.,
mixing with no fixed packing present. In Figure II-19, a comparison was
made of the mixing rates of a fluidized bed (static height of 0.7 in.) and of
fluidized packed beds. The mixing rate was greater for the fluidized bed
because of the absence of baffling effects of fixed packing.

In the studies with the fluidized bed, it was also observed that
slugging increased with depth of bed. As the slugging increased, the mo-
tion of the particles became more vigorous, and an increased incidence of
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Figure 1I-24 particles being thrown into the air
EFFECT OF BED HEIGHT ON RATE OF LATERAL occurred as a result of bubble bursts
SOLIDS MIXING IN A FLUIDIZED BED at the surface. Runs were therefore

made to determine the effect of bed
height on solids mixing for both the
B “140 +I70 MESH Cu-ti y fluidized bed and the packed fluidized
bed. Figure II~24 shows the relation
26— of the solids diffusion coefficient to
bed height for a fluidized bed. The
fluidizing gas velocity was the same
(0.5 ft/sec) in each of three runs.
The bed depths were measured in
the static condition. There was a

30— SUPERFICIAL FLUIDIZING BAS VELOCITY 05 ft/sec

22—

&

very significant increase in solids
mixing with increased height of bed.
The expansion ratio for the fluidized
bed at a gas velocity of 0.5 ft/sec
was 1.4.

=
I

Dx 104, sqft/sec

The mixing diffusion coeffi-
cients for three different initial
fluidized particle bed depths (1%- in.,
Z%in., and 3%111.) for a fluidized
packed bed with %—in.—diameter
spherical packing were measured.
Within the experimental accuracy
there was no effect of height of
[luidized bed on the diffusivity. The packing effectively baffles the slugs
in the fluidized bed and, as a result, a smooth, uniform fluidization occurs.
From the above data it is expected in practical cases that mixing in open-
tube fluidization would be considerably greater than in fluidized packed beds.

/)

| ! 1 |
[¢) 08 [Re] 15 20
BED HEIGHT (at static conditions), in
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Conclusions

1.  The lateral mixing behavior of particles fluidized in the
voids of a packed bed is not analogous to the random motion of gas mole-
cules, but resembles eddy diffusion in a flowing gas stream.

2. A random-walk model may be used to relate these solids
diffusivities to the void structure of the packed bed. Mean particle veloc-
ities calculated from this theoretical model appeared to be consistent
with observations of particle velocity made photographically. Depending
on the size of the particle, the particle velocity is a factor of four to
two hundred lower than the average linear gas velocity in the packed bed.

3. A dimensional correlation for solids diffusivity in a
spherically packed bed was empirically deduced and has the following form:
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V V f 1.15
~ 0~ Yom -6
D= Dp| —g— (1.22 x 107%) sq ft/sec.

Velocity dimensions are in feet per second, and particle sizes are in feet.
Further experimental work involving variation of gas properties and
fluidized-particle densities is necessary before a completely generalized
correlation can be made.

4. The rate of change of solids diffusivity with gas velocity
is less for cvlindrically packed beds than for spherically packed beds.

5. The rate of solids mixing increases with bed height for
open-tube fluidization (no packing), but is virtually independent of height
for fluidized packed beds.

7. Process Studies on the Recovery of Uranium from Highly
Enriched Uranium Alloy Fuels
(N. Levitz)

A fluid-bed volatility process for the recovery of uranium from
highly enriched uranium alloy fuels is being developed. Initial studies are
being performed with uranium-zirconium alloy fuel. The process involves
two highly exothermic reactions carried out in sequence, namely, hydro-
chlorination of the alloy, followed by fluorination of the residues to re-
cover the uranium. During hydrochlorination, the zirconium is separated
as the volatile tetrachloride (sublimation point, 331 C at 14.7 psia), while
the uranium is retained as particulate chlorides. The uranium is recovered
as the volatile hexafluoride during the fluorination step. The reactions are
conducted in a fluidized bed of granular alumina which serves as a heat
transfer medium. Solids entrained from the fluid bed are retained by a
packed bed of granular alumina which serves as a filter.

The process studies are being conducted in a bench-scale fluid-
bed reactor unit consisting of a l—;——in.-diameter fluid-bed reactor con-
nected in series with a l%——in.—diameter packed-bed filter section. The
progress of the reactions is followed by the continuous measurement of the
concentration of key reaction products by thermal conductivity cells.

Previous experimental results proved the feasibility of this
fluid-bed volatility process. Granular, fused alumina (Alundum, a product
of the Norton Company) has been found to be a satisfactory inert bed mate-
rial under all the process conditions tested. High (~99 percent) overall
recoveries of uranium have been achieved (see ANL-6648, p. 154, and
ANL-6687, p. 141). Uranium losses were due primarily to: (a) retention
of uranium by the alumina in the fluid bed and filter bed at the end of the
reaction sequence, and (b) passage of uranium through the packed-bed
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filter during the hydrochlorination step, either as a volatile chloride spe-
cies or as particulate solids by entrainment in the gas stream. Generally,
the uranium losses have been lessthan 0.2 percent of the uranium in the
initial charge.

An aim of these studies has been to find conditions which would
result in a2 minimal amount of uranium being retained by the alumina after
a single reaction cycle. The concentration limit that has been set is a value
corresponding to a loss of one percent or less of the uranium in the initial
charge. In the current flowsheet, this loss is equivalent to a concentration
of about 0.01 W/O uranium retained by alumina. A level of 0.03 W/o ura-
nium in alumina was achieved in previous studies (see Summary Report
ANL-6569, p. 115) when large quantities of hydrogen chloride and long
hydrochlorination times (11 to 25 times stoichiometric, run durationup to
28 hr) were used prior to a two-step fluorination (the first step at 400 C
and the second at 500 C). However, these conditions are unsuitable, be-
cause uranium loss appears to be a direct function of hydrochlorination
time. In other studies, residual uranium levels in the range from 0.03 to
0.1 w/o were achieved by fluorination at 350 to 400 C; these levels were
reduced to values in the range of 0.02 to 0.03 w/o by a follow-up high-
temperature (500 C) fluorination (see ANL-6569, p. 149).

The following procedures were successful in limiting the re-
tention losses to about one percent of the uranium in the initial charge:

(1) use of the same bed for successive hydrochlorination-
fluorination cycles; in a series of five runs, the uranium concentration
leveled off after the second use of the bed (see Summary Report ANL-6543,
p. 150);

(2) wuse of a single fluorination after several successive
hydrochlorinations, a modification of (1) above (see ANL-6648, p. 154, and
ANL-6687, p. 141),

In current work, attempts were made to reduce the uranium
retention further by employing a modified fluorination procedure in which
the initial fluorination temperature was lowered and in which a high initial
fluorine concentration was used. A series of runs is being made in which
miniature multiplate fuel element subassemblies are being processed. The
first two runs of this series have been completed, and the results obtained
are reported below.

The early packed-bed filtration studies (see Summary Report
ANL-6413, p. 138) were made with relatively fine alumina (-40 +200 mesh)
in the filter beds. However, severe plugging of the filter occurred as a
result of filling of the voids by the particulate solids entrained from the
fluid bed (see Summary Reports ANL-6543, p. 150, and ANL-6569, p. 115).
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Subsequently, use of graded alumina beds (~14 +20 mesh along with finer
mesh material) that had larger voids was successful in reducing the
plugging problem (see ANL-6648, p. 168). Currently, beds consisting en-
tirely of -14 +20 mesh alumina are being used.

Related studies during this period were concerned with the
fluid-bed hydrolysis of aluminum chloride, which simulated the processing
of the off-gas from hydrochlorination of aluminum-based fuels. Also, in-
stallation was completed of the pilot-plant facility that is intended for a
demonstration of the fluid-bed volatility process for enriched uranium alloy
fuels. Shakedown work will be started soon with nonirradiated fuel mate-
rial. Design of equipment for reprocessing studies of highly irradiated
uranium-zirconium alloy fuel specimens is nearly complete. The study of
the conversion of uranium hexafluoride to dense uranium dioxide particles
was continued. The course of increase in density of a bed of uranium
dioxide particles of relatively low initial density was investigated.

a. Hydrochlorination and Fluorination Reaction Studies on
Uranium-Zirconium Alloy Fuels and Evaluation of
Fixed-bed Filters
(D. Ramaswami, D. Goeser)

Process development studies of the hydrochlorination and
fluorination steps of a fluid-bed volatility process for the recovery of en-
riched uranium from low uranium-high alloy fuels are being carried out
in nickel equipment. Initial studies are being conducted on uranium-
zirconium-alloy fuel. The assembly consists of a 1—_%_——111.—diameter fluid-
bed reactor connected in series with a 1-%—in.—diameter packed-bed filter
section. Granular alumina (Norton Company's Alundum) is being used as
a heat transfer medium in the fluid-bed reactor and as a filter medium in
the packed-bed filter section. The progress of the reactions is followed
by means of thermal conductivity cells. Details of the apparatus, the as-
sociated equipment, and the experimental procedure were described pre-
viously (see Summary Report ANL-6569, pp. 114 to 118). The first two of
a current series of runs with miniature uranium-Zircaloy-alloy fuel ele-
ment subassemblies were made during this quarter; previously, alloy chips
had been used.

Current Process Studies

A total of three fuel element subassemblies were processed
(one in Run 37 and two in Run 38) in further attempts to improve the hydro-
gen chloride-fluorine reaction cycle. The effect of a modified fluorination
procedure on uranium removal from two types of alumina (Type RR Alundum
and the less costly Type 38 Alundum) was investigated. A lower initial
fluorination temperature (250 C as opposed to 350 C) was coupled with high
initial fluorine concentrations {about 50 percent from the outset instead of
an initial concentration of about 10 percent).




The fuel element subassemblies consisted of three or four
5-in.-long by —g—— to l-in.-wide, Zircaloy-clad, uranium-Zircaloy plates
welded together.

The weights of the subassemblies were 160 or 183 g. Each
subassembly was placed in the fluid bed (320 g of -40 +60 mesh, Type RR
Alundum for Run 37 and 320 g of -80 +100 mesh, Type 38 Alundum for
Run 38). The packed-bed filter contained 320 g of -14 +20 mesh alumina
(Type 38 Alundum). The same filter bed was used for both runs.

The hydrochlorinations were conducted with the reactor
wall temperatures maintained in the range from 300 to 415 C. The tem-
perature of the fluid bed ranged from 335 to 500 C, depending upon the
reaction rate. Alloy temperatures up to 750 C were noted during periods
when the rates were highest. The two-step fluorination procedure was em-
ployed, a period at 250 C, followed by a period at 500 C. In both periods
relatively high fluorine concentrations (50 to 90 percent) were used. The
process conditions are summarized in Table II- 14,

Table II-14

REACTION CONDITIONS FOR HYDROCHLORINATION AND FLUORINATION
OF MINJIATURE MULTIPLATE URANIUM-ZIRCONIUM FUEL
ELEMENT SUBASSEMBLIES

BEquipment: l-é-—in.—diameter fluid-bed and lé_—-in.—diametcr filter-bed
sections.
Fuel Charge: Uranium-Zircaloy-alloy subassemblies weighing 160 to 183 g

each. One subassembly in Run 37 and two subassemblics in
succession in Run 38. Average concentration of uranium

1.0 W/o.
Fluid Bed: 320 g of fused alumina (Type RR Alundum) -40 +60 mesh for
Run 37; Type 38 Alundum, -80 +100 mesh for Run 38.
Packed-bed 320 g of fused alumina (Type 38 Alundum), ~14 +20 mesh for
Filter Bed: Run 37; filter bed from Run 37 reused for Run 38.

Superficial Gas
Velocity in Fluid Bed: 0.5 to 0.8 ft/sec.

Reactant Temperature (C)

Concentration® Time Filter

Run No. Type (v/o) {(hr) Fluid Bed Bed
37 HC1 0 to 76.0 7.3¢ 400 to 500 400
F, 50 to 65.0 2.0 250 250

F, 50 and 95.0P 2.0 500 500

38 HCl1 0 to 90 13.6¢ 335 to 500 350
F, 50 and 90 1.0 250 250

F, 50 and 90 2.0 500 500

2Remainder nitrogen.
bHigher concentration of fluorine was used for the fluid bed only.

€The overall time for hydrochlorination was not optimum due to a planned
shutdown to allow examination of the fuel charge.
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The subassembly processed in Run 37 was examined after
one stoichiometric amount of hydrogen chloride had been fed to the column.
Penetration of all three plates was found to be relatively uniform and was
more pronounced at the bottom of the subassembly, the region that was
first contacted by the inlet gas. The top of the subassembly appeared com-
pletely unreacted, thereby indicating that very high utilization of the re-
actant gas was achieved during this period (2.5 hr). For Run 38, each
subassembly was reacted to completion and then a single fluorination was
conducted.

Results and Discussion

In the current experiments, the operations proceeded
without difficulty, and the retentions of uranium by alumina were the
lowest that have thus far been achieved; the concentration of uranium in
alumina was reduced to less than 0.01 w/o (limit of detection by an X-ray
spectrographic method). Although most of the fluorination periods were
of 2-hr duration, analytical results of fluid-bed samples taken at inter-
mediate times showed, with one exception, that only one hour at each tem-
perature was needed to reach an equilibrium uranium value. The exception
was the 2-hr fluorination at the higher temperature when Type 38 Alundum
was in use (Run 38). The new fluorination procedure thus appears to en-
hance overall uranium recovery when either of these two types of alumina
are used.

The final concentration of uranium in the packed-bed filter
(-14 +20 mesh, Type 38 Alundum) after Run 37 was 0.007 W/O (as deter-
mined by wet chemical analyses). It is also of significance that the ura-
nium concentration remained at this level after re-use during Run 38. No
pressure buildup across the all-coarse Alundum down-flow filter bed
occurred in either run. In view of the encouraging results obtained for
Type 38 Alundum, this material will continue to be used in both the fluid
bed and the filter bed.

Uranium Losses during Hydrochlorination

Correlation of the experimental data that have been ac-
cumulated to date indicates that the uranium loss through the packed-bed
filter during hydrochlorination is a function only of the lowest temperature
downstream of the fluid bed (but within the reactor system). A semi-log
dependency was found (see Figure II-25), indicating that loss by vaporiza-
tion is the probable mechanism. The probable vaporizing species is
uranium tetrachloride (since the vapor pressure of uranium trichloride
is negligible in this temperature range from 320 to 390 C). This depend-
ency, plotted as average rate of uranium lost (as determined from the
uranium content of the condensed zirconium tetrachloride phase) against
l/T, appears to be unaffected by:
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(a) the total mass of uranium in the initial charge (2 to 36 g);

(b) the rate at which the alloy is hydrochlorinated (average
rates of 9 to 70 g of alloy per hour with instantaneous rates up to 110 g of
alloy per hour);

(c) the quantity and mesh size of alumina in the filter
section (in the range 90 to 14 mesh);

(d) the temperature of the filter bed alone (325 to 550 C).

o
©
(]

{(NUMBERS REFER TO SPECIFIC RUNS) Figure 1I-25

CALCULATED LOSS IF THE EXIT GAS URANIUM LOSS DURING HY DROCHLORINA TION
oo STREAM 1S SATURATED WITH UCls OF URANIUM-ZIRCONIUM ALLOY FUELS
Average rate of uranium loss vs, 1/T, where
T(K) the lowest temmperature measured in the
reactor assembly between the fluid bed and
the distal side of packed-bed filter,

(0 Hydrochlorination with packed-bed tilter
connected in series with the fluid bed.

)

X An empty 1-1/2-in, "settling" chamber
installed between the fluid-bed reactor
and the packed-bed filter.

A I\ Packed-bed filter connected in series with

TEMPERATURE, C the fluid bed but contained no bed.

AVERAGE RATE OF URANIUM LOSS DURING HYDROCHLORINATION, mg/hr

390 370 350 330
oafpl—r i T L {1 Hydrogen introduced along with the feed;
15 .54 "5|803/T K|.62 166 170 packed-bed f{ilter connected in series
’ with the fluid bed.
108-6885

Calculations based on reported values for the vapor pres-
surel4 of uranium tetrachloride indicate that the exit gas was about 50 per-
cent saturated under most of the run conditions. The main conclusion to
be drawn from this information is that to minimize losses the unit should
be operated at as low a temperature as possible, especially in the region
of the disengaging section above the fluid bed, in the connecting line be-
tween the two reactor sections, and in the filter section. In future studies,
operating conditions will be modified with this in mind.

These results further suggest that the solution of the over-
all problem of retaining uranium in the system may not depend on {filtration
alone, but rather on a combination of filtration and condensation of a
volatile species, with the latter being possibly of greater importance. This
is somewhat indicated by the results of those runs in which an empty filter

145tollér, S. M., and R. B. Richards, Reactor Handbook, Vol. II, Fuel
Reprocessing, Interscience Publishers, Inc., New York(1961), p. 267.
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chamber, maintained at operating temperature, was used (Runs 27 and 32, ‘
Figure II-ZS); for these runs the uranium losses were not extreme. The
bare walls apparently provided sufficient surface for condensation.

