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SUMMARY

Chemical Engineering Division
Semiannual Report

I. Compact Pyrochemical Processes (pages 19 to 49)

Compact pyrochemical processes continue to be de-
veloped for the recovery of uranium and plutonium
from fast breeder reactor fuels. They possess utility for
the recovery of ceramic (oxide and carbide) and
metal reactor fuels. In present process concepts, the
basie separations are accomplished through diflerences
in the partition behavior of the {uel constituents be-
tween liquid metal and salt solvents. Pyrochemical
processes incorporating a salt transport separations
step are currently under development. Salt transport
separations are based on the selective transfer of
solutes (fissile and fertile materials) from one liguid
metal solution (donor) to another metal solution (ae-
ceptor) by eyeling a molten salt phase which aects as a
carrier between the two nictal solutions. A coneeptual
flowsheet (sce Figure 1-1) employing a salt transport
step for the separation of plutoniwn from uranium is
currently under investigation. Processes utilizing salt
transport separations show promise of providing good
fission product removal together with high recoveries
of plutonium and uranium.

Supporting Chemical Studies of Pyrochemacal Proc-
esses. In support of development of liquid metal and
salt systems for pyrochemical processes, chemical in-
vestigations have included (1) measurements of the
distribution of uranium, zirconium, and thorium be-
tween liquid magnesium alloys and fused salts con-
taining MgCl,, (2) measurements of the solubilities of
uranium and zirconium in liquid alloys and (3) the
interactions of TOs and U,04 with various fused salt
mixtures.

The distribution coefficient of uranium (w/o uranium
in salt/w/0 uranium in metal) between a molten
ternary salt mixture containing 50 m/o MgCl,, 30
m/o NaCl and 20 m/0 KCl and a liquid Cu-5 w/o Mg
alloy was measured as a function of the uranium con-
centration in the alloy at 750, 800, and 850°C. It was
found that the distribution coefficient was independent

the uranium coneentration in the liquid alloy from

out 0.1 w/o to the solubility limit. These data indi-
cate that the effectiveness of this alloy for use as a
uranium donor alloy in the salt transport process will

not decrease when the uraniuin coneentration reaches
low levels, as it does toward the end of the transfer.

Distribution coefficients were also obtained for ura-
nium between molten 50 m/o MgClo-30 n1/o NaCl-20
m/o0 KCI and liquid zine-magnesium alloys saturated
with uranium at 600, 700, and 800°C. The results in-
dicate that the distribution cocfficients decrease as the
magnesium concentration of the alloy is increased; the
coefficients reach a minimum value of the order of 10—4
and then increase. The minimum value of the distribu-
tion cocfficient coineides with the maximum value for
the solubility of uranium in the liquid alloy. The re-
sults indicate that zine-magnesium alloys would be
good aecceptor alloys for uranium in a salt transport
separation.

Preliminary measurements were made of the distri-
bution coefficients for zirconium between molien MgCl.
and lquid copper-magnesium alloys at 800°C. The
magnesium conecentration in the alloys varied from 30
to 50 w/o. The distribution cocflicient is less than 104,
and therefore zirconium is not expected to transfer in a
salt transport process when copper-magnesium alloys
are used as the donor alloys.

A preliminary study was made of the distribution
of thorium between molten 50 m/o MMgCl,-30 m/o
NaCl-20 m/o KCI and liquid magnesium-based alloys,
Cu-8 w/o Mg and Zn-10 w/o Mg. The distribution
coefficient was about 103 for the Cu-Mg alloy and
about 10-* for the Zn-Mg allov. These results indicate
that uranium could probably be separated from tho-
riumn using a salt transport process.

The solubility of uranium in liquid zinc-magnesium
alloys was measured at 600, 700, and 800°C. The solu-
bility was found to increase with increasing magnesiuim
concentration to a maximum and then decrcase. The
values of the maximum uranium solubility at cach tem-
perature were as follows: 4.6 w/o U at 600°C and 24.8
w/o Mg; 11.0 w/o U at 700°C and 16.7 w/o Mg; and
18.0 w/0 U at 800°C and 10.8 w/0 Mg, The maximum
in the solubility corresponds to the equilibrium be-
tween a solid uranium-zine intermetallic compound,
solid uranium metal and the saturated liquid phase.

The solubility of zirconium in liquid copper-magne-
siumm alloys was measured at 800°C. The solubility
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varied from 2.7 w/0 Zr in a Cu-49 w/o Mg alloy to 3.9
w/o Zr in a Cu-37.5 w/o Mg alloy.

The cffeet of small zine additions on the solubility
of uranium in liquid cadmium was stud.ed. At 500°C,
where o-uranium is the equilibrium solid phase, the
solubility varies from 2.4 w/o U at 0 w/0 Zn to 3.0 w/o
U at 2.1 w/o Zn. At 470°C, where a wrawsum-cadmium
intermetallic compound is the equilibrium solid phase,
the solubility varies from 2.4 w/o U at 0 w/o0 Zn to 2.0
w/o U at 2.1 w/o Zn. Evidence was found for the sub-
stitution of zine atoms for cadmium atormi in the
cadmium-uranium intermetallic phase.