Formation of Interhalogen Compounds during
Fluorination

Infrared analyses* and mass spectrometric analyses**
of the contents of the uranium hexafluoride cold traps from Run 38 were
made to establish the extent of formation of interhalogen compounds under
the current process conditions. The infrared analyses indicated that the
cold traps contained the same fluorination products as those found during
a previous run, in which treatment with phosgene and hydrogen chloride
prior to fluorination was included. These products were uranium hexa-
fluoride, chlorine trifluoride, and an unidentified material whose wave
numbers were in the range of 535 to 560 cm™! (see ANL-6596, pp. 151
and 152).

In addition to confirming the results obtained by infrared
analysis, the mass spectrometric analyses revealed the presence of:
(a) a large amount of chlorine and an insignificant amount of chlorine
monofluoride, and (b) unidentified compounds with mass numbers 47, 51,
67, 83, 119, 131, and 169 (no further identification of these was made).
Calculations indicate that about seven percent of the chlorine initially as-
sociated with the uranium after hydrochlorination was converted to chlorine
trifluoride during fluorination. Further consideration will be given to treat-
ing the uranium chlorides with hydrogen fluoride as a safe means of re-
moving the bulk of the chlorine (the uranium will be converted to the
tetrafluoride) prior to the introduction of fluorine, thereby precluding the
formation of chlorine trifluoride.

Future Work

Studies will be concerned with the effects of water vapor
(at concentrations of the order of 1000 ppm) in the hydrogen chloride feed
(a) on the hydrochlorination rates and (b) on overall uranium recovery, and
with the effect of simulated fission products on overall uranium recovery
and bed behavior (caking effects). Process studies on other types of fuels
(e.g., uranium-aluminum alloy and UQ,-ZrO,, clad with Zircaloy) are
planned.

*Carried out by Dr. Martin J. Steindler and W. H. Gunther, Chemical
Engineering Division, Argonne National Laboratory.

**Carried out by Dr. Martin H. Studier, Chemistry Division, Argonne ‘
National Laboratory.
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b. Fluid-bed Hydrolysis of Zirconium Tetrachloride
and Aluminum Trichloride
(K. S. Sutherland, D. J. Raue)

In the proposed fluid-bed volatility scheme for processing
reactor fuels consisting of uranium alloyed with either zirconium or alu-
minum, the first step is the hydrochlorination of the fuel element. The re-
sulting zirconium tetrachloride or aluminum trichloride vapor is a reactive
waste product and must be converted to a stable solid form for satisfactory
storage. One of the most stable forms is the oxide, and it is proposed that
conversion of the chloride to oxide be effected by the hydrolysis reaction
with steam in a fluidized bed.

Previous work (see ANL-6648, pp. 169 to 172, and
ANL-6687, pp. 144 to 147) has demonstrated the feasibility of the process
for zirconium tetrachloride for a wide variety of operating conditions.
However, in the most recent runs (Run CO-45 to Run CO-48, see ANL-6687,
p. 146) unexpectedly large quantities of fines (-200 mesh) were found in
the final bed. Two further runs, made during this period in an attempt to
discover the reason for the excessive fines production, were inconclusive
for reasons discussed below.

In other current work the hydrolysis process was tested
with aluminum trichloride.

Hydrolysis of Zirconium Tetrachloride

The two runs with zirconium tetrachloride (Runs CO-49
and CO-50) were carried out in a 6-in.-diameter reactor column under
conditions identical with those of Run CO-48. At the end of each run a
considerable quantity of unsublimed solid in the form of fine powder was
found in the sublimation furnace, in the line between the furnace and the
reactor, and in the section of the reactor below the distributor plate (see
Summary Report ANL-6569, p. 119). Subsequent tests showed that between
7.5 and 10 percent of the feed material had remained unsublimed at 500 C
(ZrCl, sublimes at 331 C). This batch of tetrachloride had been used in
Run CO-45 and subsequent runs, and it is now believed that the presence
of this unsublimable material was the cause of the high rate of fines for-
mation. The fines were produced in the bed partly by transport of the fine
unsublimed material into the bed and partly by attrition of bed material
near the distributor plate. The majority of the 48 holes in the gas dis-
tributor plate were found to be plugged, and significant attrition in the
region of the plate could have occurred as a result of higher-than-normal
inlet gas velocities through the few (possibly as few as four) remaining
unblocked holes.

Nevertheless, the work on the fluid-bed hydrolysis of zir-
conium tetrachloride has demonstrated that tetrachloride feed rates of
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between 4 and 5 kg/hr can be processed in a 6-in.-diameter unit contain-
ing a bed of alumina or sand, 24 in. in depth and having a particle size
distribution such that 90 percent is -60 +200 mesh. The bed should be
maintained at a temperature near 350 C, and about three times the stoichi-
ometric requirement of steam should be supplied, with an overall gas flow
rate approximately twice the minimum fluidization value. In view of this
satisfactory state of the zirconium tetrachloride hydrolysis work, the
study of this reaction in the 6-in.-diameter unit was concluded. Any fur-
ther investigation that might become necessary can be performed in the
pilot plant now under construction.

Hydrolysis of Aluminum Trichloride

Insofar as a hydrochlorination processing plant might be
called upon to handle aluminum alloy fuels in addition to those of zirco-
nium, it was considered advisable to test the hydrolysis of aluminum tri-

chloride under conditions similar to those used for zirconium tetrachloride.

Accordingly, three runs were made with the equipment exactly as in

Runs CO-49 and CO-50. Sand was used as the starting bed; a bed tem-
perature of 300 C and a feed rate of about 4 kg/hr of aluminum trichloride
were used. The steam rate was equivalent to four times stoichiometric.*
Duration of the three runs totalled 9.5 hr. The runs were troublefree in
operation, and excellent overall mass balances were obtained. No trace
of aluminum was found in the off-gas stream.

It has thus been demonstrated that aluminum trichloride
vapor can be hydrolyzed readily in a fluidized bed under conditions similar
to those used for zirconium tetrachloride and at satisfactorily high rates.
No further hydrolysis work in the unit is planned.

c. Pilot Plant Facility for Demonstration of the Fluid-bed
Volatility Process for Recovery of Uranium from En-
riched Uranium-Alloy Fuels
(N. Levitz, J. Barghusen, J. Holmes, C. Schoffstoll,

W. Kremsner)

Installation of the pilot-plant facility for demonstration of
the fluid-bed volatility process for reprocessing enriched uranium-alloy
fuel has been completed. Final leak-checking of the equipment is in prog-
ress. During the ensuing quarter, operational tests of system components,
such as the cold traps and the coolant system on the main reactor, will be

made and will be followed by pre-fluorination and shake-down experiments.

The planned program on nonirradiated uranium-zirconium and uranium-
aluminum fuel material (up to 30 kg of alloy per charge) will then be
initiated.

*Based on the reaction: 2AI1C1; + 3H,0 - Al1,0, + 6HCI.
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d. High-activity-level Studies of Enriched Uranium-
Alloy Fuels
(J. W. Loeding, K. 5. Turner)

Efforts directed toward the installation of a bench-scale,
high-radiation-level facility to study the fluid-bed volatility process for
highly enriched uranium-alloy fuels are continuing. Equipment design is
nearly complete, and detailing of the design drawings is underway. Fab-
rication of the process equipment is expected to start during the next
quarter. Irradiated fuel specimens will be used in resolving the following:
(a) the distribution of fission products throughout the various process steps
and the decontamination factors that may be realized, (b) the behavior of
irradiated fuel with respect to reaction rate and the effect of radiation on
uranium recovery and retention (losses) by the bed material, and (c) the
short-term effects of radiation on process equipment and components, in
general. In addition, experience in the design and operation of remotely
operable equipment will be gained.

The equipment is similar to that currently in use for in-
active fuel-reprocessing studies (see Summary Report ANL-6569, p. 114)
and includes a 1%—in.-diameter fluid-bed reactor and a packed-bed filter
with associated equipment for the containment of volatile chlorides and
uranium hexafluoride produced in the process. It is planned to install the
proposed unit in an existing cave in the Chemical Engineering Division
facilities during the latter half of 1963. Manipulators will be used for the
operation and maintenance of the equipment.

8. Conversion of Uranium Hexafluoride to Uranium Dioxide:
Preparation of High-density Particles
(I. Knudsen, N. Levitz, J. Kincinas)

A fluid-bed process for preparing high-density, spheroidal
uranium dioxide particles directly from uranium hexafluoride is being
studied. The process involves the reaction of uranium hexafluoride with
a mixture of steam and hydrogen at temperatures of 650 to 700 C. Ura-
nium dioxide particles with densities of 89 percent of theoretical density
have been produced directly at 700 C; final particle densities of 96.5 per-
cent of theoretical density were obtained by sintering in hydrogen at
1725 C. The dense uranium dioxide particles would be intended for use
in dispersion fuels or in bulk form in packed fuel elements.

Previous work* has been concerned primarily with establish-
ing the effect of process variables such as reactant concentration, reactant
rates, reactor temperature, and bed height, on the density of the uranium
dioxide product. The amount of steam in the reactant stream was found

*See Summary Reports ANL-6569, p. 121; ANL-6596, p. 158;
ANL-6648, p. 173; ANL-6687, p. 149.
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to have a pronounced effect on the particle density, near-stoichiometric*
quantities resulting in maximum density. Other process variables had
only minor effects on the density of the uranium dioxide product.

In earlier work, unusually rapid increases in particle density
were noted when the starting bed was initiated. The aim of this study was
to determine whether a procedure could be established for densifying a
low-density material and to obtain data to aid in understanding the densi-
fication mechanism.

The studies are being conducted in a 3-in.-diameter cone-
bottom Monel column described previously (see Summary Report ANL-6379,
p- 183). In this unit, uranium hexafluoride is fed directly into a bed of ura-
nium dioxide particles which are fluidized with the steam and hydrogen.

The operating procedure involves alternating 30-min periods of uranium
hexafluoride feed with 30-min periods of fluoride cleanup. During the
cleanup period, only steam and hydrogen are fed in order to complete the
conversion of the deposited solids to the dioxide. Product is removed
semicontinuously (at the end of each cleanup period) in such an amount that
the bed weight remains approximately constant.

In the current study (Run PY-72), the uranium dioxide used as
a starting bed was of relatively low particle density, 6.7 g/cc (61 percent
of theoretical density), and in the size range -20 +325 mesh [average par-
ticle diameter (Volume/surface) of 192 i]. The bed weight averaged about
5.5 kg during the run, thus providing a bed height (static) of about 8 in.
The bed was pretreated with steam and hydrogen at 650 C for 4 hr. The
pretreatment period was followed by 8 hr of run time at 650 C with a ura-
nium hexafluoride feed rate of 25 g/min. The steam rate was 3.3 g/min
(corresponding to about 1.3 times the stoichiometric requirement), and
the hydrogen rate was 1.0 scfm. The combined steam and hydrogen flows,
exclusive of nitrogen purges and uranium hexafluoride feed, gave a super-
ficial velocity of 1.0 ft/sec. No seed particles were added during the run

so that the changes in the starting material could be observed more readily.

The uranium dioxide products were analyzed for changes in particle size,
density, and surface area, and photomicrographs were made of sectioned
particles.

Results

A 24 percent increase in particle density from about 6.92 to
about 8.58 g/cc (values obtained for composite bed samples) was effected
during the 8-hr hexafluoride feed portion of the run; little or no density
change occurred during the 4-hr pretreatment with steam and hydrogen.
The smaller particles were found to be more dense than the coarser mate-
rial, about a 13 percent difference in density being noted between the

*Based on the reaction UF, + 2H,0 + H, - UO, + 6HF.




-40 +60 mesh fraction and the - 100 +140 mesh fraction (see Figure II-26).
Density measurements of samples taken from the bed immediately after a
hexafluoride feed period and again after the cleanup period gave similar
results, indicating that densification occurred primarily during the hexa-
fluoride feed period. The change in surface area of the material reflected
the increases in density, for example, the area of -40 +60 mesh samples
decreased from 0.7 sq m/g to 0.3 sqg m/g during the run period. A total
of about 0.84 bed equivalent of uranium dioxide was produced. Fines
equivalent to 12 percent of the hexafluoride feed were found in the filter
vessel.

Figure II-26

INCREASE IN DENSITY OF URANIUM DIOXIDE BED PARTICLES
OCCURRING DURING DEPOSITION OF HIGH-DENSITY OXIDE
FROM CONVERSION OF URANIUM HEXAFLUORIDE
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The behavior of individual particle size fractions of the bed
during the run period is shown in Figure II-27. Unexpectedly, some
breakup of the coarser mesh fractions (the -40 +60 mesh fraction and
possibly also the +40 mesh fraction) was noted during the initial 2 hr of
the pretreatment period. No overall particle growth was observed, al-
though, during the latter part of the run, the -100 +140 mesh fraction in-
creased as the next smaller fraction (-140 +200 mesh) decreased.
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Discussion

Calculations based on operational data (such as the quantity of
hexafluoride fed, the rate of bed displacement, the average starting par-
ticle size) predicted a 19 percent increase in particle diameter and an
overall increase in particle density of 12 percent. These calculations as-
sumed the density of the deposited material to be 9.3 g/cc, the value
achieved in previous studies under conditions similar to those used in the
current run. The rapid and continued increase in particle density (up to
24 percent, see Figure II-26) and the unexpected phenomenon of no overall
particle growth suggest that the entire particle mass was undergoing densi-
fication (referred to subsequently as "particle sintering") during the entire
run. A concurrent process, "surface sintering," is believed to have oc-
curred; low-melting mixtures of uranium dioxide and uranium tetrafluoride
were presumably formed15,16 during the deposition of the newly formed
solids.

Evidence that "particle sintering" occurred is shown in the
photomicrographs of sectioned particles (see Figure II-28). Particles from
the starting bed (see Figures II-28a and II-28b) clearly exhibited large

15Ewing, R.A., and Bearse, A. E., Differential Thermal Analysis of Ura-
ninm Tetrafluoride-Uranium Dioxide Mixtures, BMI-1103 {June 1956).

léBarber, E. J., Solid-Liquid Equilibrium and Sintering Temperatures
of Uranium Tetrafluoride-Uranium Dioxide Mixtures, KLI-3588 (1955).
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. Figure II-28
PHOTOMICROGRAPHS OF SECTIONED URANIUM DIOXIDE PARTICLE>
BEFORE AND AFTER DENSIFIC ATION DURING RUN PY-7.

Starung Material
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voids and would be of relatively low density, whereas particles taken from
the bed at the end of the run (see Figures II-28c and II-28d) showed a dense
layer structure, the smaller particle appearing to be dense throughout.
With such a densification mechanism in effect, the density of the smaller
particles would reach a maximum first; particle growth would then com-
mence. This was found to be the case in this experiment (see Figure II-27).
With additional time, the particles in the remaining fractions would also
reach a maximum (or steady-state) density value. The current scheme
thus appears to be suitable for upgrading low-density material.

Future Work

Future work will be concerned with determining the effect of
the return of filter fines to the bed on the preparation of dense particles.
The filter vessel will be relocated directly above the reactor to facilitate
this work. Evaluation of the product in compaction tests is planned.

The feasibility of preparing, by the current fluid-bed tech-
niques, "homogeneous" UO,-PuO; solids for plutonium recycle applications
will be determined in a unit now being designed. Operations will involve
the feeding of mixtures of uranium and plutonium hexafluoride.
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III. CALORIMETRY*
(W. N. Hubbard, H. M. Feder)

Thermodynamic data are lacking for many compounds of interest
in high-temperature chemistry because of the experimental difficulties
involved in making the necessary measurements. A program has been
undertaken to determine some of these data.

The basic data needed are heats of formation at 25 C. Part of the
program of the group consists of determinations of heats of formation by
the method of oxygen bomb calorimetry. However, many of the compounds
of interest are difficult to burn in oxygen and, consequently, cannot be
studied by oxygen bomb calorimetry. To study compounds of interest
that are difficult to burn in oxygen and thus not amenable to oxygen bomb
calorimetry, the techniques of the bomb calorimetric method (a method
which has been developed to a high degree of precision and accuracy)
have been modified so that fluorine can be used as the oxidant.

The accumulation of basic heat of formation data for fluorides is
a necessary preliminary adjunct to the general use of fluorine bomb
calorimetry for the study of compounds and is a valuable program in its
own merit. To date, heat of formation values have been determined for
the following fluorides: the difluorides of cadmium, magnesium, and
zinc; the trifluorides of boron and aluminum; the tetrafluorides of titanium,
zirconium, hafnium and silicon; and the hexafluorides of molybdenum and
uranium. The heats of formation of three compounds: boron nitride, sil-
icon dioxide, and zirconium diboride, have also been determined by fluo-
rine bomb calorimetry. To obtain the heat of formation for boron nitride
required the use of the value obtained previously for boron trifluoride;
for silicon dioxide, the value for silicon tetrafluoride was required; and
for zirconium diboride, the values for boron trifluoride and zirconium
tetrafluoride were required.