The interaction of UQ, and UsQs with a variety of
molten salts was studied at 800°C. The salts investi-
gated were pure MgCls , 50 m/o0 MgCl,-30 m/o NaCl-
20 m/o0 KCI, MgCl,-50 m/o CaCls and LiCl-49 m/o
KCl1 eutectic. Uranium dioxide was found to be very
insoluble in all salts examined; the uranium content
varied from about 5 X 10-3 w/0 in LiCI-49 m/o KCI
eutectic to 2.9 X 10—2 w/o in pure molten MgCl, . The
addition of 5 m/o MgFs to each of these systems did
not significantly change the uranium concentrations in
the salts: 3 X 1073 w/o in the LaCI-KCl salt and
~1.5 X 10-2 w/o in pure MgCl, and the MgCl,-based
galts. The UsOg reacted with the various chloride salts
tested to produce UO2. In the Uz0s experiments, the
initial uranium content in all the salt mixtures was
higher than that found for UO; ; however, as the reac-
tion progressed the uranium content of the salt de-
creased.

Supporting Engineering Studies of Pyrochemical
Processes. The development of the engineering technol-
ogy required for the separation of plutonium and ura-
nium from fission products by extractions between
liquid metal and molten salt phases was continued.
Process concepts are being developed on a pilot-plant
scale, with the present emphasis on the development of
a pyrochemical process which incorporates a salt trans-
port separation step (Figure I-1), which is based on the
selective transfer of solutes between two liquid metals
in contaecl with a molten salt.

In this reporting period, engineering feasibility ex-
periments to demonstrate the salt transport separation
technique were completed. All of the experiments
utilized a batch transfer method* and we»e carried out
with unirradiated feeds consisting of uranium (2 to 5
keg} and scleeted fission producl elements {ziiconium,
molybdenum, palladium, ruthenium, and niobium;
totaling about 0.5 kg). In the last of the experiments
(USTP-5), a uranium recovery of about 999 was

* In this method, the liquid alloys are in adjacent vessels
and the molten salt is cycled between the two vessels by
alternately pressuring the bulk of the molten salt through a
heated transfer line from one alloy to another.

achicved. The overall removals of fission product ele-
ments were as follows: zirconium, 99.7% ; molybdenum,
99.9%; palladium and ruthenium, 99.99% (cach); and
niobium, 88.999%. A product purity of 99.87% was
achieved with the major impurities being copper and
zirconium. These experiments successfully demon-
strated the engineering feasibility of the salt transport
scparation method. Plans are in progress to conduct
similar experiments with plutonium. Caleulations in-
dicate that salt transport techniques are especially
promising for the processing of plutonium-bearing
fuels; 1 batch contact systems plutonium recoveries
exceeding 99.9% may be achieved in a few cycles for
high salt/metal ratios.

Multistage extractions between liquid metals and
molten salts are required in various future pyrochemi-
cal processes to separate rare earth fission products
from uranium and plutonium. As a means of effecting
this scparation. continuous operations offer some poten-
tial advantages. In current work, countercurrent,
liquid-liquid extraction in a multistage packed column
is being investigated. The hydrodynamie behavior of a
liquid metal-molten salt system in a packed column
has been simulated with a system consisting of water
{continuous phase) and a metal alloy (discontinuous
phase}) melting at a low temperature (71°C). The
column was operated at temperatures of 85-90°C.
Aeasurements of the pressure drop of the continuous
phase, limiting flows and hold-up of the discontinuous
phase were made with a column that was fabricated
of glass pipe® and was packed with 34 ¢-in. perforated
metal saddles to a height (nominal) of 24 in. The pres-
sure drop of the continuous phase, at constant water
rate, was found to increase linearly with metal rate
until the flooding point was approached at which point
the pressure drop suddenly increased. Published flood-
ing correlations for aqueous-organie systeins in packed
columng were found to give unreliable predictions of
the limiting flow rates actually observed in the metal-
water system. The hold-up data are being evaluated.

The information obtained from the low-temperature
metal-water studies has been used to design a high-
temperature column in which the liquids will be a
metal and a salt; this information will also be useful
in the interpretation of results from the high-temipera-
ture studics.

During this reporting period, operation was com-
pleted of a loop utilized for testing equipment and in-
struments in an environment of flowing molten chloride
galt (50 m/0 3gCly-30 m/0 NaCl-20 m/o0 KCI). The
equipment in the loop included a centrifugal pump,

* The packed portion of the column consisted of a 1-in.
ID by 24-in. long section with expanded sections (to 2-in.
ID) at the top and bottom.
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pressure sensor to measure the pump discharge pres-
gure, a bcllows-scaled throttle valve, an orifice flow
meter, and a freeze valve. The total operating time ac-
cumulated was 1000 hr: 150 hr at 515°C, 550 hr at
550°C, and 300 hr at 600°C. The molten salt was cir-
culated at an average flow rate of 1 gpm; however, flow
rates up to 3.5 gpm were reached. With few exceptions,
the loop and its components have performed satisfac-
torily. Design features of the pump are being incor-
porated into experimental pumps being developed for
pyrochemical process equipment. The quantity of cor-
rosion products (iron, nickel, and chromium) and con-
taminants {oxygen and carbon) in the salt from the
loop was undetectable or small.

A materials testing program is being conducted to
determine the suitability of various materials of con-
struction for application in pyrochemical flowshects
employing systems consisting of liquid Cu-Mg-U or
Zn-Mg-U in combination with molten MgCl, or
MgCly-based chloride salts.

Several ferrous alloys were tested in these systeins
at temperatures of 800 and 850°C. The alloys and the
test results were as follows:

1. Cast iron and CB-30 cast stainless steel are being
tested as potential container materials for Cu-Mg-
U/halide salt systems, Previously it was shown that
when both materials were exposed to Cu-9.7 w/o Mg-2
w/o U and MgCl: or 50 m/o MgCl;-30 m/o NaCl-20
m/o KCl, they exhibited low enough corrosion rates to
allow service in this system (ANL-7225, pp. 37-39).
However, they reacted with the solute uranium to form
an adherent surface film. In recent work, this film was
identified. The film from the cast iron was identified as
uranium phosphide (either UP or UsPy) which resulted
from the reaction between the solute uranium and the
phosphorus in the cast iron. The film from the CB-30
stainless steel showed the presence of a minor phase,
UgFe, and a major phase, UN, which had formed from
the reaction of the uranium with the nitrogen present
in the stecl. Such reactions arc undesirable because
they can cause excessive processing losses. The magni-
tude of the losses that would probably be encountered
in process applications has not yet bcen accurately
determined. However, work on these two alloys has
been temporarily suspended pending testing of other
materials which, at this time, appear more promising.

2. Croloy 16-1, a ferritic stainless steel, and Croloy
9M, which is similar to Croloy 16-1 except for a lower
chromium content (9 w/o vs 16 w/0) are under con-
sideration for use in the fabrication of transfer lines

r these systems. In recently completed salt transport

rocess demonstration runs, a Croloy 16-1 transfer
line was exposed to Cu-Mg-U/MgCl, and Zn-Mg-
U/MgCly systems for about 60 hr at 800°C. The line

was used for about 200 molten salt transfers between
the two liquid alloy phases. The inside of the pipe
showed very little corrosion as a result of exposure to
the molten salt. However, the ends exposed to the alloy
phases did show corrosion (36 mils in Cu-Mg-U, 80
mils in Zn-Mg-U}. Despite the corrosion of Croloy 16-
1 when exposed to the metal phases, it appears to
possess adequate corrosion resistance for lmited use
in exploratory process runs. Croloy 9M, in the form
of agitator blades, was exposed to an Mg-35 w/o0 Zn-
2 w/o U and MgCl,; system at 850°C for 100 hr. The
samples exposed to the metal phase and metal-salt
interface showed poor resistance (penetrations of 1.1
and 0.9 mm, respectively), whereas the salt and vapor
phase samples indicated acceptable corrosion resistance
{penetrations of 0.04 and 0.03 mm, respectively). These
results suggest that Croloy 9M is an acceptable mate-
rial for use with molten MgCls but not for liquid zine-
magnesium alloys, except for very short periods of
time.

3. Both type 304 stainless steel and Tenelon® steel.
which are austenitic in structure, were significantly
attacked when tested in a Cu-Mg-U/MgCl, system
at 850°C. Specimens of type 304 stainless stecl evi-
denced disintegration (metal phase and metal/salt
interface), and formation of a nonadherent reaction
film (salt and vapor phases). The Tenelon steel
coupons showed extensive attack, probably because of
dissolution of contained manganese, in the metal phase
(penetrations up to 12 mils in 192 hr) and little or no
detectable attack in the other phases. These results
suggest that Tenelon possesses some usefulness in
containing Cu-Mg-U/MgCls systems.

In other work, TZM alloy (0.5 w/o Ti, 0.08 w/o Zr,
balance Mo) and molybdenum of low carbon content
(0.003 w/0) have been tested for corrosion resistance
to these systems at temperatures from 700 to 850°C.
When exposed to 66-89 w/o Cu-Mg-1 w/o U and
MgCl, or MgCls-based chloride salt, the two materials
generally showed good corrosion resistance. Further
tests with these alloys in the Cu-Mg-TU/salt system
are planned. In the Zn-Mg-U/salt system tests, TZM
alloy exhibited good corrosion resistance, when exposed
to Zn-Mg-U/MgCly systems at 750-850°C at zine
concentrations below 87 w/o. Molybdenum showed
poor corrosion resistance in a test with Zn-5 w/o Mg-1
w/0 U and MgCl,-30 m/o NaCl-20 m/o KC] at 700°C.
Tt was also obzerved in the Zn-Mg-U tests that TZM
alloy and molybdenum had lost their normal room-
temperature duetility. Possible causes of the high
corrosion rate observed for molybdenum and the loss
in ductility noted for both TZA alloy and molybde-
num are being cvaluated.

* Product of U.S. Steel Corporation.
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Skull Reclamation Process. After the fuel pins dis-
charged from the EBR-II reactor are melt refined, a
residue or skull containing uranium (about 5 to 10%
of the melt refining charge) remains in the crucible.
To recover and purify this uranium, a skull reclama-
tion process has been developed and sueccessfully dem-
onstrated (ANL-7223, pp. 42-53). This procecss con-
sists of the following operations. The skull is first
oxidized to a free flowing powder, after which the skull
oxides are subjected to noble metal extraction, uranium
oxide reduction, and uranium metal redissolut on steps.
The redissolved uranium is retorted to evaporate
solvent metals (magnesium and zinc}, and the result-
ing uranium sponge is melted. The recovered uranium
is then returned to the melt refining process as inakeup
material.

Plant equipment for the process has been built and
consists of three major equipment items: (1) a skull
oxidation furnace, (2) a reduction furnace that utilizes
a tungsten crucible and (3) a retorting furnace that
utilizes a beryllia crucible. The latter two furnaces are
sized for operation on about 5.8 kg of skull oxide (~5
kg of uranium oxide}) and have been tested and
remotely operated in a large argon-atmosphere en-
closure (volume, ~4000 cu ft). The skull oxidation
furnace is now in use in the EBR-II Fuel Cyecle Facil-
ity. As previously reported, the installation of the
other two furnaces in the Fuel Cycle Facility has
been postponed (ANL-7225, p. 46). The retort-
ing furnace will be used at Argonne, Illinois, however,
to Investigate retorting operations in other pyrochemi-
cal processes.