To determine thermodynamic properties at high temperatures,
the heats of formation at 25 C from oxygen or fluorine combustion
calorimetry will be combined with the change in enthalpy values measured
by a high-temperature enthalpy calorimeter. The calorimetric system,
which is to be used for measurements up to 1500 C, has been designed
and is now being assembled and tested. Design concepts for an electron
beam furnace for a drop calorimeter to operate up to 2500 C are being
tested in the laboratory.

*A summary of this section is given on page 26.
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A. Revised Value of the Enthalpy of Formation of Uranium Hexafluoride
(J. Settle)

Recalculation of the experimental data obtained from the com-
bustion of uranium in fluorine has resulted in a slight revision of the
previously reported derived standard thermal data for the formation of
uranium hexafluoride from the elements at 25 C (see ANL-6648, p. 179).
The revised values, in kcal/mole, are:

UF(c) UF,(g)
AEf° -520.7, % 0.4, -509.5, + 0.4,
A FI° ~522.5, + 0.4, -510.7, + 0.4,
AGE® ~491.8, + 0.4, ~490.7, + 0.4,

B. Exploratory Combustion of Uranium Monosulfide in Fluorine
(7. Settle)

With the determination of the standard thermal data for the for-
mation of uranium hexafluoride, it is now possible to measure the
enthalpies of formation of various uranium compounds for which ade-~
quate thermochemical data is not now available. One of the compounds
of interest in high-temperature reactor technology is uranium
monosulfide (US).

Experiments have been performed to indicate (a) the extent of
spontaneous reaction between uranium monosulfide and fluorine at room
temperature and (b) the effect of certain variables on the combustion
characteristics of uranium monosulfide in fluorine. The uranium mono-
sulfide used in these experiments was in powdered form, making it
necessary to use a support dish.

To determine the extent of reaction between fluorine and uranium
monosulfide in a bomb prior to intentional ignition, 0.5-g samples of
uranium monosulfide were exposed to fluorine at 5 atm pressure. The
samples gained weight at a rate of approximately 0.52 rng/hr. The fluo-
rination products were not determined, but the experiments demonstrated
that it will be necessary to protect uranium monosulfide from exposure
to fluorine before intentional ignition is carried out in the calorimetric
combustions. One way of providing protection is to enclose the sample
in a bag made of du Pont's heat-sealable Teflon-FEP fluorocarbon film.
Preliminary tests indicate that leak-free bags can be made by conven-
tional heat-sealing techniques. If this method of protecting the sample
is adopted, the energy of combustion of Teflon-FEP film will have to be
determined.

The results of exploratory combustions, in which uranium mono-
sulfide was not protected from fluorine before ignition, are summaried
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in Table 1II-1. As may be seen, the variables investigated to date are:
the support dish material, the mass of sample, and the initial fluorine
pressure in the bomb. The values for the mass of solid residue listed in
column 4 are the weights of nonvolatile products of combustion, such as
uranium tetrafluoride. Several milligrams of apparently unreacted
uranium monosulfide were recoveredwhen a prefluorinated zirconium
support dish was used. No unreacted uranium monosulfide was re-
covered when a quartz dish was used. The support dish was always
fluorinated to some extent during a combustion. The extent of reaction
is given in the next two columns. It is assumed that the volatile products
of combustion are uranium hexafluoride and sulfur hexafluoride, but

this has not yet been confirmed by analyses. The extent of conversion
to volatile products is given in the last column.

Table III-1

EXPLORATORY COMBUSTIONS OF
URANIUM MONOSULFIDE IN FLUORINE

Conversion
Initial Mass of of US
Support Mass of F, Solid Zr 510, to Volatile
Dish Uus Pressure Residue Reacted Reacted Products
Material (g) (atm) (g) (g) (2) (%)
Zr 0.551 5.0 0.2 >0.005 - 35
Zr 0.967 7.5 0.2 ~0.003 - 80
Zr 0.898 10.0 0.2 >0.002 - 80
Zr 1.297 12.5 0.063 ~>0.006 - 95
Zr 1.507 15,0 0.149 ~0.001 - 90
Zr 1.477 19.5 0.184 >0.006 - 38
Zr 2.016 12.5 0.328 >0.004 - 84
Zr 1.955 15.0 0.088 >0.004 - 95
Zr 1.968 20.0 0.252 >0.009 - 87
Si0, 0.524 5.0 0.2 - 1.5 62
510, 0.80237 10.0 0.00098 - 1.77095 99.86
510, 1.40204 10.0 0.0224 - 0.51772 98.41
510, 1.42582 15.0 0.00061 - 3.56424 99.96
510, 1.34912 12.5 <0.001 - 1.827 >99.9

In each of the combustions done with a zirconium dish, a large
amount of solid residue was left. The analysis of such residues, consisting
of mixtures of uranium monosulfide, several uranium fluorides, and zir-
conium tetrafluoride, presents a difficult problem. Consequently, a zir-
conium support dish is not very satisfactory.
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Of the combustions on quartz dishes, three were excellent in that ‘
99.9 percent of the uranium monosulfide was converted to volatile products.
However, so much quartz reacted that more energy was produced from
this source than from the fluorination of the sulfide. This fact seems to
require a more precise determination of the energy of combustion of glassy
quartz than has been made thus far. It is intended to investigate several
other metals and ceramics as support dish material in an effort to find
the one which will yield the best combustion of uranium monosulfide while
itself suffering minimum attack.

These experiments have indicated that the sample size is not criti-
cal, but the fluorine pressure must be in the region of 10 to 15 atm in order
to obtain complete combustion of uranium monosulfide.

In summary, it has been found that application of the techniques of
fluorine bomb calorimetry may yield a precise value for the enthalpy of
formation of uranium monosulfide as refinements in the combustion method
are made.

C. Exploratory Combustions of Carbon and Silicon Carbide in Fluorine
(E. Greenberg, C. Natke)

During this past quarter, a suitable technique was developed for the
combustion of powdered silicon carbide in fluorine. Progress was also
made in working out analytical methods for identifying and determining the
gaseous products from the combustion of either carbon or silicon carbide
in fluorine. A new bomb head, designed for the combustion of silicon
carbide, has been fitted to bomb Ni-T-A. The calorimetric system is
currently being calibrated. Work has been resumed on the development
of a suitable technique for combustion of carbon in fluorine.

Exposure to fluorine of a weighed sample of the silicon carbide
indicated no significant spontaneous reaction. As indicated in ANL-6687,
p. 161, molybdenum fuse wire placed just above the sample has been
successfully used for ignition of silicon carbide. Quartz dishes of var-
ious thicknesses were tried as sample supports, but in each case ex-
tensive reaction of the quartz was obtained. Nickel dishes, on the other
hand, were virtually unreacted when used as supports. Quantitative
studies indicate that a nickel dish gains less than one milligram per com-
bustion. This is quite satisfactory for calorimetric work. In order to
promote more complete combustion, the sample is confined to the center
of the dish by means of a thick nickel ring. No technique has been found
for burning the silicon carbide sample completely, but combustion of
more than 99 percent of the sample has been achieved in some cases. Over
the range of about 80 to 200 mesh, there appears to be no significant dif-
ference in the combustion characteristics of the sample. ‘
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In exploratory work utilizing the glass bomb,! difficulty was ex-
perienced because some of the silicon carbide sample was swept out of
the support dish during combustion. The use of a nickel cover or shield
over the dish reduced the problem. Under these conditions, it is expected
that the quantity of unburned silicon carbide can be determined by simply
weighing the dish and contents after combustion. It is suspected that part
of the scattering of the sample is caused by gas currents created during
charging of the glass bomb, because of the relative locations of the bomb
valves and the sample dish. In the nickel bomb, the situation is much
more favorable; recent experiments indicate that it may be possible to
eliminate the cover over the sample dish.

A problem common to the combustions of both carbon and silicon
carbide is the quantitative determination of the various carbon-containing
compounds that are formed. Approximately 99 percent of the carbon is
converted to tetrafluoromethane, with the remainder forming higher homo-
logs. The relative amount of these higher fluorocarbons depends very
much on the combustion conditions employed. A suitable gas chromato-
graphic method has been developed2 for analyzing this mixture of fluoro-
carbons. The higher fluorocarbon combustion products have been identified
as C,F¢ and C;Fg, and the amounts of these can be determined to about
5 percent relative accuracy, which is sufficient for our calorimetric work.

No suitable gas chromatographic column has been found for analysis
of the silicon fluorides. However, mass spectrometric analysis of the
gaseous products from a typical silicon carbide combustion revealed only
silicon tetrafluoride, with no evidence of any higher homologs. The com-
bustion gases from typical calorimetric experiments will therefore be
submitted for analysis by mass spectrometry in order to ascertain that
all of the silicon has been burned to silicon tetrafluoride.

A new rotating bomb calorimeter (ANL-R2) has been installed in
the laboratory and now appears to be in satisfactory operating condition.

D. Thermodynamic Properties of Hydrogen Fluoride
(E. Rudzitis)

Hydrogen Fluoride (gas). The standard enthalpy of formation of
gaseous hydrogen fluoride, AHf® (HF),* is a fundamental constant in the
thermochemistry of fluorine-containing compounds. 1t is an essential
quantity for correlating data obtained by fluorine bomb calorimetry with
those derived by other means. To be useful in making correlations, the

*All values refer to 298.16 K.

lr. L. Nuttall, M. A. Frisch, and W. N. Hubbard, Rev. Sci. Instr.,
31, 461 (1960).

ZM. Runner, Chemical Research Services, Inc., Addison, Illinois.
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reliability of the AHf°(HF') value should be within the attainable pre-
cision limits of fluorine bomb calorimetry, i.e., within approximately
0.1%. The data found in the literature vary from -63.8 to -65.1 kcal/
mole. To some extent, the variations are due to uncertainties in the
nonideality correction for the gas due to a tendency toward extreme
association.

Elimination of the data requiring such corrections leaves the
following AHf°(HF') values (kcal/mole): -64.45 + O.l,3 -64.92 i0.12,4
and -65.1 = 0.4 .5

The first of those values, -64.45 kcal/mole, was obtained by
measuring the heat of Reaction 1 directly:

1/2 Hylg) + 1/2 F,(g) = HF(g), (1)

in a flow calorimeter at 100 C. At this temperature, no significant non-
ideality corrections are required.

The value of -64.92 kcal/mole was derived from combination of
the thermochemical data of Reactions 2, 3, 4. and 5:

SiO, (a-~quartz) + 2 F,(g) = SiFu(g) + O,(g) (2)
SiO, (crystobalite) = SiO, (a-quartz) (3)
2 Hy(g) + O,(g) = 2 HO(g) (4)
SiF,.(g) + 2 H,O(g) = SiO, (crystobalite) + 4 HF(g) (5)

The standard enthalpy of Reaction 5, which includes hydrogen fluoride
gas, has been derived from equilibrium measurements at elevated
temperatures, again without the need for nonideality correction.

The value -65.1 kca.l/mole resulted from the analysis of the
ultraviolet spectra of HF (g) in helium under ideal conditions. It is dif-
ficult to rationalize the almost O.5~kcal/mole variance between the
directly measured value3 and the values of -64.92 and -65.1 which are
in reasonable agreement with each other. This illustrates the fact
that the reliability of the standard enthalpy of formation of gaseous
hydrogen fluoride is not commensurate with its fundamental importance.

3H. Wartenberg and H. Schiitza, Z. anorg. allgem. Chem. 206, 65(1932).
411, M. Feder, W. N. Hubbard, S. S. Wise, and J. L. Margrave, J. Phys.

Chem. 67, 1148 (1963).

5J. W. C. Johns and R. ¥. Barrow, Proc. Roy. Soc. (London), A251,
504 (1959).
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Hydrogen Fluoride (aqueous). Another important constant in the
thermochemistry of fluorine-containing compounds is the standard enthalpy
of formation of aqueous HF, AHf® (HF - xH,0), Reaction 6.

1/2 H,(g) + 1/2 F,(g) + xH,0O(lig) = HF - xH,0(liq). (6)

This quantity is particularly useful for the correlation of values between
nonaqueous and aqueous fluorine thermochemistry. In NBS Circular

5000 AHf® values are tabulated over a concentration range of HF - 2 H,0 to
HF - ©H,0; these data are given to the nearest 0.01 kcal. Examination of

the cited references revealed that Reaction 6 is a summation of Reactions 1,
7, and 8:

HF(g) + 400 H,0(liq) = HF - 400 H,0 (lig) (7)
HF . 400 H,O + (x - 400) H;O(lig) = HF - xH,0(lig) (8)

To obtain a AHf°(HF gas) value, the compilers of Circular 500 averaged
three reported values (kcal/mole): -63.8 + 0.3,7.9 -64.2 + 0.38:9 and
-64.45 + 0,1,3 obtaining -64.2 kcal/imole as the "best" value. The first

two values were obtained by the reaction of fluorine with hydrogen under
conditions where appreciable (0.5 to 1 kcal) nonideality corrections were
required. Reaction 7 also required a nonideality correction of the same
magnitude, a condition which in itself would be favorable because of
cancelling out of the nonideality corrections of Reactions 1 and 7, provided
that the averaging of AHf°(HF gas) values would not have included -64.45 +
0.1 kcal/mole which was derived without the necessity for nonideality
corrections.> An additional uncertainty remains because the conditions of
Reaction 7 required extrapolation of HF pressure from its original saturated
vapor pressure in the range between -21 C and 0 C to the pressure at the
dissolution temperature of 32 C. Since no experimental data were available,
the calculations were based on a simple association model which is now
recognized as incorrect.

The heat effect of Reaction 8, which is of relatively minor impor-
tance, both numerically and for this discussion, seems to have been reliably
measured and interpreted by W. A. Roth and coworkers (for original ref-
erences see Circular 500).6

6F. D. Rossini, D. D. Wagman, W. H. Evans, S. Levine, and 1. Jaffe,
Selected Values of Chemical Thermodynamic Properties, NBS
Circular 500 (1952).

7. V. Wartenberg and O. Fitzner, Z. anorg. allgem. Chem. 151, 313
(1926). —

80. Ruff and F. Laass, ibid., 183, 217 (1929).

90. Ruff and W. Menzel, ibid., 198, 375 (1931).
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It is evident that although the number of significant figures given
for the listed AHf°(HF - xH,O) values,® e.g., AHf°(HF - 400 H,0) =
-75.74 kcal (mole HF)"!, is necessary for relating data of aqueous
thermochemistry, the absolute accuracy implied by the significant figures
is unrealistic for comparing values between aqueous and nonaqueous
fluorine thermochemistry. An indication of the magnitude of uncertainty
associated with AH{°(HF - 400 H,0) was obtained by combining and
averaging individual pairs of data for Reactions 1 and 7 obtained under
comparable conditions. Nineteen data pairs yielded an average value of
AH°(HF - 400 H,0) = -75.6 kcal (mole HF) ! with an uncertainty interval
(twice the standard deviation) of + 0.4 kcal. Although it is possible that
the absolute value of AHf®° may change due to the refinements in calcula-
tions, it is less likely that the uncertainty interval will change appreciably.

In conclusion, it can be stated that at the present time the thermo-
chemical data for hydrogen fluoride are unsatisfactory for supplementing
data obtained by fluorine bomb calorimetry. This evaluation will be con-
tinued, and attempts will be made to correlate the extensive experimental
and theoretical information on hydrogen fluoride in terms of thermo-
dynamics of association.

E. High-temperature (1500 C) Enthalpy Calorimeter
(D. R. Fredrickson, R. L. Nuttall, R. Kleb, and J. E. Brugger)

In the preceding quarterly report (ANL-6687, p. 164), mention was
made of the increasing difficulty in controlling the temperature of the
furnace of the high-temperature drop calorimeter. When the deterioration
of temperature control culminated in the loss of the main shield control
thermocouple, the furnace was opened and its internal components examined
(for drawings of the furnace, see ANL-6477, p. 165, and ANL-6648, p. 184).
The outer radiation shields - five of aluminum followed by three of silver -
were extensively damaged by melting and by the action of a low-melting
silver-aluminum alloy. The three inner molybdenum radiation shields,
the alumina-filled tantalum dust shield, and the molybdenum core were
intact. One thermocouple had melted at the junction, two others had opened
through mechanical strain, and all exposed thermocouples showed evi-
dence of surface attack. The tantalum heater windings had embrittled,
and X-ray analysis indicated that some tantalum nitride had formed. This
failure of furnace components was not a major setback and presumably
arose from an overestimation of the effectiveness of the dust shield and
from a misalignment of the shields.