Following the completion of the second set of skull
oxide reduction runs (SRR-11 through SRR-18; ANL-
7225, pp. 44-47) an attempt was made to remove aceu-
mulated oxide and metal by a technique which would
be suitable for remote operation. The furnace was
charged with Zn-13 w/0 Mg alloy (30 kg) and suffi-
cient salt (70 kg of 47.5 m/o0 MgCly-47.5 m/o0 CaCls-
5 m/o CaFs) to almost fill the tungsten crucible so as
to provide contact with most of the interior surface
of the erucible. After agitating the mixture at 800°C
the contents of the furnace were discharged. It was
subsequently discovered that during the run, some of
the salt foamed out of the crucible and partially filled
the annular space between the crucible and the
Hastelloy C furnace wall. Direet examination revealed
cracks in the furnace wall and in the sintered tungsten
crucible. The eracking is attributed to stresses result-
ing from the presence of the solid salt layer and the
greater contraction of the Hastelloy C compared with
tungsten when the furnace cooled.

Approximately 350 g of uranium had been removed
from the furnace in the zine-magnesium alloy, an

amount which represented about 1.1% of the total
uranium charged in the last series of runs. An equiva-
lent amount was subsequently removed during direct
cleanup of the furnace. Overall accountability of the
32.8 kg uranium charged in the eight runs was about
97.8%.

The performance of the reduction furnace and
auxiliaries was considered to have been adequately
established in the eighteen process runs (SRR-1
through SRR-18). The failure of the furnace and
crueible during the cleanup operation was the result of
operating difficulties under nonstandard conditions.
Since a decision had been made earlier to postpone the
installation of the skull reclamation process in the
IEBR-IT Fuel Cycle Facility, the reduction furnace is
not being rebuilt at the present time.

The final step in the skull reclamation process con-
sists of retorting, or solvent evaporation, to rccover the
product uranium from a zine-magnesium solution, This
product solution has the nominal composition Zn-12
w/o Mg-12 w/o U, weighs about 36 kg (volume, 8
liters), and contains approximately 4 kg of uranium.
Plant retorting equipment is being developed to recover
the uranium in a form suitable for use as make-up feed
material for the melt refining process. Twenty-two
additional retorting runs have been completed and
have demonstrated high retention of zine-magnesium
vapors within the apparatus, ready release of the
uranium product from the crucible and high durability
of the beryllia crucibles. Individual crucibles were
reused from six to ten times without failure and are
congidered suitable for additional uses. Although a
slight scepage of process solution through the crucible
wall is still observed, this is not considered to be a
significant deficiency in the present use of the retort.
The uranium found in the secondary container is about
0.3% of the retorted product and could be recovered if
necessary.

Investigation of Pyrochemical Operations. In the
pyrochemical process under development for fast
reactor fuels (sce Figure I-1) the large quantity of
uranium contained in the fuel which is fed to the
process is accumulated in a crucible as a uranium-
magnesium mixture. Removal and recovery of the
uranium by dissolution in a zinc-magnesium solution
would require retorting large quantities of magnesium
and zine. Previous experiments (see ANL-7055, p.
67-71) showed that it is possible to break up precipi-
tated uranium in a zine-magnesium matrix by hydrid-
ing the uranium. Equipment is being sct up to ing
vestigate the use of a hydriding procedure to facilitat.
the removal of the uranium-magnesium mixture.

An alumina-silica fiber material (Fiberfrax) has
been used successfully in the skull reclamation process
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to remove residual salt from molten metal product
solutions as they are transferred from the reduction
furnace. The liquid metal does not wet the Fiberfrax,
whercas the molten salt does wet the Fiberfrax and is
absorbed. Experiments have been conducted which
have demonstrated a high capacity of Fiberfrax for
molten salt absorption. This phenomenon is expected
to find an application in the removal of a residual salt
layer from the surface of a molten metal.

Fuel Cycle Facility Operations. During the current
reporting period, 83 irradiated fuel subassemblies from
the Experimental Breeder Reactor-11 were transferred
to the Fuel Cycle Facility (FCF) after short cooling
periods, cleaned of sodium, disassembled, and re-
processed by melt refining in 47 batches. From the re-
covered ingots, 8000 fuel pin castings were made by
injection casting, from which 70 new fuel subassemblics
were fabricated, almost wholly from reprocessed fuel,
for return to the reactor. In order to facilitate accel-
erated operations, additional subassembly storage
capacity was provided in the Air Cell storage pits by
the remote installation of pit inserts and cooling
manifolds.

In studies of fission produet removal from irradi-
ated fuel effected by the melt refining operation, it was
determined that over 99.99% of the cesium and barium
was removed by a 2-hr liquation period at 1350°C.
Removal of cerium, however, is somewhat less effec-
tive, and 2.5 to 3 hr at 1400°C are required to assure
greater than 98% removal.

The injection casting operation yields a waste streamn
consisting of erushed Vycor glass molds containing a
small amount of fissium alloy from the casting opera-
tion. Material accumulated over the past two years
(about 24 to 25 kg of refined alloy) has been trans-
ferred to the Idaho Chemical Processing Plant for
recovery of the uranium by HNOj leaching and dis-
posal of leached glass.

The extent of fuel swelling has been determined for
Mark TA EBR-IT fuel subassemblies [13.5-in. long fucl
pin, enriched uranium (~52 a/o 2%5U)-fissium alloy]
after periods of reactor irradiation corresponding to a
maximum atom percent burnup of up to 1.2%. The
average swelling at this maximum burnup ranged
from 10 to 14 v/o, compared to 4.5 to 7 v/o for
average Mark T fuel [14.22-in. long fuel pin, enriched
uranium (~48 a/o 23°U)-fissium alloy] at the same
maximum burnup. However, it has also been obscrved
that considerable variations in swelling occur for both
Mark I and Mark TA fuel. Some correlation appears

%exis’o between swelling and process operations to
ich the recyele fuel has been subjected. Fuel which

has been melt refined, cast, rejected (for dimensional
or similar reasons), and consolidated for recasting ap-
pears to swell less than fuel which is accepted for reuse

after melt refining. Causes for this behavior are not
yet understood but various possibilities are being ex-
amined.

A review of the operation of the eight electromechan-
ical manipulators located in the Air Cell and Argon
Cell of the FCF for the past four ycars indicates rela-
tively extensive and satisfactory operation and ease
of maintenance. Remote repair or replacement of drive
units, power pickup brushes, and grips and forearm
has been readily accomplished, and drive units have
been overhauled satisfactorily. The carriages have also
been removed from the cells for partial decontamina-
tion and repair of limit switches, telescoping tubes, and
minor mechanical defeets.

TI. Fluidization and Volatility Processes (pages
50 to 98)

Laboratory Studies—Volatility Processing. Fluori-
nation studies are being carried out in a 2-in. dia. fluid-
bed reactor to determine conditions for fluorinating
U0,-PuO.-fission produet pellets that would result in
a minimum retention of uranium and plutonium in a
fluidized bed of alumina particles. Two fluorinating
agents are being evaluated: fluorine and bromine
pentafluoride (BrF;). Fluorination of the pellets is
carried out in three steps: In the first step the pellets
arc oxidized to fines which in the second step are con-
tacted at low temperatures (~300°C) with either
fluorine or BrF; to remove most of the uranium. In the
third step, the fluorination is earried out at higher
temperatures (up to 550°C) with 90 v/o fluorine to
effect recovery of plutonium and uranium.

The pellets used in this work contained approxi-
mately 0.4 w/o plutonium as PuO,, 86 w/o uranium
ag UO. and 1 w/o fission products as the oxides. In
most runs, the charge consisted of 650 g of UOy-PuO,-
fission product pellets, corresponding to a 2-in. deep
pellet bed, and 1100 g of nominal 48 to 100 mesh
alumina, corresponding to a static-bed depth of 12 in.
Also, 0.6 g CsF was added to the alumina bed in all runs
while in several runs with BrFy reagent RbF was also
added to the alumina bed. In all runs the pellets were
nitially oxidized with 20 v/0 O in nitrogen for 4 hr at
450°C.

The reuse of the alumina bed to process several
batches of fuel pellets was cevaluated in an effort to
reduce plutonium losses in waste solids from a fluid-
bed fluoride volatility process, Two techniques were
investigated: (1) the use of oxygen, fluorine, and a
recyecle-fluorination for each of several batches of fuel
processed in the same alumina bed, and (2) the use
of oxidation followed by uranium fluorination with
BrF; for each bateh of fuel and then a single reeyele-
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fluorination with fluorine to rceover the accumulated
plutontum from the alumina bed.

The first technique was evaluated in a series of three
runs (Pure-19, -20, and -21). The fluorination sequence
for each batch of fuel charge was carried out as fol-
lows: 2 hr of fluorination at 350°C with 5 to 16 v/o
¥, was followed by recycle-fluorination for 3 hr at
350°C, 6 hr from 350 to 550°C, and 1 hr at 550°C (in
run Pure-21, 4 hr at 550°C was used), giving a total
recycle-fluorination period of 33 hr for three batches of
fuel pellets. The final bed from run Pure-21 contained
0.009 w/o uranium and 0.009 w/o plutonium; thus, on
the basis of 1200 g alumina charged for runs Pure-19,
-20, and -21, the final uranium and plutonium concen-
trations corresponded to fluorination from the alumina
bed of more than 99.9% of the uranium and 99% of the
plutonium charged to the reactor.

In the alternative alumina rcuse scheme, uranium
from three successive batches of pellets (runs Purse-
10, -11, and -12) was selectively fluorinated with 8 to
10 v/o BrF; in nitrogen for 2 hr at 300°C and then
plutonium which had accumulated in the bed was
fluorinated in 20 hr of recycle-fluorination consisting
of 10 hr at 300°C, 5 hr from 300 to 550°C, and 3 hr at
550°C. The final bed from run Purse-12 contained 0.003
w/o U and 0.009 w/o Pu. Based on 1200 g of alumina
charged to the reactor for the three runs, these results
correspond to removal of 99.9% of the uranium charge
and 99% of the plutonium charge. Analyses of bed
samples taken during the run showed that the final
plutonium content of the bed could have been achieved
in only 11 hr of recycle-fluorination rather than the 20
hr actually used.

These results show that the two alternative schemes
for the reuse of an alumina bed represent promising
methods for minimizing total plutonium losses and
reducing the quantity of solid wastes from a fluid-bed
fluoride volatility process.

Several experiments were performed to determine
the feasibility of recovering plutonium from the
alumina bed material by aqueous techniques after the
uranium had been recovered by fluorination with BrF; .
Samples of alumina beds resulting from reaction of
pulverized pellets with BrFs at 300°C werce leached
with 6N HXNO; at 100°C. More than 999% of the
uranjum and plutonium was dissolved in 2 hr and
99.9% was dissolved in 5 hr, demonstrating that
uranium and plutonium can be readily leached from
alumina.