In order to obtain heat transfer data for the original dust shield,
which consists of two nested tantalum cans having a —i——in. annular space
filled with bubbled Alundum grain (Norton type E 163 -8 +72 mesh
99.5% alumina), a simplified version of the furnace was assembled. The
molybdenum core was replaced by a 12-in. length of grooved Alundum tube
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having two 5-in. windings of platinum wire. Three pairs of ears fashioned
from alumina thermocouple tubing were cemented near the top of the
Alundum tube to position it within the dust shield. Of the radiation shields,
only the three (undamaged) molybdenum shields were installed. At the

top, the center, and the bottom of the core, platinum-10% rhodium, platinum
thermocouples were fastened. Thermocouples were also attached to the
inner and the outer walls of the dust shield and to the outermost molybdenum
shield. All thermocouple leads were taken to the cold portion of the furnace
in alumina tubing and then out of the furnace at the rubber gasket of the
junction box.

Pertinent temperature and power input data are summarized in
Table III-2. These data were used to compute the coefficient of thermal
conductivity, K, for the dust shield by a standard formula. Figure III-1 is
a plot of the coefficient of thermal conductivity in W cm™! deg C™! versus
the mean temperature of the dust (average of Col. 2 and 3 of Table III-2).

It was believed that this heat transfer across the dust was primarily
by radiation rather than conduction. To test the validity of this belief, the
quantity Z(deg K* W=1) = [(T, + 273)* - (T, + 273)4]/Q was calculated. The
constancy of Z, as shown in the sixth column of Table 11I-2, indicates that
heat transfer across the dust shield is essentially by radiation. The curva-
ture of the plot in Figure III-1 further corroborates this hypothesis.

Experiments are now underway to evaluate the effectiveness of finer
mesh powders and of different filler materials (Morganite-brand alumina
and Carborundum-brand silicon carbide) for the dust shield.

Table III-2

HEAT TRANSFER CHARACTERISTICS OF DUST SHIELD

Temperature {C)

Inner Surface Outer Surface Outermost

Power Q of Dust Shield, of Dust Shield, AT, Molybdenum zZ
(W) T, T, T, - T, Shield, T; (deg K*W™!=x 1077)

30 396 175 221 69 5.4

68 555 271 284 121 5.6

260 896. 485 411 250 5.9

400 1021 550 471 285 5.9

512 1102 599 503 308 5.9

905 1317 708 609 342 5.3
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Figure III-1

THERMAL CONDUCTIVITY OF DUST SHIELD
VS8, MEAN TEMPERATURE
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F. High-temperature (2500 C) Enthalpy Calorimeter
(R. L. Nuttall)

A calorimetric system is being developed for measurements of
enthalpy changes between 25 and 2500 C (see ANL-6687, p. 165). The
power supply for the electron guns (used to heat the sample) has been

repaired, and testing is continuing. Design for the calorimeter part of
Design of a preliminary test calorimeter

the system is nearly complete.
receiver which can be used for preliminary measurements has been

started.



IV. REACTOR SAFETY*

The oxidation, ignition, and combustion processes of substances
used in nuclear technology are being studied to provide information
needed to minimize the hazards associated with the handling of these
materials.

A. Metal-oxidation and -ignition Kinetics
(L. Baker)

1. Isothermal Oxidation of Uranium in Air at Temperatures of
500 C and Above
(R. Wilson, L. Baker, R. Koonz)

The air oxidation of uranium at temperatures above 500 C is

being studied in order to determine the nature and degree of protectiveness

of oxide films formed at high temperatures. The existence of protective
oxide films at high temperatures is indicated by the cyclic variations of

temperature that have been observed in ignition studies.! These protective
oxide films are effective in preventing a rapid sustained burning of massive

specimens of uranium which have ignited. Ignition results have suggested
that the oxide is more protective in air than in pure oxygen. An important
part of this study is therefore an assessment of the role of nitrogen in the
oxidation reaction. A preliminary phase of this program was reported in

the previous quarterly report (ANL-6687, p. 167). The preliminary studies

were performed by passing a gas consisting of 94 V/O air and 6 v/o argon
over induction-heated uranium cubes in a once-through flow system. The
reaction rate was determined by mass spectrometric measurement of the
concentration of oxygen and nitrogen relative to the argon present in the
effluent gas.

In the preliminary study (see ANL-6687, p. 167), mass spec-
trometric analyses indicated that there was no measurable uptake of
nitrogen by the uranium specimens over the entire temperature range
studied (500 to 1000 C). Individual analyses of the composition of the
effluent stream were made at 2-min intervals, the frequency of analyses
being limited by the time required to scan the mass spectra from mass-
to-charge ratios of 14 to 40. This limitation prevented accurate deter-
mination of the initial rates of oxidation. A new experimental procedure
was therefore devised which permitted more detailed studies of the
initial oxidation reaction and took advantage of the observation that nitro-
gen does not react to a measurable degree with uranium in the presence
of oxygen.

*A summary of this section is given on pp. 27 to 29.

ISchnizlein, J.G., et al., lgnition Behavior and Kinetics of the Reactor
Metals, Uranium, Zirconium, Plutonium and Thorium, and Binary
Alloys of Each, ANL-5974 (June 1959), p. 31.

201



02

a. Apparatus and Procedure

Studies of the intial rate of the uranium-air reaction em-
ployed a closed system, with a recording pressure transducer to indicate
the disappearance of oxygen from the gas phase. To prevent localized
depletion of oxygen in the vicinity of each sample, the reaction cell was
arranged in the form of a convective loop, as shown in Figure IV-1. The
sample was a nominal one-cm cube of uranium* which was supported on
a stainless steel-clad thermocouple and was contained in a quartz tube
in the lower portion of the left-hand vertical leg of the loop. The re-
mainder of the loop was constructed of 1 %;—in.—diameter copper tubing.

The upper portion of the left-hand vertical leg of the loop was heated by
external nichrome heating wire to temperatures of about 400 C. The right-
hand vertical leg of the loop was cooled by an external coil containing
flowing tap water. Simultaneous heating of the left leg of the loop and
cooling of the right leg resulted in vigorous circulation of the oxidizing gas.

Figure IV-1

APPARATUS TO DETERMINE THE URANIUM-AIR
REACTION KINETICS

: PRESSURE TRANSDUCER
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Three different oxidizing gas compositions were used:
(a) pure oxygen at an initial pressure of 200 mm, (b) dry air at one atm,
and (c) a synthetic "air" consisting of 20 V/o oxygen-80 v/o argon at one
atm. In addition, a few experiments were performed with air in which the

*The total impurity content of the uranium is about 250 ppm. A de-
tailed analysis of the metal may be found in Ref. 1, p. 146.




bottom of the loop contained Drierite and Ascarite to ensure that there
were no traces of water vapor and carbon dioxide in the oxidizing gas.

Samples were heated to 500, 600, 700, 800, 900, and
1000 C by induction from a single-turn coil which was external to the
reaction cell loop. The sample was brought to the test temperature in
15 to 30 sec and was maintained at a constant temperature by manual
adjustment of the power of the induction generator. In this way, it was
possible to compensate for heat generated by the oxidation reaction.
Pressure decrease in the system was recorded as a function of time,
using a strain-gage-type pressure transducer* from which a signal was
fed into a strip-chart recorder having a relatively rapid response.**
The results of blank runs with a 1-cm platinum cube were used to cor-
rect the pressure-time curves for the initial changes of pressure re-
sulting from sample heating. In the blank runs, it was shown that the
heated portion of the copper tubing in the reaction cell loop did not oxi-
dize at a significant rate.

b. Results and Discussion

The duration of individual experiments was limited by
oxygen depletion of the oxidizing gas mixtures. Runs were discontinued
when approximately one-half of the oxygen in the reaction cell was con-
sumed. The preliminary experiments, in which mass spectrometry was
employed (see ANL-6687, p. 167), had not been limited in duration, being
continued until approximately 80% of each sample cube was oxidized in
the 600 to 1000 C range.

The results of both studies are summarized in digest
form in Table IV-1. Reactions with pure oxygen and with oxygen-argon
mixtures were studied only in the loop apparatus for short periods of
time. The results showed that there were as many as three distinct
stages to the oxidation reactions. Although the character of the oxidation
reaction (linear, parabolic, or cubic) was reproducible for a given oxi-
dizing gas and for a given specimen temperature, there was considerable
variation from one run to another in the rate constants and the times
corresponding to the transition from one stage to another. The ranges
of rate constant values and transition times listed in Table IV-1 indicate
the magnitude of experimental scatter. Eight runs at various tempera-
tures were performed with Ascarite and Drierite present in the reaction
cell loop. The results of these runs were indistinguishable from those of
the other runs.

*Statham, Model 5870, 0-15 psia.

**Minneapolis-Honeywell Brown Recorder, %—sec response.
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Table IV-1

RESULTS OF ISOTHERMAL STUDIES OF THE REACTION OF URANIUM WITH
AIR, OXYGEN, and 20 v/o OXYGEN-80 v/o ARGON MIXTURE

{(Nominal one-cm Uranium Cube Specimens)

Isothermal Reaction Rate Law and Range of Rate Constants?

Duration of Duration of
Experiment or Experiment or Duration of
Temperature Number Oxidizing Transition Time Transition Time Experiment
(C) of Runs Gas First Stage {min) Second Stage {min) Third Stage (min)
500 6 o, Linear (0.8-1.5) ~30b - - - -
500 3 O,-Ar Linear (0.7-1.0) 8-21 Linear (0.9-1.2) 27-36b - -
500 6 Air Linear (1.1-2.3) 18-35 Linear {1.5-3.4) 40-60b - -
600 6 0, Linear (2.4-6.6) ~20P - - ; .
600 4 O,-Ar Parabolic (26-94) 3-4 Linear (1.8-3.0) ~15b - -
600 13 Air Parabolic (29-58) 2-5 Linear (1.6-4.4) 20-30 Linear (3.8-4.4) 45-60b
700 5 O,-Ar Parabolic (170-211) ~10b - - - -
700 13 Air Parabolic (124-172) 2-4 Linear (1.8-8.8) 45-60b - -
800 4 O,-Ar Parabolic (234-308) ~5b - - - -
800 9 Air Parabolic (229-273) 3-4 Linear (5.1-7.7) 40-60P - -
900 3 0,-Ar  Parabolic (341-387) ~3b - - - -
900 7 Air Parabolic (354-1053) 18-27 Linear (2.1-3.0) 60-90b - -
1000 3 Q,-Ar Cubic (15,000-22,000) ~3b - - - -
1000 7 Air Parabolic (790-1640) 16-40 Linear (2.7-4.5) 60-90b - -
aLinear rate constants in (mgOa/zsq cm)/min Parabolic rate constants in (mg Olf'/sq cm)z/min Cubic rate constants in (mg O,/ sq cnl)z'/rnin

bEnd of experiment.

¥0¢
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Results at 500 C indicated that there was no significant
difference in reaction between pure oxygen, air, and the 20 v//o oxygen-
80 v/o argon mixture. The reaction followed a nearly linear rate in all
cases, although the rate values scattered considerably. The reaction
rate was not appreciably different from that reported to occur in pure
oxygen in previous studies using a heat sink reaction cell (see Summary
Report ANL-6543, p. 168). Reaction rates in the latter study were re-
ported to be decelerating slightly in the 500-600 C range. At 600 C in
the present study, the nearly linear reaction in pure oxygen persisted,
in agreement with the previous study. The reaction of uranium with air
and with the oxygen-argon mixture at 600 C was initially parabolic and
became linear only after 2 to 5 min. There was no difference, however,
between the reaction with air and with the oxygen-argon mixture at 600 C.

Reaction of uranium with pure oxygen could not be studied
accurately at temperatures above 600 C because of self-heating and igni-
tion. In several attempts to study the reaction at higher temperatures,
the formation of protective oxides was indicated, although it was not pos-
sible to obtain accurate rate data.

At 700, 800, and 900 C, the reaction with the oxygen-argon
mixture was parabolic, whereas at 1000 C the reaction was best described
by the cubic rate law. The reaction with air was initially parabolic over
the 600 to 1000 C range; however, a transition to a linear reaction occurred
at each temperature. At 600, 700, and 800 C, the transition to a linear
reaction occurred in 2 fo 5 min and corresponded to the consumption of be-
tween 8 and 33 mg Oz/sq cm reaction. At 900 and 1000 C, the parabolic
reaction in air persisted for 16 to 40 min and corresponded to the consump-
tion of between 125 and 217 mg Oz/sq cm reaction. The values of the para-
bolic rate constants obtained for the initial reaction of uranium with air
and with 20 v/o oxygen-80 v/o argon mixture are plotted as ranges in
Figure IV-2 as a function of reciprocal temperature. The nature of the plot
suggests that the initial reaction with both air and the oxygen-argon mixture
is controlled by the same mechanism over the temperature range from
600 to 1000 C.

The kinetics of the high-temperature uranium reaction with
oxygen-containing gases can be accounted for by a mechanism involving
adsorption and solid-state diffusion. The initial stage of reactions with air
and the oxygen-argon mixture at 600 C and above can be correlated by
means of a parabolic rate law, suggesting that the reaction rate variation
with time is controlled by the solid-state diffusion of oxygen ions. The
absolute value of the reaction rate is probably also determined by an ad-
sorption equilibrium at the oxide-gas interface. The competition for ad-
sorption sites by nitrogen and argon molecules in the gas mixtures is
probably responsible for the differences between the reactionrate with pure
oxygen at 600 C and that with the gas mixtures at 600 C. It was concluded
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in a previous study? that adsorption at the oxide-gas interface is a key
factor in the reaction mechanism at lower temperatures.

Figure IV-2 The results reported pre-
viously for the uranium-steam re-
action are also consistent with this
mechanism (see Summary Report
ANL-6569, p. 148). The steam re-
action was also parabolic above
600 C with an activation energy
(One-cm Cubes of Uranium) (18.6 kcal/mole) which is experi-
mentally identical with the value

PARABOLIC RATE CONSTANTS
FOR THE INITIAL REACTION
OF URANIUM WITH AIR AND
WITH 20 v/o OXYGEN-80 v/o

ARGON MIXTURE

2000 obtained for the air reaction
(16.5 kcal/mole). The reaction rate
1000 with air (or with the oxygen-~argon

mixture) was about ten times more
rapid than the rate with steam. This
would result from the greater partial
pressure of oxygen in air than that
in equilibrium with water for acti-
vated adsorption.

_ k=6.8 x10% exp (-16,500/RT)

Illli!

The change from a parabolic
to a linear reaction is usually taken
to imply that the diffusion barrier
film develops cracks at a more or
less definite film thickness which
depends on the plasticity and adher-
ence of the film. On this basis, it
can be concluded that the oxide film
produced in air oxidation has a much

100

PARABOLIC RATE CONSTANT, k, {mg O2/sq cm}2/min

TEMPERATURE, C L.
1000 900 800 700 600 greater plasticity and adherence at

10 Lt 900 and 1000 C than it does at lower

70 8.0 9.0 10.0 (RN 12.0

tempezratures. The experimental re-
RECIPROCAL ABSOLUTE TEMPERATURE, 10%/T,K P P = €

sults at 700 and 800 C would indicate
108-6766 that the nitrogen in the air causes

cracking and transition to the linear
reaction to occur at an earlier time than does the argon in the oxygen-argon
mixture. The marked protectiveness of the oxide film formed in air at
900 and 1000 C would account for the cyclic variations of temperature ob-
served in ignition experiments and the failure of massive pieces of uranium
to undergo sustained burning in air.

2Leibowi’(:z, L., Schnizlein, J. G. Bingle, J. D., and Vogel, R. C.,
J. Electrochem. Soc. 108, 1155 (1961).
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2. Plutonium-ignition Studies
(J. G. Schnizlein, D. F. Fischer)

The increasing use of plutonium in the nuclear energy program
makes safe handling procedures imperative. Detailed knowledge of the oxi-
dation and ignition characteristics of plutonium and plutonium alloys is
being acquired to allow appraisal of the hazards. Studies of the isothermal
oxidation of plutonium between 140 and 450 C were reported in the previous
quarterly report (ANL-6687, p. 171). The present report describes results
of ignition studies with specimens of pure plutonium.

The facilities, including the gloveboxes and the specially con-
structed thermobalance used in the experiments, were described previously
(see Summary Report ANL-6413, p. 168). The plutonium cubes and foil
specimens used in the experiments were prepared at Hanford.* The speci-
mens were 5-mm cubes and 3 x 20-mm sections of foil having thicknesses
of 1, 0.5, 0.22, 0.17, and 0.12 mm. The specific area of the specimens
ranged from 0.65 to 11 sq cm/g.

Burning-curve experiments and shielded-ignition experiments
were performed with the pure plutonium specimens in both air and oxygen.
In a burning-curve experiment, the specimen is supported on a thermo-
couple and is heated at a uniform rate (usually 10 C/min) in a flowing
oxidizing gas until ignition occurs. Ignition temperature is determined
graphically as the intersection of the pre-ignition heating curve with the
post-ignition self-heating curve.