The temperature of uranium fluorination with BrF;
was shown to affect the extent of plutonium removal
during fluorination with fluorine. Using similar recycle-
fluorination sequences, final plutonium concentrations
of 0.009, 0.007, and 0.012 w/o were obtained when the

uranium was fluorinated with BrF; at 200, 300, and
400°C, respectively. Based on currently available in-
formation, 300°C appears to be the best temperature
for fluorination of uranium with BrF; .

The fluorination of neptunium as well as uranium
and plutonium was monitored during reaction with
Br¥; and the subsequent recyecle-fluorination with
fluorine in run Purse-9. After a BrF; fluorination step
at 300°C for 2.1 hr, a recycle-fluorination sequence of 3
hr at 300°C, 5 hr from 300 to 550°C, and 3 hr at 550°C
was used. The final alumina bed from run Purse-9 con-
tained 0.002 w/0 Np, 0.003 w/0 U, and 0.005 w/o0 Pu.
These results, together with data taken during the
run, indicated that one-half of the original neptunium
was volatilized with the uranium hexafluoride during
fluorination with Br¥;, while the remainder was re-
covered with plutonium hexafluoride during fluorina-
tlon with fluorine.

Rate data for the reaction of Us0g with BrF; in the
fluid-bed reactor were compared with data previously
obtained with & thermobalance. Reaction rate con-
stants at 200, 300, and 400°C were in reagsonably good
agreement with the data from thermobalance experi-
ments.

Plutonium material balances for nine runs ranged
from 87 to 1269 with an overall average of about 98%.
The sampling procedure for the major source of pluto-
nium, the sodium fluoride traps, was evaluated and
shown to give duplicate analyses for uranium and
plutonium within the known analytical error.

In experiments performed using the BrF; fluorina-
tion step, it has been observed that fine particles con-
taining plutonium remain within the fluid-bed reactor
after fluorination. In order to determine if plutonium
could be recovered from these fines if they were present
in the fluid bed during fluorination with fluorine, a
sample of the fines was fluorinated in a boat reactor
test, using a recycle-fluorination scquenee similar to
that used in runs Purse-10, -11, and -12. Preliminary
results indicate that the plutonium concentration in
the fines was reduced from 6.7 to 0.2 w/o, indicating
that only 0.4% of the plutonium eharge for runs Purse-
10, -11, and -12 would have remained in the fines if
they had been effectively returned to the reaction zone.

The study of the reaction of BrF; with uranium com-
pounds has been concluded with the determination of
the kineties of the reactions with U0, and UO;. Ex-
periments werc performed in the temperature range
220 to 300°C and in the Br¥s partial pressure range
70 to 370 torr. Values of the activation energy of 7.5
and 7.7 keal mole—! were calculated for the U02~Br,
and UQ;-BrF; reactions, respectively. For UQ,, th
coefficient, n, of the pressure term in the equation
k= Ae~#ETPr wag found to be 0.84 and for UQ; its
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value was 1.05. The following equations were derived
to express the dependence on temperature and BrF;
partial pressure for these reactions.

UO,-BrFs;:
log K
UVO;-BrFs:
log k" = 1.05 log P — 1680/T — 0.767

0.84 log P — 1630/T — 0.270

i

A summary of the rate equations derived for the
reactions of BrF; with UFy, UO.F,, U0y, UO2, and
VO, is presented.

The sorption of pure tellurium hexafluoride on vari-
ous solids was studied at different temperatures in
order to identify suitable materials for the removal of
TeFq from off-gas streams. Sorption rates, capacity of
the sorbents for TeFq, and retention of TeFs on the
solids under vacuum were determined at various tem-
peratures. Results indicate that activated alumina,
Linde type 13X Molecular Sieve, BPL activated char-
coal, magnesium fluoride, and copper turnings are
promising reagents for the removal of TeF, from gas
streams, Soda lime, copper (II) oxide, metallic nickel,
metallic tellurium, cocoanut charcoal and type 10X
Molecular Sieve were shown to be unsuitable. Surface
area changes during the sorption process were deter-
mined for activated alumina and type 13X Molecular
Sieve.

An investigation of instrumental methods of analysis
for use with fluoride volatility processes has been
initiated. A water-moderated neutron detector using
helium-3 proportional counters has been constructed
and has been tested with plutonium fluorides. Although
the detector exhibits a specifiec neutron counting rate
of 20,800 = 400 counts per min per g Pul,, which is
sufficiently sensitive and accurate for some process
uses, it is desirable to extend the applicability of the
detector.

The rate of reaction of NpF, with a mixture of 33
v/o BrFs-67 v/0 Ny has been studied at 300, 325, 350,
and 400°C using a boat reactor. The rate of reaction at
300, 325, and 350°C can be described by the diminish-
ing sphere model. Results of rate experiments at 400°C
might be better correlated by some other model. The
rate of reaction of NpF, is lower than the rate of reac-
tion of UF, with BrFs . The activation energy derived
from experiments at 300, 325, and 350°C is 26 keal/
mole.

Chemical and X-ray analyses indicate that the solid
residue after partial reaction of NpF, with Br¥F; is

T . The volatile neptunium product of the reaction
presumed to be NpFg, but it has not been identified.

A nonvolatile solid is produced by the reaction of
NpFs with elemental bromine at <30°C.

Boat reactor experiments have shown that NpF,
reacts with BrF; at 400°C to produce a volatile
neptunium compound.