In a shielded-ignition experiment, the sample is heated to the
test temperature in a protective atmosphere of helium. The protective gas
is then rapidly replaced by the oxidant to determine whether ignition occurs
at the test temperature. Ignition temperature is given as the range between
the highest temperature at which ignition does not occur and the lowest
temperature at which ignition does occur.

Results of ignition temperatures determined by both methods
are listed in Table IV-2. Ignition temperatures obtained by the burning-
curve method are plotted as a function of specific area in Fagure IV-3.
Some of the data for 5-mm cubes included in Figure IV-3 were reported
previously (see ANL-6648, p. 193). Ignition data from Dempsey and Kay3
and from Carter, Foy, and Stewart4 are also included in Figure IV-3. The
ignition temperatures ranged from 535 to 280 C. The variation of ignition

*Preparations were under the supervision of R. R. King, P. G. Pallmer,
T. Nelson, and O. J. Wick, General Electric Co., Hanford Atomic
Products Division, Richland, Washington.

3Dempsey, E., and Kay, A. E., J. Institute Metals 86, 379 (1958).

4Car’cer, R. F., Foy, B., and Stewart, K., The Particulate Material
Formed by Oxidation of Plutonium, AERO-Conf/S (1960).
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Table IV-2

IGNITION TEMPERATURES OF PLUTONIUM IN AIR AND OXYGEN

Burning-curve

Ignition Shielded Ignition
Foil Specific Temperatures (C) Temperatures® (C)
Thickness Area
(mm) (sq cm/g) Air 0, Air 0,
~5 (cube) 0 65 520 512 442-492 -
508 494
10 15 492 490 378-408 327-374
322
0 52 25 310 468 303-337 353-398
314 505
022 53 518 524 375-403 322-350
520 527
535
5190
521D
017 67 282 299
012 110 282 305 266-280 273-284

2Indicated as the highest temperature at which ignition did not occur
and the lowest temperature at which ignition did occur

bSamples were polished with 600 grit S1C paper, all others as received

Figure IV-3
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temperature with specific area, however, is not smooth. Ignition occurs
in one of two regimes, one at approximately 300 C and the other at approx-
imately 500 C.

Results of a pair of burning-curve ignition experiments with
1.0-mm-thick (1.5-sq cm/g) foil specimens in air (shown in Figure IV-4)
illustrate the manner in which ignition might occur in either regime. The
sharpness of the change of ignition temperature from the low-temperature
regime to the high-temperature regime is emphasized by the fact that the
difference of specific area of the two samples was indistinguishable. A
discontinuity in ignition temperatures in air occurs at a specific area of
1.5 sq cm/g and at 6.0 sq cm/g if the specimen is in oxygen. The 0.22-
mm-thick foil was exceptional in that it ignited consistently in the high-
temperature regime in air, even though its specific area, 5.3 sq cm/g,
was considerably greater than the 1.5-sq cm/g dividing line. Possible
causes of this anomalous ignition behavior, which are being explored,
might be unique heat treatment during fabrication that tends to stabilize
delta-phase plutonium, or contamination with aluminum or silicon which
could cause increased ignition temperatures.

Figure IV-4

BURNING-CURVE IGNITIONS IN AIR OF ONE-mm-THICK
PURE PLUTONIUM FOIL SPECIMENS
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The ignition results by Dempsey and Kay3 and Carter, Foy,
and Stewart? were generally consistentwith the other results plotted in
Figure IV-3. The ignition observed by Dempsey and Kay during an ex-
periment intended to be isothermal at 487 C occurred after oxidation had
proceeded for about 300 min. The tests by Carter et al. were performed
with both alpha plutonium and delta-stabilized plutonium in two forms:
10-g billets and l-g to 2-g collections of turnings.

The existence of two regimes of ignition is consistent with
the oxidation behavior of plutonium. During the oxidation of plutonium,
a change in the isothermal oxidation kinetics occurs justabove 300 C
(see ANL-6687, p. 171). The oxidation rate was shown to decrease sharply
between 350 and 450 C. Evidently, the rate of heat generation by oxidation
in the region of 300 C is just sufficient to cause ignition of specimens
having large specific areas. Specimens having smaller specific areas
have greater thermal inertia, and the temperature increase caused by self-
heating occurs more slowly. This allows the formation of more protective
oxide at temperatures near 400 C, where there is 2 minimum in the oxida-
tion rate. The decreased oxidation rate prevents ignition from occurring
until the sample temperature is increased by external heating beyond
450 C, and the oxidation rate again rapidly increases with increasing
temperature.

Ignition studies are continuing with a series of binary plutonium
alloys which contain 2 a/o each of aluminum, carbon, chromium, cerium,
cobalt, iron, nickel, silicon, and uranium.

B. Metal-Water Reactions
(L. Baker)

1. Studies of Metal-Water Reactions by the Laser Heating Method
(L. Leibowitz, R. E. Wilson, L. Mishler)

The laser heating experiment is an attempt to obtain funda-
mental data concerning the rates of chemical reaction and heat transfer
between metal particles and water. In the experiment, an intense beam
of light from a ruby laser is focused on a small particle of metal in a
water environment. Nearly instantaneous heating simulates the rapid
contacting of heated particles with water that would occur in a water-cooled
nuclear reactor in the event of a vioclent meltdown. (Either a nuclear run-
away or a sudden loss of coolant might result in the injection of heated
particles of cladding or fuel into the water.) Knowledge of the rate of ex-
change of both chemical and thermal energy from individual particles to
the water is of prime importance in the analysis of reactor accidents.

Considerable information concerning the reaction of heated
particles of zirconium, uranium, and stainless steel with water was obtained
by the condenser-discharge method and reported in ANL-6687 and preceding
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quarterly reports. The condenser-discharge experiment has the disad-
vantage that a number of particles are generated in each run, whereas
only one particle is involved in a laser experiment. Also, condenser-
discharge experiments with aluminum wires were unsuccessful: nonuni-
form heating of aluminum occurred in attempted runs, and very little of
the aluminum reacted (see Summary Report ANL-6101, p. 142). Itis
expected that the laser experiment will be applicable to studies of the
aluminum-water reaction. Also, the laser experiment should be applicable
to nonmetals as well as metals; the condenser-discharge experiment
could be performed only with materials having a high electrical conduc-
tivity, i.e., metals.

Descriptions of the theory and practice of laser operation are
widely available,® and no repetition of this information is given here. It
is sufficient to note that a laser beam is a highly directional, easily
focused, brief pulse of high-intensity light. With commercially available
ruby laser systems, outputs of 30 J (7.2 cal) at 6943 A may be obtained in
about 0.001 sec. This energy is sufficient to heat a 2-mm-diameter
aluminum sphere from room temperature to about 2000 C, which is
slightly below the boiling point of aluminum. In principle, the laser as a
heating device seems well suited to these studies.

For this work, a Maser Optics* 3020 laser system has been
obtained. This system employs a 6% x %—in. ruby rod, uncoated on one
end and with a reflecting dielectric coating on the other. The rod is
closely coupled by means of a highly polished elliptical cavity to an
Edgerton, Germeshausen, and Grier, Inc.** FX-45 xenon flashlamp with
a 6-in. arc gap. The laser head employs liquid nitrogen cooling, and
flashlamp outputs up to 3500 J may be used. Laser outputs up to 26 J

are reported.

Preliminary energy determinations have been carried out.
The temperature rise of a polished tantalum disc was measured by means
of a thermocouple spotwelded to the rear face of the disc, while the un-
focused laser beam impinged on the front face. The energy absorbed was
proportional to the temperature rise. The temperature rise was used to
calculate the energy after correcting for the emissivity of the disc mate-
rial. These preliminary measurements verified the reported output of
about 25 J. It is planned to carry out more precise energy measurements
by using commercially available optical calorimeters or still more pre-
cisely by using light-scattering methods. The latter technique involves
scattering of the laser beam by an MgO surface and measurement of the
light intensity some distance from the MgO. With suitable calibrations,
the intensity of the original beam may be found.

*Maser Optics, Inc., 89 Brighton Avenue, Boston 34, Mass.
**Edgerton, Germeshausen, and Grier, Inc., 160 Broockline Avenue,
Boston 15, Mass.
5Lengyel, B. A., Lasers, John Wiley and Sons, Inc., New York (1962).
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The arrangement of the apparatus for studying metal-water
reactions is the following: Two optical benches have been carefully
aligned, one horizontally along the laser beam and the other perpendicular
to it. A prism mounted on the horizontal optical bench reflects the laser
beam along the perpendicular bench. A simple lens then focuses the beam
onto the metal sample held in a suitable container. Lenses of various
focal lengths have been used. A modified microscope mechanical stage is
used for precise alignment. The image of the ruby holder focused on a
ground glass screen allows for precise alignment.

Numerous scouting tests have been performed with laser beams
to heat various metals while the metals were submerged in water. It has
been shown that zirconium and stainless steel foil can be melted under
water in this way. Also, aluminum pellets have been melted on one side
while the other side was evidently not affected. Tests with smaller par-
ticles will be carried out to determine the conditions necessary to melt
aluminum particles completely. Uranium foil was partially destroyed,
i.e., part of the foil was reduced to powder and the remainder was not
changed. Further tests are planned to find optimum experimental con-
ditions for heating the metal specimens. In quantitative experiments,
metal samples will be exposed to laser beams of varying intensities, and
hydrogen evolution will be measured.

A micro gas-analysis system has been constructed for measure-
ment of the small quantities of hydrogen expected to be evolved. This sys-
tem, which was taken from the system described by Stover, Partridge, and
Garrison,® is a constant-volume system of conventional design. The pres-
sure of the gas sample is measured at a known volume, hydrogen is re-
moved from the sample by oxidation over hot CuO, and then the pressure of
the remaining gas is measured. The amount of hydrogen that was present
is found by difference. Tests have shown that 0.01 ml (STP) of hydrogen
can be measured in this apparatus. This represents 0.1% reaction with
water of an aluminum sphere 2 mm in diameter. Metallographic examina-
tion of the residue from experiments involving laser heating will also be
carried out. Measurement of the temperature of the metal particles will
be attempted with a fast~response two-color pyrometer currently being
built. This device will employ two RCA 7102 photomultiplier tubes.

2. Studies of the Aluminum-Water Reaction in TREAT
(R. O. Ivins, F. J. Testa, P. Krause)

The use of the TREAT (Transient REActor Test facility) reactor
at the NRTS, Idaho, to study the reaction of various metals with water is
continuing. The technique consists of subjecting fuel specimens immersed
in water to a transient nuclear burst. The objectives of this program are:

6Stover, C. N., Jr., Partridge, W. S., and Garrison, W. M., Anal.
Chem. 21, 1013 (1949).
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1. to determine the extent of reaction between the metal and
water;
2. to determine the fuel temperature and pressure history

during the excursion;

3. to determine the physical damage that occurs as a result
of the transient; this is accomplished by such means as
metallographic and particle size evaluations.

The results of several experiments in which aluminum-uranium
alloy fuel plates were subjected to destructive transients in TREAT have
been reported in previous quarterly reports (ANL-6648, p. 201, and ANL-
6687, p. 179). These studies were performed with the sample fuel plates
submerged in room-temperature water. These results will be compared
with those of current runs in which samples were immersed in water at
286 C (pressure of 1000 psia). The same two types of alloy plates were
tested in the earlier studies as were tested in the current quarter's work
in which heated water was used. They were:

(1) a 6061 aluminum-clad, 77 w/o aluminum-23 W/o uranium
(fully enriched) plate cut from a standard SPERT-ID
plate. Each cladding layer and the core material were
20 mils thick. These plates had the nominal dimensions
of 0.06 by 0.5 by 1.4 in. The edges of these plates
were not clad.

(2) an unclad 81 W/o aluminum-17 W/o uranium (fully en-
riched)-2 W/O nickel alloy, which was the core material
of the SL-1 fuel plates. These plates had the nominal
dimensions of 0.2 by 0.5 by 0.5 in.

a. Experiments in Heated Water

Four experiments were conducted in water which was heated
to 285 C and had a pressure of 1000 psia (saturated steam). Two experi-
ments were conducted with SPERT plates, and two with samples of SL-1 core
material. The parameters and the results of these experiments are sum-
marized in Table IV-3. The samples were subjected to neutron bursts in
TREAT at energy levels selected to correspond with experiments previously
conducted in room-temperature water.

For each of the two types of samples, one transient (CEN
141H and 142H) was run at a reactor energy calculated to supply only enough
energy to melt the plate. In these runs, the plates reacted with water in
only negligible amounts, as was the case in the previous room-temperature-~
water experiments.
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Table T¥-3

RESULTS OF TREAT EXPERIMENTS WITH ALUMINUM-URANIUM ALLOY PLATES

- Reactor
TREAT Initial o Calc
Exp. Fuel Water w Energy Peak Tem Extent of
CEN Wt Temp Period int Power Input Adiabatic Appearance of Fuel Reaction
No. g (C) (ms) (MW-sec) (calfg) € after Transient (%}
141H 2.48502 285 87 236 350 1130 Melted, bulged; retained 0.24
(1000 psig) a resemblance
to its original shape
140H 2.38854@ 285 86 348 500 1700 Melted into a single 76.0
(1000 psig) porous globule
142H 2.16050 285 63 430 39 1275 Melted, sagged; retained 0.3
(1000 psig) g resemblance to its
original shape
143H 1.92950 285 46 650 570 1975 Meited into a single 89.0
(1000 psig) porous globule
144-1¢ 6.64 2 118 109 92 400 - -
(20 psia He)
144-2¢ 6.4 % 62 410 353 1375 Melted into a single 04
(20 psia He) globule
145¢ 6.32 25 50 543 467 1875 Melted into a single 5.0
(20 psia He) porous globule

8ynclad SL-1 core material: 81 w/o Al-17 w/o U-2w/o Ni; 0.2x0,2x 05 in.
bAl-clad SPERT-1D plate: 77 wfo Al-23 w/o U; 0.06 x 0.5 x L4 in.
CThree SPERT-1D plates held in a stainless steel holder.

UThese temperatures are calculated from the energy input and thermodynamic data, and are considerably higher than that
actually reached by the sample due to heat losses.

Two other experiments (CEN-140H and -143H) were run at
energies sufficient to cause complete melting and to generate actual fuel
temperatures of the order of 1200 C or more. The extents of reaction (76
and 89%) in heated water were more extensive than in the experiments with
room-temperature water (<20%) at similar nuclear energy inputs. These
results are shown as heated-water data in Figure IV-5, in which the ex-
tent of reaction of the plates is plotted as a function of the nuclear energy
input. The data (reported in previous quarterlies) for runs with room-
temperature water are included for comparison. For the heated-water ex-
periments, the energy supplied by the autoclave heating system to raise the
temperature of the plates from room temperature to 285 C was added to
the nuclear energy input to allow comparison of the results. It is obvious
from Figure IV-5 that in the two heated-water experiments conducted at
the higher energies (one with a sample of SL-1 core material and one with
a sample of SPERT-ID plate), reaction was much more extensive than in
previous experiments. The two samples did not break up violently. The
residue from each sample was a single globule contained in the alumina
crucible which originally held the sample. The plate from experiment
CEN-140H is shown in Figure IV-6. The crucibles were cracked, and a
deposit of a fine alumina dust was found on inner surfaces of the autoclave.
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The reasons for extensive reaction are elusive. The pos- .
sibility exists that the pressure and temperature used created a kinetic
effect unlike any previously noted in these studies. It is thought that the
difference in reaction rates may be related not only to differences in pres-
sure in the autoclaves, but also to the fact that the heat losses in subcooled
boiling (room-temperature water) are much greater than in saturated
boiling (heated water). This difference in heat loss may have the effect of
greatly diminishing the net energy input to specimens in room-temperature
water. To overcome the heat loss in the experiments with room-temperature
water, a nuclear heating rate much higher than in the experiments conducted
in heated water may be required. Several investigators’ have reported un-
usually high "burnout" heat fluxes (i.e., more recently referred to as DNB
or Departure from Nucleate Boiling). The difference in the heat flux re-
quired to exceed the "burnout" temperature causes a difference in the ef-
fective nuclear energy input and the resulting sample temperature,
depending on the initial water temperature. Further study is required in
order to interpret the results of the experiments in heated water.

Transient-pressure measurements indicated that no ex-
plosive pressure increases occurred. Detailed reaction rates could not
be derived from the pressure-time traces because of electrical interfer-
ence of the transient neutron flux on the strain-gage circuitry. Methods
for locating pressure transducers out of the high-flux region of the reactor
core in future experiments are currently under study. It is anticipated that
decreased fidelity resulting from placing the transducer at the end of a long
tube will be more than offset by the decreased interference from the
transient flux.

b. Experiments with Clusters of Fuel Plates

In each of two additional experiments, three SPERT-ID
plates rather than one were irradiated (see Table IV-3) to determine the
effect of multiple plates on the extent of reaction. Three plates, submerged
in room-~temperature water and held vertically in a slotted U-shaped stain-
less steel support, were subjected to transient bursts of the TREAT reactor.

The autoclave used in the first experiment (CEN-144) was
subjected to two transients, the first imparting an energy of 92 cal/g to the
plates (heating the plates to ~400 C) and the second melting the plates with
an energy of 353 cal/g. The plates reacted to the extent of 0.4%, based on
the amount of hydrogen evolved.

In the second experiment (CEN-145) the transient imparted
an energy of 467 cal/g to the plates. These plates reacted to the extent of
5.0%. In Figure IV-5, the extent of reaction for these tests is compared
with the previously reported experiments with individual SPERT-ID plates.
The increase in the number of plates did not affect the extent of reaction.

TDrew, T. B., and Hoopes, J. W., Jr., Advances in Chemical Engineer-
ing, Vol. 11, Academic Press, New York, pp. 21-27 (1958).
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In each case the three plates melted to form one large
globule. The appearance of the resultant partially oxidized metal was
similar to that for single-plate experiments conducted at like energy in-

puts. The melted plates from the lower-energy experiment, CEN-144, are
shown mn Figure IV-7.

Figure IV-7

THREE SPERT ID PLATES HELD IN STAINLESS STEEL HOLDER:
IN ORIGINAIL CONDITION AND AFTER MELTDOWN
EXPERIMENT CEN-144

R o

R L Fo

108-6166

Each of these experiments was instrumented with an un-
The open top of the tubular alu-

bonded strain-gage pressure transducer.
mina crucible in which the plates were held vertically faced the pressure

transducer. Although the plates in experiment CEN-145 reached tempera-
tures exceeding those estimated as a peak (~1250 C) in the recent SPERT-ID

destructive test,8 there was no indication of a rapid pressure rise. Radi-
ation effects on the transducers prevented the determaination of a small

and gradual pressure rise.
8ReEort on SPERT-1 Destructive Test Results, Trans. Amer. Nucl.

Soc. 6 (1), 137-141 (1963).
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c. Breakup and Particle Size Determinations

In order to evaluate the metal-water reaction and to cal-
culate the heat transfer to the coolant that would occur during an actual
core destruction, a determination of the size distribution of the particles
created is necessary. Unfortunately, there appears to be no satisfactory
theoretical approach to predicting the size of particles produced in an
excursion.

As part of the post-transient examination, a sieve screen
analysis of TREAT specimens in which breakup occurred has been made
in order to determine the particle size distribution. The distribution data
have been presented in the form of histograms in preceding quarterly re-
ports. The weight percent of particles versus particle diameter and the
mean surface-volume diameters* (Sauter mean diameters) were tabulated
(see ANL-6648, p. 201, and ANL-6687, p. 179). This average diameter is
based on the specific surface per unit volume (i.e., the diameter of a
sphere having the same surface-to-volume ratio as the group of particles
it represents).

In Figure IV-8, the mean surface-volume diameter is
plotted as a function of nuclear energy input for the SL-1 and SPERT plates
whose percent reactionis correlated with nuclear energy input in Fig-
ure IV-5. For a sample in which breakup did not occur, the diameter
chosen was that of a hypothetical sphere of the same mass as the original
sample.

In Figure IV-8 it can be seen that a tenfold decrease in
diameter (an increase in surface area by a factor of 100) occurred with
a small increase in energy above that required for breakup. The thresh-
old of breakup occurred at about 450 and 530 cal/g for the two types of
samples.

d. Calculation of the Extent of Aluminum-Water Reaction
Occurring in the SL-1 and SPERT-ID Destructive
Transients

The rate and extent of metal-water reaction occurring
during a reactor accident are ultimately analyzed by a synthesis of re-
actor kinetic and chemical reaction calculations. Although considerable
knowledge exists in both areas, no rigorous means has been developed
to analyze an accident involving core meltdown. The principal stumbling
block has been uncertainty regarding the mechanism of fragmentation of
the core and, in particular, the particle sizes produced. Knowledge is
limited to the results obtained in small-scale meltdown experiments such
as those described in the preceding sections of this report. In these
studies, the effect of scale-up on the fragmentation of the materials has
not been determined.

*dsv = 2nd3/2nd2 where n is the number of particles of diameter d.
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In three separate facilities, aluminum-uranium alloy re-
actor cores have sustained nuclear excursions (see Table IV-4), resulting
in extensive damage. Two of these excursions, those in Borax-19 and in
SPERT-18,10,11 reactors, were full-scale excursion experiments; one,
that in the SL-1 reactor,!2-1% was an accident.

Table I1V-4

COMPARISON OF THE NUCLEAR EXCURSIONS OF THE
BORAX-1, SL.-1, AND SPERT-1 REACTORS

Reactor
Borax-1I SL-1 SPERT-1

Date of Event 7/22/54 1/3/61 12/5/62
Category of Event experiment accident experiment
Aluminum Present in Core, kg ~60 185 51
Uranium Present in Core, kg ~5.0 14.0 4.0
Reactor Period, ms 2.6 ~4 3.2
Peak Power, MW 19,000(est.) 19,000 (est.) 2,300
Integrated Power, MW -sec 135 130 31
Chem Energy Release, MW-sec - 24 + 10 3-4
Peak Core Energy Density, cal/g - 500 380
Peak Core Temperature, C

(estimated) - >2000 1200-1300
Percent of Core Melted - 32 35

The three incidents were very similar. Eachreactor had a
core of aluminum-clad, aluminum-uranium alloy plates. The excursion was
initiated in each case by the rapid removal of a control rod. A large portion
of the center of the core was melted and fragmented. Violent movement of
a large portion of the coolant up and out of the reactor core occurred in
each incident. In all three excursions, the core debris had a similar ap-
pearance. Portions of core that had been completely melted were spongy,
and considerable quantities of metallic oxides were present.

Ipietrich I. R.. Experimental Investigation of the Self-limitation of Power during Reactivity Transients
in a Subcooled Water Moderated Reactor, Borax 1 Experiments, AECD-3668 (1954).

10wilson T. R.,An Engineering Description of the SPERT-1 Reactor Facility, IDO-16318 (1957).
11(__2_11_%rter1y Technical Report, SPERT Project, Jan,, Feb., March, 1963, IDO-16893 (1963).
12Finall Report of SL-1 Recovery Operation, IDO-19331 (1982), p. IV-21.

13Buchanan, J. R, SL-1 Final Report, Nuclear Safety; A Quarterly Progress Review, 4, No. 3, 83
{March 1963).

14Report on the Nuclear Incident at the SL-1 Reactor, January 3, 1961 at the National Reactor Testing
Station, IDO-19302 (1962).
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Whereas no attempt to determine the extent of reaction of
the core with water in the Borax-I experiment has been reported, in the
post-excursion analysis of both the SLi-1 and SPERT-1 destructive ex-
cursions, portions of the debris were analyzed for alpha alumina. (Alpha
alumina is the reaction product formed at temperatures above 600 C.)
Based on the results of these analyses, combined with an overall material
balance, chemical energy releases were estimated to be 24 £+ 10 MW -sec
and 3 to 4 MW -sec for the SL-1 and SPERT-1 excursions, respectively.

In order to estimate the extent of metal-water reaction
which occurred in the SPERT and SL-1 excursions from the TREAT
data, a calculation was made as follows:

1)

The portion of core which became molten was assumed
to be spherical, with x = 0 at the center and x = 1 at
the surface. Therefore, the volume = 47T/3.

The energy density was assumed to vary linearly with
the distance from the center of the sphere. This as-

sumption is probably valid as a first approximation.

This relationship was expressed as

EX = Emax - AX:

where

E, = Energy density at position x
Einax = Energy density at center (maximum)
A = Constant.

The maximum energy densities were taken from the
literature as

max(SL-1) = 500 cal/g;12
b) Emax(SPERT-1) = 380 cal/g.8

a) E

The energy density at the surface of the sphere (x=1)
was taken as 220 cal/g, the energy required to heat
aluminum to its melting point and completely melt it.*
The equations for energy distribution were then de-
termined to be

(SL-1) E, = 500 - 280 x;
(SPERT-1)E, = 380 - 160 x.

*Energies based on E = 0 at 25 C.
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These equations were then used to calculate the energy
distribution in the sphere by calculating the distances from the center of
the sphere that achieved energies corresponding to various temperatures.
The fraction of the sphere attaining a selected temperature or higher was
then calculated as x*. In steps of 100 C, the amounts of metal that achieved

various energy levels were calculated.

The extent of reaction was then calculated from the TREAT
data (see Figure IV-5). This was done by assuming the following:

1) ATREAT energy input of 220 cal/g results in com-
plete melting of the material.

2) The break point of 530 cal/g (see Figure IV-8) in the
TREAT data corresponds to the temperature range of
1200 to 1400 C.

3) The marked increase in extent of reaction at 750 cal/g
in the TREAT data corresponds to a temperature of
1750 C.

The temperatures between these points were linearly interpolated. These
assumptions were based on physical observations and metallographic ex-
aminations of the TREAT samples. The abscissa in Figure IV-5 includes
both TREAT energies and assumed temperatures. The calculations are
summarized in Tables IV-5 and IV-6. The estimates of chemical energy
release calculated from TREAT data are in excellent agreement with the
values (see Table IV-4) obtained by the post-excursion analyses of the
SPERT-1 and SL-1 debris. The analysis of debris for a-alumina yvielded
3.5 MW-sec of chemical energy release for SPERT-1 and 24 + 10 MW -sec
for SL-1. The calculations based on TREAT data vielded values of 2 MW -
sec for SPERT-1 and 26 MW -~-sec for SL-1.

In this estimation, the extent of reaction is based on the
peak temperatures reached by the molten core. This is necessary because
the duration of the transients differed, being 40 to 100 ms in the TREAT
experiments and 2 to 4 ms in the excursions. This method is applicable
to other materials of core construction. Considerable experimental data
obtained with the TREAT reactor has been published.15

I°R. ¢. Liimatainen et al., ANL-6250 (Jan. 1962).




Table IV-5

CALCULATION OF EXTENT OF ALUMINUM-WATER REACTION

IN THE SPERT-1 EXCURSION

(Based on 18 kg of molten core material)

Distance Weight of
from Metal within
Temperature Energy Reactor Sphere of Differential Metal
Reached Density Center, Radius x, Welight Percent Reacted
T (C) E{cal/g) x x> W (kg) W (kg) Reaction {kg)
1250 380 0 0 0 - - 0
1200 368 0.075 0.0004 0.0072 0.0072 10.0 0.0007
1100 342 0.238 0.0105 0.189 0.182 7.0 0.0127
1000 316 0.400 0.064 1.15 0.96 3.4 0.0320
300 290 0.562 0.178 3.24 2.09 1.2 0.0251
300 264 0.725 0.382 ©.88 3.64 0.6 0.0218
700 238 0.888 0.700 12.60 5.72 0.2 0.0114
660 220 1.000 1.000 18.00 5.40 0.1 0.0054
Total metal reacted 0.1097
0.1097 kg x 18 MW-sec/kg = 2.0 MW -sec chemical energy release
Table IV-0
CALCULATION OF EXTENT OF ALUMINUM-WATER REACTION
IN THE SL-1 EXCURSION
(Based on 60 kg of molten core material)
Distance Weight of
from Metal within
Temperature Lkuergy Reactor Sphere of Differential Metal
Reached Density Center, Radius x, Weight Percent Reacted
T (C) E(cal, g N x° W o(kg) LW (kg) Reaction (kg)
1700 500 0 0 0 - - 0
1600 474 0.093 0.0005 0.048 0.045 19.9 0.010
1500 448 0.186 0.0006 0.395 0.047 17.2 0.060
1400 422 0.279 0.023 1.39 0.99 11.0 0.109
1300 396 0.372 0.051 3.06 1.07 11.0 0.184
1200 368 0.472 0.105 6.2 3.23 11.0 0.355
1100 342 0.564 0.180 10.8 4.5 7.0 0.315
1000 3le 0.658 0.284 17.0 6.2 3.4 0.211
900 290 0.750 0.422 25.3 8.3 1.2 0.100
800 264 0.843 0.600 35.9 10.0 0.0 0.0b4
700 238 0.935 0.817 48.9 13.0 0.2 0.026
660 220 1.000 1.000 60.0 11.1 0.1 0011
Total metal reacted 1.445

1.445 kg x 18 MW-sec,/kg = 26.0 MW -scc chernical energy release
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V. ENERGY CONVERSION*

Two methods of directly converting nuclear energy into electricity
are being investigated, One method involves the use of thermally regener-
ative cells; the other method, involving less effort, depends upon the ther-
mocouple effect for the conversion.

A, Regenerative Emf Cell
(C. E. Crouthamel)

The basic studies of a regenerative cell system to convert heat into
electricity are continuing, the eventual goal being to couple a thermally
regenerative emf cell with a reactor heat source in a closed cyclic opera-
tion. The systems which appear to have the best chance of succeeding in
this application are (1) the lithium hydride cell and (2) bimetallic cells em-
ploying fused salt electrolytes and liquid metal electrodes. Many of the
basic chemical and physical properties of these systems are unknown, so
that a considerable amount of basic research is necessary to provide an
adequate foundation for both cell design and cyclic operations.

The basic studies that were carried out during the quarter were
related to the following major categories of research: (1) development of
regenerative bimetallic cells, (2) development of a regenerative lithium
hydride cell, and (3) studies of cell regeneration at high temperatures.

The emf-temperature-composition diagram for a lithium-bismuth
bimetallic cell is complete, and analysis of the data is in progress. The
emf-temperature-composition diagram for the lithium-tin cell has been
partially completed.

In the solid-liquid equilibrium studies of the binary lithium hydride-
lithium chloride system, a difficulty (an additional unexplainable break in
the cooling curve which appeared only on the lithium chloride solid-liquid
equilibrium side of the phase diagram) was experienced when lithium
chloride-rich mixtures were cooled. This difficulty may be typical of other
fused-salt cooling-curve data in the literature in which lithium chloride is
a component. Data in the literature on several fused salt binary systems
involving lithium chloride as one of the components are being checked.

The equilibration of two liquid phases by the isopiestic technique is
being examined for possible application in liguid metal-salt equilibrations.
Of particular interest in the regenerative cell program are metal-salt
solubilities at cell operating temperature (isothermal equilibration) and
the vapor-phase equilibration of a bimetallic solution at high temperature
(up to 1000°C) with a pure liquid (usually alkali metal) at lower tempera-
ture. Metal solubility in the cell electrolyte will transfer the anode liquid
to the cathode by an irreversible process, and thereby lower the cell

*A summary of this section is given on pages 29 and 30.
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voltage and efficiency, The high-temperature vapor-phase equilibria will
determine the parameters for the regeneration of the cell reactants from
the bimetallic cell product. An evaluation of the results is still incomplete,

1. Bimetallic Cells
(M, Foster, R. Eppley)

Thermodynamic functions of binary liquid metal systems and
the associated solid intermetallic compounds which may be of interest in a
regenerative cell system are under investigation. Two bimetallic systems
are being studied: the lithium-bismuth and the lithium-tin systems., Gal-
vanic cells in which the electrolytes are molten salts are being used in
these studies.

Measurements of the lithium-bismuth system have been con-
tinued. The electrolyte was the eutectic mixture of LiCl-LiF, The data
for a galvanic cell having a pure lithium anode and a bismuth cathode sat-
urated with Li;Bi(s) were reported previously (see ANL-6687, p. 191). The
cathode in the previous measurements remained saturated with LisBi(s) up
to 60 a/o lithium in bismuth. This composition is a homogeneous solution
at 775 C; below this temperature Lis;Bi solid precipitates, according to the
known phase diagram, Reproducible data were obtained up to a temperature
of 825 C,

This anode was then used as a reference anode for cells with
various unsaturated liquid metal cathodes in which the mole fractions of
lithium (X1,;) were 0.05, 0.20, 0.30 and 0.40. By use of this technique, the
activity of lithium in the anode is reduced considerably over that of pure
lithium metal, and thus the activity of lithium in solution (due to solubility)
is correspondingly reduced. Finally, the irreversible transfer of lithium
from the anode to the cathode is greatly reduced. These cells, with Li;Bi-
saturated anodes and dilute cathodes, vielded voltages which were quite
stable with respect to time, even at the higher temperatures. The data
were adjusted to yield the points shown in Figure V-1. The curves cor-
responding to X1,; =0.05 and liquid bismuth saturated with Liz;Biare derived
from data taken in two independent runs at each concentration; the other
curves are derived from data taken from single experiments. Thermo-
dynamic quantities are being calculated from these data.