The rates of corrosion of nickel-200, Monel, Dura-
nickel-301, and nickel-200 coupons containing areas of
nickel-200 weld or nickel-61 weld, in equimolar solu-
tions of uranium hexafluoride-antimony pentafluoride
or uranium hexafluoride-bromine trifluoride were deter-
mined for exposures of about 7 hr at 105°C. The results
of these experiments indicate that Monel would prob-
ably be the best choice of the material of construction
for equipment which is to be exposed to uranium hexa-
fluoride-antimony pentafluoride mixtures at tempera-
tures to 100°C. In the presence of uranium hexafluo-
ride-bromine trifluoride mixtures at 100°C, all of the
metals examined showed excellent corrosion resistance.
No intergranular penetration was found in any of the
coupons after exposure to these fluorides.

Engineering-Scale Investigations. Engineering-scale
development work is in progress on a fluid-bed fluoride
volatility process for the recovery of uranium and
plutonium from spent uranium dioxide fuels. Recent
emphasis has been placed on the development of a
processing scheme involving the use of interhalogens,
such as BrFy, to effect of a separation of the uranium
from the plutonium. This step is followed by fluorina-
tion with fluorine for plutonium recovery. The steps
in the new flowsheet are basically the same as in the
previous flowsheet in which both uranium and pluto-
nium were simultaneously converted to volatile hexa-
fluorides by fluorination with fluorine. The processing
steps are: decladding, oxidative pulverization of the
fuel, fluorination with BrF; to separate the uranium as
the volatile hexafluoride, and fluorination with fluorine
to effect the recovery of the plutonium as the hexafluo-
ride. Subsequent steps for final purification of the PuFg
and UF¢ may include distillation, thermal decomposi-
tion, and selective sorption techniques. Process studies
are being demonstrated with nonirradiated uranium-
plutonium materials in an engineering-scale alpha
facility comprising two large alpha boxes. The larger
box contains the main process equipment, and the
smaller box houses auxiliary equipment.

A fluorination pilot plant and a converter pilot plant
have been installed in the facility and several tests have
been performed with plutonium materials. A third
unit, a distillation column, has been erected and tested
in a mock-up area.

Major emphasis of work has been directed towards
development of the fluorination step and gaining an
understanding of the behavior of PuFs in engineering-
scale equipment. The initial fluorinations with 0.5 w/o
Pu0,-UO,-fission product pellets reported in the pre-
vious summary report were followed by a eleanup to
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remove residual plutonium from the equipment. These
cleanup fluorination operations were conducted with all
parts of the system (fluorinator, filter sections, sec-
ondary filter, lines, cold-traps, and hexafluoride trans-
fer vessels) maintained at temperatures of 300 to
350°C while near-1009% fluorine was circulated through
the system for periods ranging from 10 to 60 hr. The
cleanup was carried out systematically so that the
quantity of plutonium from cach equipment item could
be recovered separately. This was achieved by using
several NaF sorption traps to collect the PuFg. Sorp-
tion served as an expedient to avoid the problems asso-
ciated with cold-trapping and transferring small quan-
tities of PuFy.

The results of the cleanup operations showed that:

(1) Small (gram) quantities of plutonium were re-
covered from process lines and the secondary filter,
possibly indicating some slight interaction of PuFg
with construction materials.

(2) Intermediate (several-gram) quantities were re-
covered from product receivers and from primary filters
of the fluorinator. Retention of plutonium within the
produet receivers was due in part to alpha decomposi-
tion and in part to interaction of PuFg with the nickel
surfaces. Accumulation of plutonium at the primary
filters of the fluorinator is associated with the collection
of fine particles in this section of the reactor. The tem-
perature of this portion of the reactor during fluorina-
tion of oxide fuel is too low to allow conversion of the
plutonium in the fines to PuFs .

(3) Relatively large (decagram) quantities were
found only in the primary cold-traps. The holdup of
plutonium in the cold-traps is attributed to interaction
between the plutonium and a relatively high boiling
molybdenum compound, possibly an oxyfluoride. The
molybdenum (~1000 ppm as MoO;) was present in
the oxide fuel pellets as a synthetic fission product.

(4) Neutron surveys of the equipment indicated
that a complete recovery of the plutonium had been
achieved in the cleanup fluorination.

A geries of experiments have been performed to
develop basic information on the behavior of PuFg in
the fluorination pilot plant. The experiments were each
made with ~135 g of powdered PuF, to simulate the
plutonium fluorination step of the interhalogen refer-
ence flowsheet. The general procedure involved an
initial low-temperature (200°C or 300°C) fluorination
period, fluorination while the temperature increased to
550°C, and recycle fluorination at 550°C with 100%
fluorine. Experiments were of about 20-hr or 50-hr
duration. Low gas veloecities were employed in the 50-
hr experiment. Approximately equal amounts of fluo-
rine were used in the two cases. Towards the end of
each experiment, the filter section temperature was in-

ercased from the normal 125°C to 300°C to effect
recovery of plutonium from the fines accumulated in
the filter region.

The initial experiment showed a plutonium recovery
of 99%; the value for residual plutonium in alumina
was only 0.005 w/o, and represented about 0.25 g of
plutonium. Plutonium accounted for was 99.3%. Sorp-
tion of the Puls on NaF was employed rather than
cold-trapping.

Two subsequent experiments in which CsF was
added with the PuFy indicated that CsF interfered with
plutonium removal from the alumina bed. The residual
plutonium concentration in the bed was about 0.08
w/0. Studies on the behavior of plutonium in systems
containing CsF are being carried out in laboratory ex-
periments. At the end of this series of experiments it
was found that the two sintered Monel metal filters in
the fluorinator were badly corroded. Failure had prob-
ably occurred during a cleanup period when the tem-
perature in the vicinity of the filters was increased to
375°C. Both filters showed evidence of nickel-fluorine
reaction. A limit of 300°C has now been set for pluto-
nium fluorination from the filter sections.