Owing to an insufficient difference in the vapor pressure of the two
metals, it may be impractical to regenerate the cell by vaporizing lithium
from the lithium-bismuth alloy. For example, at 900 C the equilibrium
vapor pressures of pure lithium and bismuth are 12 mm and 0.5 mm, re-
spectively. This would appreciably lower the cell output by returning a
lithium-rich alloy of lithium and bismuth to the anode (and a bismuth-rich
alloy to the cathode). A metal which has a lower vapor pressure than bis-
muth appears attractive in that the vapor separation of nearly pure lithium



might be much easier. Such a metal is tin, which has a normal boiling .
point of 2780 K! and at900C an equilibrium vapor pressure of 2x 107% mm,
Figure V-1

POTENTIAL-TEMPERATURE CURVES
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Laboratory studies of lithium-tin cells are underway. The
methods used are identical with those used previously. Data for cells
utilizing LiCl-LiF eutectic as electrolyte in which a pure lithium anode
and a saturated lithium-tin cathode were used are shown in Figure V-2,

Pronounced breaks in the emf-temperature plot are attributed
to phase changes occurring in the cathode, e.g., in the upper curve, breaks
are shown at 775 K and 963 K. At 775 K, the solid in equilibrium with a
ligquid alloy changes from Li,Sn to LigSn,, and at ~963 K there is a transi-
tion from a two-phase system to a single liquid phase (unsaturated). It
should be noted that in Figure V-2 the peritectic temperature (or the lower
phase change) remains the same when the mole fraction of thelithium in the
cathode is changed from 0.65t00.70. However, the transition to a one-phase

13, A. Cahill and A, D. Kirshenbaum, J. Inorg. Nucl. Chem. 25, 501 .
(1963).



system occurs at a higher temperature whenX71,;=0.70 than whenXj,;=0.65,
as would be expected. According tothe phase diagram,zthe upper transition
in each respective cell should take place at the temperatures marked with
triangles on Figure V-2. These are slightly lower than the temperatures
observed - indeed, the observed temperature (~1003 K) of highest trans-
formation is higher than the reported melting point (993 K) of solid Li;Sn,.
Investigations of the phase diagram will be conducted to clarify this dif-
ference. Further thermodynamic studies of the lithium-tin system are
continuing,

Figure V-2
POTENTIAL-TEMPERATURE CURVES OF THE CELL
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A comparison of the saturated lithium-bismuth electrode po-
tentials (Figure V-1) with the saturated lithium-tin electrode potentials
(Figure V-2) shows a decrease of approximately 0.25 V for the latter, Both
potentials were measured with reference to a pure liquid lithium metal
anode, and both saturated electrodes contain comparable amounts of
lithium, i.e., mole fractions of lithium in each saturated system at 1000 K
is between 0.6 to 0.7. At comparable concentrations of the unsaturated
electrodes the lithium-tin system will remain about 0,25 V below the
lithium-bismuth electrode potential. This difference may be offset by the
better vapor-phase separation of lithium from tin.

2Hansen, M., and K. Anderko, Constitution of Binary Alloys, Second
Ed., McGraw-Hill Book Co., Inc., New York (1958)
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2, Lithium Hydride-Lithium Chloride Solid-Liquid Equilibrium
Studies
(C. Johnson, J. Allen)

The solid-liquid equilibrium curves of various electrolyte salt
systems are needed for the design of both the lithium hydride cell and the
bimetallic cell, The data of the LiH-LiCl binary system were obtained by
apparatus previously described in ANL-6596, p. 203, and the method de-
scribed in ANL-6648, p. 214, The phase diagram given in ANL-6687,

p. 195, indicated higher solid-liquid equilibrium temperatures atthe lithium
chloride-rich side of the diagram than does Table V-1, which presents the
final data. The eutectic melting point, 495.6 C, and the eutectic composi-
tion, 34.0 percent lithium hydride, remain unchanged.

Table V-1

LITHIUM HYDRIDE-LITHIUM CHLORIDE SOLID-LIQUID EQUILIBRIUM

LiH Solid-liquid Equilibrium LiH Solid-liguid Equilibrium
(mole fraction) Temperature (C) {mole fraction) Temperature (C)
0 606.8 0.401 5291
0.050 595.0 0,495 61,6
0,061 592.4 0.322 372.3
0,101 581.5 0.576 585.8
0.151 567.5 0.674 605.9
0.210 551.6 0.698 19,7
0.249 538.5 0.786 639.5
0,289 521.7 0.852 655,0
0. 340 495.6 0.901 663, 1
0.382 523.2 1.00 655,85

A typical cooling curve on the lithium chloride-rich side of the
solid-liquid equilibrium diagram always contained two exothermic breaks
in addition to the eutectic halt. This anomalous behavior was completely
absent with the lithium hydride~rich side of the solid-liquid equilibrium
diagram,

If the first break was assumed to reflect the precipitation of a
pure solid phase, lithium chloride, the second exothermic break in the cool-
ing curve above the eutectic halt was difficult to explain, The problem is
illustrated in Figure V-3 by three typical cooling curves obtained with a
sample cup of the original design, and plots of the anomalous breaks com-
pared with the final solid-liquid equilibrium data obtained with a sample
cup of modified design.

On the cooling curves for salt mixtures containing 5, 20, and
33 m/o lithium hydride, there were three regions above the eutectic halt,
Each line AB in Figure V-3 represents a binary fused salt system cooling
as a homogeneous liquid mixture, The system was mechanically stirred




at the high temperature to insure complete mixing of the liquid salts and
then was cooled with no additional stirring. At point B, precipitation of
the pure solid-phase lithium chloride started and was expected to continue
until the eutectic halt was reached at point D. However, at point C in each
of the three curves, a second unexpected exothermic break appeared. The
break at point C was sharper than the first one at point B, and when plotted
gave the lower anomalous curve in Figure V-3,

Figure V-3
ANOMALY IN LiH-LiCl SOLID-LIQUID EQUILIBRIUM DATA
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Experiments have been done with a newly designed sample
holder containing two circular heat-conducting fins and a thermocouple
well which extends to the base of the cup. The two sample holder arrange-
ments are shown in Figure V-4, When the new sample holder (B in Fig-
ure V-4) was used, the two breaks above the eutectic halt were replaced
with a single break. In Figure V-4, the configuration of the salt mixture
on cooling in the first cup used is depicted to aid in the understanding of
the reasonunderlying the occurrence of the anomalous breaks. Solid lith-
jum chloride forms initially on the walls of the container. When the {irst
lithium chloride appears, the thermocouple in the centrally located well
records a temperature somewhat above the true solid-liquid equilibrium
temperature. The unexpected and sharp break at point C in Figure V-3
appears when sufficient solidification has occurred so that the liquid salts
trapped in the shell of lithium chloride solid lose wet contact with the iron
vessel, as depicted in Figure V-4A. Heat transfer through solid lithium
chloride is low, and therefore the anomalous exothermic break in the
cooling curve is very sharp. In contrast, conduction of heat through lithium
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hydride solid was good enough so that no appreciable errors appeared in
cooling curves on the lithium hydride side of the phase diagram. Neverthe-
less, with the old sample holder A in Figure V-4, heating curves were very
poor on both sides of the phase diagram. Using sample holder B in Fig-
ure V-4, we were able to eliminate the anomalous break and to obtain cor-
responding solid-liquid breaks on both heating and cooling. Figure V-5
shows typical heating and cooling curves on the lithium chloride side of the
phase diagram. The liquid-solid breaks were sharp on both curves and
differ by less than 3 C,
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Figure V-5
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Thermodynamaic functions for each component were obtained
from the liquid-solid equilibrium data by the method outlined by Wagner. 3

In the analysis of these data, only the heterogeneous equilibrium

between

pure solid and a binary liquid mixture was considered Waith no evidence
for solid solution in the heating and cooling curves, 1t was assumed that
only pure solids precipitated from solution. The data are given in

Tables V-2 and V-3, An integrated form of the Gibbs-Duhem equation was
used to obtain the excess chemical potential of one component in the

region of the other, as given in Figure V-6

Table V-2

THERMODYNAMIC DATA ¥ OR LaH IN LaH-IaCl SYSTEM

LiH T (a) Fuld) wpsle) ~(d)
(mole fraction) (K) {cal mole) (cal/mole) at 1000
0 340(e) 768 8 -1089 8 558 4 1324
0 382 796 4 ~926 9 597 1 1 350
0 401 802 3 -892 7 565 2 1329
0 495 834 8 ~701 7 464 2 1263
0 522 845 5 -648 4 442 7 1 250
0 576 859 0 -561 9 379 9 1211
0 654 889 1 -447 2 294 6 1 160
0 698 892 9 -368 0 269 4 1145
0 786 912 7 ~256 7 178 9 1094
0 852 929 1 ~163 9 132 0 1069
0 901 938 3 ~114 3 79 8 1041
10 959 0 - - 1 00

(a)Te = Solid-liquid equilibrium temperature
(b)FyI Relative partial molar iree energy of lithium hydride
(C)M ® _ Excess partial mola: free ene: gy of lithium hydride
(d>w - Activity coefficient, ; = 1 for pure ILnH

(e)Eutectic composition

Table V-3

THERMODYMNAMIC DATA FOR 1aCl IN LaH-Ia.Cl SYSTEM

LiCl T.(@) FMlb) pxste) ()
(mole fraction) (K) {cal /mole) (ca.l/mole) at 1000
0 660(e) 768 8 -59 7 44 3 1023
0711 794 9 -453 9 84 9 1 044
0 751 811 7 -348 1 113 8 1059
0 790 824 8 -295 2 91 2 1 047
0 849 840 7 -205 1 68 7 1035
0 899 654 7 -135 4 45 4 1023
0 939 865 6 -76 8 315 1016
0 950 868 2 -64 3 24 2 1012
10 879 9 - - 100

(a)
(b)
(C),u #5  Excces paitial molar tree energy of lithium chloride
(d)
(e)

C

C

3wagner, C., Thermodynamics of Alloys, Addison-Wesley Press, Cambridge, Mass. (1952),
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Figure V-6

EXCESS FREE ENERGIES IN THE
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Consideration of these dataindicates thatthe system is close to
an ideal solution. Examination of the activity coefficients for each com-
ponent shows a drop in the neighborhood of the eutectic. This area of the
phase diagram has been examined quite rigorously, and although it is be-
lieved that the experimental data are quite reliable, the exact nature of the
behavior is not known. The system acts as if the eutectic melting point
were depressed by some unknown means, but this seems unlikely, since no
deviation in eutectic melting point has been observed in going from 5 to
95 m/o lithium hydride,

3. Isopiestic and Transpiration Techniques in the Study of Some
Aspects of the Regenerative Emf Cell Problem
(A. K. Fischer, S. Johnson)

The isopiestic technique of phase equilibration and the trans-
piration technique of vapor-pressure measurement are well-suited to the
study of certain problems connected with the conception and design of a
regenerative fuel cell, These problems are: (1) the determination of
solubilities of metals in each other and in a pure or mixed fused salt
electrolyte; for this purpose and for the likely systems to arise, the iso-
piestic technique is, in principle, suitable; (2) the determination of the
vapor pressures of the components in a cell product and thus the determin-
ation of the activity of these components in the cell product at various
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temperatures; for this purpose, the transpiration technique is one of several
which may be used, depending on the nature of the system of interest,

The first problem, the determination of solubilities of metals in
fused salts and of metals in each other, is associated with the regenerative
emif cell problem in that the degree of solubility of the reactive electrode in
the electrolyte places a limit on the potential and output of the cell, and thus
needs to be known. Development and evaluation of the isopiestic technique
for these solubility measurements has been undertaken,

The isopiestic technique is well established for work with aque-
ous systems near room temperature, but little work has been reported in
which the isopiestic technique has been applied at high temperatures, Non-
application of the method in high-temperature work has apparently stemmed
from the lack, until fairly recently, of means to enclose samples in enve-
lopes which are inert and vacuum-tight at high temperatures. Provision of
a uniform high-temperature field, though troublesome, has not been impos-
sible., This accomplishment has led to further study on our part of the high-
temperature isopiestic method with the uncovering of other difficulties,

In preparation for the application of the isopiestic technique to
problems in the regenerative emf cell program, the following work has been
done: (1) a furnace tube and a system of copper blocks which serve as a
high-temperature thermostat has been designed, and (2) a crucible and en-
closing tube system which can be sealed under vacuum and then placed in the
high-temperature thermostat, has also been designed. The copper blocks,
crucibles, and enclosing tube are placed in a furnace tube provided with an
argon atmosphere to protect the copper from oxidation. The Marshall
furnace windings are controlled in sections to provide a uniform tempera-
ture zone,

As a preliminary check on the isopiestic technique, some solu-
bility determinations on the lithium-lithium chloride system have been un-
dertaken, This system is of interest in regenerative cells with a lithium
electrode and with lithium chloride as the electrolyte or as an electrolyte
component., The small amount of data on the lithium-lithium chloride sys-
tem available in the literature can be compared with experimental values
as a partial check on the reliability of the technique. Three measurements
of the solubility of lithium in lithium chloride have been completed to date.
The results are: 1.3 a/o at 609 C, 3,1 a/o at 727 C, and 2.6 a/o at 770 C,
At the opposite ends of the tie lines, the solubilities of lithium chloride in
lithium were found to be 8.5 a/o at 609 C, 9.6 a/o at 727 C, and 8.8 a/o at
770 C. Additional experiments are needed to appraise the technique ade-
quately and to characterize the lithium-lithium chloride system. The only
literature values for the solubility of lithium in lithium chloride are
0.5% 0.2 a/o at 650 C and 2.0 * 0.2 a/o at 1000 C.4

4A. S. Dworkin, H. R. Bronstein, and M. A. Bredig, J. Phys. Chem. 66,
572 (1962).
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Because of the scarcity of data on the lithium-lithium chloride
system, a more thoroughly reported system (such as potassium-potassium
chloride) may be studied to permit more accurate testing of the isopiestic
technique., The potassium-potassium chloride system has no direct bearing
on any of the regenerative cells that are now being studied.

During the preliminary testing of the equipment, analyses of the
upper and lower regions of the sample tube, and of the outsides of the cru-
cibles, have shown that "wild" distillation {(distillation to sites other than in
the equilibrating phases) is low and apparently is not a major source of error
as we conduct the experiment. At the present time, it is believed that the
data obtained in the isopiestic experiments are fairly reliable, but that a
number of variables, such as duration of equilibration, quenching rate, and
sample size ratio, need to be tested to gain assurance of the validity of re-
sults, If the isopiestic procedure is reliable at high temperatures, a ver-
satile tool will be available for solubility measurements and, thus, for
tracing the miscibility gap in phase diagrams of binary liquid systems.

In contrast with the isopiestic technique, which is relatively
neglected, the transpiration technique is widely applied in high-temperature
chemistry and is used to measure vapor pressures. Materials having vapor
pressures that are too high to be measured by the Knudsen method may be
studied by the transpiration method. Materials having high vapor pressures
are likely to be used in thermally regenerative emf cells in which a cell
product is to be decomposed thermally. (Low vapor pressure for components
would argue against the feasibility of the desired regeneration,) Measurement
of the vapor pressure of, for example, lithium and/or bismuth over LisBi
and over LisBi-Li mixtures at various temperatures will permit calculation
of the activities of both components in the cell product at the various temper-
atures. This information, then, would be used to determine the feasibility and
the optimum conditions for the regeneration,

A transpiration apparatus has been assembled and has been tested
for leaks. Essentially, the transpiration apparatus is of conventional design,
being a vertical-tube type with a fritted disc to support the sample and to
permit argon to pass through the sample.

B. Thermoelectricity Research
(R. K. Edwards and H. M. Feder)

Studies in thermoelectricity are underway to contribute to the future
technological development of direct conversion of nuclear reactor heat energy
into electrical power by means of the thermocouple effect,

Two limited materials areas have been selected as of special inter-
est. Liquid thermocouple materials are under investigation because of
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favorable experimental factors, Refractory solid thermocouple systems form
the other major area, since they are considered to be of particular interest to
reactor energy conversion,

The personnel associated with thermoelectricity research are under-
taking additional research in the area of high-temperature materials, A pro-
gram of high-temperature chemistry has been begun which is centered about
likely high-performance fuels in their operating environments, Currently,
equipment planning and acquisition are in progress. The following studies of
refractory materials are planned: (a) effusion and mass spectrometric
studies of the gaseous decomposition products, (b) gaseous transpiration
studies, (c) phase diagram and interdiffusion studies,

I. Liquid Systems
(R. K. Edwards, P. Danielson)

The studies of Seebeck coefficients in liquid systems were de-
ferred during this report period in favor of equipment planning, designing,
and acquisition for projected high-temperature studies,

Future plans are to carry out measurements of Seebeck coeffi-
cientvalues intheliquidindium-bismuth system at 750 C so that the results of
the three related systems: indium-bismuth, indium-antimony, and antimony-
bismuth, may be compared for the same temperature. Plans are also under-
way for measurement of electrical conductivities in these systems, and
equipment is being modified for this purpose.

2., Refractory Solid Thermocouple Systems
(M. Tetenbaum, F. Mrazek)

For energy-conversion devices that are to be used at high tem-
peratures, as in certain nuclear reactor systems, materials possessing high
melting points and low vapor pressures are desirable. The lanthanide and
actinide sulfide systems are highly refractory and have phases with carrier
concentrations in the semiconducting range. The uranium sulfide and thorium
sulfide systems and their solid solutions have been selected for the initial
studies. In addition, preliminary studies on uranium monophosphide have
been initiated during the past quarter,

Preparation of Uranium Monosulfide

A 100-g batch of relatively high-purity uranium monosulfide was
prepared during the past quarter for measurements of the heat of formation
of uranium monosulfide by the Calorimetry Group and for thermoelectric
parameter measurements, The pertinent steps involved in the preparation are
as follows: 1) preparation of the hydride, 2) its thermal decomposition to give
finely divided metal, 3) reaction of the finely divided metal with hydrogen
sulfide to give a mixture of metal and higher sulfides, and 4) homogenizing by
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heating this mixture in a tungsten crucible to approximately 2000 C in
vacuum (~107°> mm Hg) to produce sintered crystalline uranium monosul-

fide, Certain modifications in handling techniques were incorporated into
the procedure in order to minimize exposure of the crude sulfide product

to air when the charge is transferred into the NRC furnace.* This was ac-
complished as follows: After the sulfiding step and prior to homogenization,
the crude sulfide product was loaded into tungsten crucibles in a dry box,
and the crucibles were sealed in plastic bags., The crucibles in their plastic
bags were removed from the dry box, inserted into the NRC furnace, and
the package fired by slowly heating to ~2000 C. The plastic volatilized at
approximately 500 C. A liquid nitrogen trap was incorporated into the NRC
furnace unit to minimize back diffusion of oil vapor from the diffusion

pump.

Because of the limitation of crucible size, the 100-g batch of
crude sulfide product was divided into five equal batches which were fired
individually in order to homogenize the material. The maximum homogeni-
zation temperature was approximately 1900-1950 C, After homogenization,
the ingots were all bright and shiny. Analytical results obtained thus far are
shown below,

Batch Insolubles (%) S (%) Atom Ratio, S/U

1 0.00 12.39 1.05
2 0.00 12.10 1.02
3 0.14 12.30 1.04
4 0.56 12.70 1.08
5 0.00 12.55 1.07

X-ray analysis of Batch 2 gave a lattice parameter of ag = 5.488 £ 0.005 A,

The uranium monosulfide product represented by Batch 2 was
ultimately used to prepare some of the specimens for the thermoelectric
parameter studies described below. The remainder of the batch will be used
by the Calorimetry Group for measuring the heat of formation of uranium
monosulfide,

Determination of Seebeck Coefficients

The essential features of the apparatus used for Seebeck meas-
urements are shown schematically in Figure V-7, The specimens were
pressed between two tantalum plates by means of a spring-operated thrust
rod impinging on the surface of the upper tantalum plate. Platinum-platinum,
10 percent rhodium thermocouples, spot-welded on the tantalum plates, were
used to measure both the temperature gradient and the Seebeck voltage (rei-

ative to platinum) across the samples. The emf's developed were measured
by means of a Leeds and Northrup K3 potentiometer. The temperature

*Manufactured by NRC Equipment Corporation, Newton, Massachusetts.
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Figure V-7 gradient existing in the furnace* was

SCHEMATIC DIAGRAM OF APPARATUS USED FOR  used to generate the Seebeck potential,
MEASUREMENTS OF SEEBECK COEFFICIENT AND The temperature gradient across the
RESISTIVITY AS A FUNCTION OF TEMPERATURE specimen generally was 10 to 15 C.

The specimen and assembly shown in

l Figure V-7 were housed in an Inconel
tube, and all measurements were made
SANCALO FLONGER —— in vacuum (10"*to 107® mm Hg). The
- SPECIMEN differential Seebeck coefficient dg_p4
L TANTALUM PLATE of the specimen S relative to platinum
/,,_5% / is defined by
oy o0 0l on T e, lim AV
THERMOCOUPLES #” MEASUPEMENTS as.pt = im =2
\ AT—0 AT
N T and is taken to be effectively AV/AT
- for the small AT values used, where
108-6861 AV is the Seebeck voltage developed

as a result of the temperature dii-
ference AT, The absolute Seebeck coefficient of the specimen can be ob-
tained by algebraically subtracting the Seebeck coefficient value of platinum
from the differential Seebeck coefficient.

Resistivity Measurements

The resistivily was measured by passing a direct current (gen-
erally 50-100 mA) through the specimen and measuring the voltage produced
between the two platinum probes wrapped around the specimen (Figure V-T7),
(A leg from each thermocouple at the ends of the specimen served as cur-
rent leads.) The current was reversed, and a second voltage reading was
taken immediately; the mean voltage was used to calculate the resistivity
£ by means of the following formula:

p= VA/Id,
where

V = mean voltage measured between probes
I=current

A = cross-sectional area of the specimen

d = distance between probes

The voltage drop across the probes was measured with either an L& N K3
potentiometer or an L & N DC Microvolt Indicating Amplifier (Model 9835B),
The current through the specimen was determined by measuring the voltage
drop across a standard resistance in series with the specimen, with a con-
ventional potentiometer.

*Manufactured by the Marshall Furnace Company, Columbus, Ohio,
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Thermoelectric Power Measurements on Uranium
Monosulfide

Measurements of the Seebeck coefficient as a function of tem-
perature have been made for a sintered pellet of relatively high-purity (see
section, Preparation of Uranium Monosulfide) monosulfide (negligible in-
solubles content; S/U, ~1.02) and for a slab of uranium monosulfide (7.8-mm
length and 2.6-mm width) which was fabricated from a melted ingot* (1,1per-
cent insolubles; S/U. ~0.97). The results are shown in Figure V-8, It is
apparent from Figure V-8 that the trend and magnitude of the Seebeck coeif-
ficient values with temperature are approximately the same for the sintered
specimen as for the melted specimen.

Figure V-3

COMPARISON OF ABSOLUTE SEEBECK COEFFICIENT
AS A FUNCTION OF TEMPERATURE FOR URANIUM
MONQOSULFIDE SPECIMENS
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It should be noted that the Seebeck data shown for the uranium
monosulfide slab were obtained by two independent sets of measurements,
In one set, the specimen was sandwiched lengthwise between the tantalum
plates; in the second set of measurements, the specimen was sandwiched
widthwise, Table V-4 allows a comparison of the differential Seebeck coef-
ficient values obtained when measuring over the length or the width of the
specimen at roughly corresponding temperatures but with different temper-
ature gradients across the specimen. It is apparent that agreement for the
two sets of measurements is good, and that the Seebeck apparatus (Fig-
ure V-7) is capable of yielding reproducible data.

*We are indebted to R, Noland of the Metallurgy Division for supplying
the ingot.
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Table V-4

COMPARISON OF SEEBECK COEFFICIENTS FOR
MELTED URANIUM MONOSULFIDE SPECIMEN

Length of Specimen: 7.8 mm
Width of Specimen: 2.6 mm

Average Temperature Gradient Differential Seebeck
Temperature (C) across Specimen (C) Coefficient (/,LV/C)

Length 172.1 22.0 62.8
Width 179.7 5.7 61.6
Length 282.8 12.8 65.6
Width 295.1 10,1 66.2
Length 387.0 12.3 67.2
Width 386.6 9.0 67.2
Length 1086.2 9.5 63.3
Width 1080.7 7.1 61.6

Effect of Higher Sulfides in Uranium Monosulfide on Seebeck
Coefficient Values

A cursory examination of the effect of higher sulfides on the
thermoelectric power of uranium monosulfide was made during this quarter,
X-ray analysis of the uranium monosulfide powder (S/U = 1,3) containing
higher sulfides revealed the presence of the following phases: US, U,S;, and
U3S5. The powder was cold pressed into a pellet and was sintered for ap-
proximately one hour at 1200 C in vacuum. Seebeck coefficient values as a
function of temperature for the sintered pellet and for pure uranium mono-
sulfide were determined and are shown in Figure V-9, The presence of
higher sulfides in uranium monosulfide apparently results in a considerable
decrease in the value of the Seebeck coefficient as the temperature is in-
creased. Ultimately, in the vicinity of 600 C, the sign of the Seebeck coef-
ficient changes, Slightly higher values were obtained during the cooling
cycle, apparently because of composition changes occurring during the
measurements,

Resistivity of Thorium Monosulfide and 50-50 US-ThS Solid
Solution

Resistivity has been measured as a function of temperature for
sintered specimens of thorium monosulfide and a 50-50 m/o solid solution
of uranium monosulfide and thorium monosulfide, The results are shown on
Figure V-10, The thorium monosulfide specimen showed a linear increase
of resistivity with increasing temperature, which is characteristic of metal-
lic behavior, and is also consistent with the trendin Seebeck values obtained
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Figure V-9
EFFECT OF HIGHER SULFIDES ON THE THERMOELECTRIC POWER OF
URANIUM MONOSULFIDE
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Figure V-10

RESISTIVITY AS A FUNCTION OF TEMPERATURE FOR SINTERED SPECIMENS
OF THORIUM MONOSULFIDE AND 50-50 m/o US-ThS SOLID SOCLUTION
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with this material, namely, an increase in Seebeck coefficient with temper-
ature (at 25 C,0 =-5 uV/deg; at 1000 C, o = -12 uV/deg). For the 50-50
solid solution, the resistivity is nearly constant with temperature, Similar
behavior was previously reported for a sintered specimen of uranium mono-
sulfide containing approximately 5 w/o insolubles (see ANL-6648, p. 230).

The temperature dependence of resistivity for specimens of
compositions (mole percent) 25 US-75 ThS and 75 US-25 ThS is to be
measured,

Thermoelectric Parameter Measurements on Uranium
Monophosphide

Determinations of the Seebeck coefficient as a function of temper-
ature and measurements of the room temperature resistivity of a sintered
pellet of uranium monophosphide* have been made. The magnitude and
trend in Seebeck coefficient values for uranium monophosphide (see Fig-
ure V-11) are almost identical with the values obtained with uranium mono-
sulfide. The room-temperature resistivity of uranium monophosphide was
found to be approximately 250 x 107% ohm-cm, which is also comparable with
the room-temperature resistivity of uranium monosulfide,

Figure V-11

ABSOLUTE SEEBECK COEFFICIENT
VS, TEMPERATURE FOR URANIUM
MONOPHOSPHIDE
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*We are indebted to Yehuda Baskin of the Metallurgy Division for pre-
paring the specimen.
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The room-temperature Seebeck coefficient and resistivity val- ‘
ues measured by other investigators® are shown below to allow comparison
with ANL values.

Seebeck
Experiment Coefficient Resistivity
No, Material@ (LV/C) (ohm-cm x 10%)
114 UP +52.6 1460
115 UupP +50.0 1180

aThe composition of the uranium phosphide compacts is
unknown,

The room-temperature Seebeck values shown in the table are in
good agreement with our measurements; however, the resistivity value meas-
ured by us is lower by a factor of approximately five, The Seebeck coef-
ficients determined at ANL with various specimens of uranium monosulfide
were also found to be relatively insensitive to the resistivity of the specimens
investigated.

The Canadian Report5 gives a value of approximately 0.0571 W/
cm-deg for the room-temperature thermal conductivity of uranium mono-
phosphide, With the use of this value and the values of the average Seebeck
coefficient and resistivity obtained from the above table, the value for the
figure of merit Z of uranium monophosphide at room temperature was cal-
culated to be approximately 3.5 x 10”2 This figure of merit value is about
three times lower than the room-temperature Z value obtained with urani-
um monosulfide from ANL measurements of thermoelectric parameters,

In addition, with the use of the Canadian data, a Wiedemann-Franz ratio of
approximately 25.2 x 10-8 (V/deg)Z was calculated for uranium monosuliide,
With our resistivity value, the ratio was found to be about 4.8 x 1078 (V/deg)z.
For a degenerate (carrier density = lOZl/cc) material, the theoretical value
is 2.45 x 1078 (V/deg)z. It appears, therefore, that the lower resistivity val-
ue is more nearly the correct one. Using the ANL resistivity value to esti-
mate the room-temperature figure of merit for uranium monophosphide, we
find Z = 1.2 x 10™%, which is comparable with the Z value obtained with ura-
nium monosulfide., However, these room-temperature values for the figure
of merit are too low for useful power generation by a factor of approximately
ten,

5Progress Report No. 3, Department of Metallurgy, University of
British Columbia, September 1961.
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VI. DETERMINATION OF NUCLEAR CONSTANTS*
e
(C. E. Crouthamel)

The fast reactor program continues to require fast neutron cross
section data as new elements begin to receive consideration for use in
reactor construction. Total neutron cross sections are being measured
for neutron energies between about 10 keV and 2 MeV, and capture cross
sections as a function of neutron energy between 0.2 MeV and 2 MeV,

Recent work with rhenium has yielded capture cross sections for
neutron energies between 150 keV and 2 MeV; total neutron cross-section
measurements for this element are in progress. Results are also given
for the total neutron cross sections of gadolinium and the neutron capture
cross sections of erbium-170.

Fast Neutron Cross Sections
(C. E. Crouthamel, D. C. Stupegia, A. A. Madson, and M. Jones)

Rhenium: This dense metal has recently received attention for
possible use as a reactor material because of its favorable high-
temperature properties. It is being considered for use in an alloy with
tungsten as a fuel element matrix material. A study of its fast neutron
cross sections has therefore been undertaken, and preliminary neutron
capture cross section values have been determined.

Rhenium consists isotopically of 37.07 percent rhenium-185 and
62.93 percent rhenium-~-187. Neutron irradiation of rhenium produces the
following three capture reactions:

Re 88T
ot
Rel® A Y| 20 min
) }’
Rel88 17 hr Osl88.
B,y ’
Re'® D T Rels 9/5 %;,r = Os'®,

By suitable choice of length of irradiation and gamma analyses following
irradiation, the cross sections for all three processes can be measured.

In this work the monoenergetic neutron source was the reaction
Li7(p,n) Be” produced when protons from the Van de Graaff accelerator
bombard a lithium target. The neutron flux was measured with a fission
chamber which counted fissions in a sample of uranium. After irradiation,

*A summary of this section is given on page 30.
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the target was analyzed for the gamma-ray spectrum of its activation
products by means of a Nal crystal and multichannel analyzer. The abso-
lute disintegration rate corresponding to the gamma spectrum of the ir-
radiated target was determined by comparing this spectrum with that of

a known activity of the same species counted in the same geometry, the
activity of the latter having been determined by absolute beta counting.

Irradiations of several hours were carried out, following which
gamma analyses were done on the targets. These irradiations yielded the
data necessary for the determination of the cross section of rhenium-185
and of the cross section for the production of both states of rhenium-187.
Irradiations of 20-min duration were carried out and the targets were
analyzed for the gamma ray of 20-min rhenium-188m. Thus when the
cross sections for the production of the 20-min state and of the sum of
both rhenium-188 states are known, the cross section for each state alone
can be calculated.

Preliminary data for the capture cross section of rhenium-187 are
given in Figure VI-1. The cross sections given represent the sum for the
production of both states of rhenium-188. The absolute calibration of the
rhenium-187 cross section has not yet been completed, but the values giv-
en in the figure have been estimated to be accurate to £50%. The values
of the points relative to each other are believed to be correct to +7%. The
data have not yet been analyzed to the point where the cross sections for
the production of the two states of rhenium-188 can be given separately,
nor has the cross section of rhenium-185 been calculated. These analyses
are in progress.
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Total neutron cross sections of rhenium as a function of neutron
energy are also being determined in this program. The results of this
work will be reported when more data are available.
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Cross Sections of Rare Earth Elements

Some of the rare earths, such as Gd, Sm, Eu, and Dy, have been
considered as possible reactor control materials and as constituents of
ceramic control elements (see Summary Report ANL-6379, p. 226). In the
present report, total neutron cross sections of gadolinium and neutron
capture cross sections of erbium are given.

Gadolinium: The total neutron cross section of gadolinium has
been determined as a function of neutron energy between 9 keV and
1880 keV. The results are shown in Figure VI-2. The standard deviations
of the cross section values are about £2%, and the neutron-energy spreads
at each point are generally such that they just overlap between successive
points. This work was done with use of the Van de Graaff accelerator of
the Physics Division.

Figure VI-2
NEUTRON TOTAL CROSS SECTION OF GADOLINIUM
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Erbium-170: The neutron capture cross section of erbium-170 has
been determined for neutron energies between 0.34 and 1.9 MeV. The re-
sults are given in Figure VI-3. The neutron-energy spreads at each point
are about *25 keV. Standard deviations of the cross sections are about
*8%. The experimental procedures were basically the same as those de-
scribed above for rhenium.
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Figure VI-3
NEUTRON CAPTURE CROSS SECTION OF ERBIUM-170
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