Successful transfers of UFg and PuFg were carried
out between a small supply vessel and a large inverted-
U shaped cold trap. Quantities involved were 160.2 g of
UFs and 89.4 g of PuFs. Recoveries were 99% and
98.4% for the two materials, respectively. These results
indicate that the transport of PuFg in engineering-
scale equipment is feasibile provided that the equip-
ment has been properly conditioned (prefluorinated
with fluorine or, perhaps, even with PuFs).

An engineering-scale fluid-bed reactor facility has
been modified to handle BrFy as the fluorinating agent
for the processing of UQO, fuels. Two runs were com-
pleted in which fragmented UQ, fuel was oxidized in
a fluid bed of alumina particles to UsOg fines, and the
U305 was fluorinated with BrF; to UFq. The average
rates of UFg production were 65 and 86 1b UFy/ (hr)
(sq ft of reactor cross section) and the average utiliza-
tion efficiency of BrFs; was ~60% over the entire
period of fluorination. These results are considered
highly satisfactory for process application.

Preliminary results have been obtained for the dis-
tribution of actinides and fission products in two ex-
periments in which irradiated UQO, was proeessed by an
Oo-BrF;-Fs scheme. These results show that only minor
amounts of activities are volatilized during the UO,
oxidation. The prineipal activity volatilized was kryp-
ton; 17% of the total krypton released during the e
tire processing sequence was released during this Steb
In addition to krypton, 1°®Ru was present in the stack
discharge at a concentration that was about 0.6%
of the recommended upper limit. During the uranium



volatilization by reaction with BrF;, about 83% of
the krypton, 61% of the ruthenium, and 76% of the
molybdenum volatilized with the UFg. The ruthenium
and molybdenum ecollected with the uranium on soda
lime and activated alumina traps. Also, trace amounts
of cerium, cesium, niobium, and zirconium volatilized
from the fluid-bed reactor. Only very small amounts
of 1%Ru and **»Te were detected along with krypton
in the stack discharge. During the step in which pluto-
nium was volatilized by reaction with fluorine, about
0.8% of the gross beta and gamma was also volatilized.
About 3.5% of the ruthenium and 1.8% of the niobium
were collected with the plutonium on a NaF trap. Small
amounts (less than 0.1%) of the cesium, cerium, and
zirconium were found in an activated alumina trap
downstream from the NaF trap. The stack effluent
during the plutonium fluorination step contained 3%
and 0.001% of the recommended limiting concentra-
tions for %Ru and *#»7Te, respectively.

A fluid-bed process has been developed for the dis-
posal of fluorine using activated alumina (A.A.) as the
reactive solid. The process is highly effective, removing
greater than 99.9% of the fluorine from a gas stream
and utilizing activated alumina to near the theoretical
maximum conversion. The process has a capability for
high fluorine disposal rates and produces a free-flowing
solid product for waste disposal. The reaction between
fluorine and activated alumina is characterized by a
long initial period during which the fluorine concentra-
tion in the reactor off-gas remains at a relatively con-
stant value, less than 50 ppm, and by a breakthrough
period in which the concentration of fluorine in the
off-gag inereases rapidly to greater than 50 ppm. The
results of a factorially designed set of experiments
indicated that increasing the bed temperature from
300 to 400°C, increasing the bed depth-to-bed diameter
ratio from 3 to 6, and decreasing the mean particle
size from 399 microns to 183 microns were all effective
in increasing the capacity (g fluorine/g A.A.) of acti-
vated alumina for fluorine removal. There were no
significant effects of varying the fluorine concentra-
tion between 5 and 75 v/o or of changing the gas
velocity from 1.25 to 1.65 times the minimum fluidizing
veloeity (V,;). Increasing the gas velocity to 3.0 Vg
appeared to decrease the capacity slightly. Other solids
reactants, which are less expensive than activated
alumina, were given preliminary evaluation. Soda ash
appears especially promising.

Basic Mechanisms of Flwdization. The cffect of
column width on fluidized particle movement during
q;e passage of a gas bubble through the bed is being

vestigated theoretically and experimentally. The
theoretical treatment, based on an ideal fluid, deseribes
the particle movement as being downward near the
walls but looping with a net upward displacement in

Summary 9

the center of the column. Experimentally, 1t was ob-
served that the extent of downward movement de-
creased with an increase in the distance from the
bubble to the particle. Particles in the center of the
column were initially pushed upwards by the bubble
and then fell through the bubble and were collected
in the wake of the bubble. It is concluded from both
the theoretical and experimental studies that down-
ward particle movement near the walls increases with
increasing bubble size and that particle movement is
primarily in the wvertical direction with negligible
horizontal movement.

Theoretical models proposed to predict heat transfer
coefficients from a gas-fluidized bed to the wall require
knowledge of the residence times of the fluidized par-
ticles at the wall. An experimental apparatus has been
operated to measure both the particle residence times
and the coefficients of heat transfer at the same sec-
tion of the wall of a fluidized bed. Mean particle resi-
dence times were ecalculated from an analysis
of motion picture films. The data obtained in these
experiments indicate that heat transfer coefficients in-
crease as the particle residence times decrease.

IIl. Materials Chemistry and Thermodynamics
(pages 99 to 105)

High Temperature Materials Development. Several
manuscripts have been prepared for journal publication
on the uranium-urania system, namely, on the phase
diagram, on the equilibria between vapor and con-
densed phases, and on the oxidation-reduction equilib-
ria of urania. The specific objective of these studies was
to obtain comprehensive thermodynamic data for com-
positions ranging from nearly pure uranium to slightly
hyperstoichiometric urania; correlation of the experi-
mental results in terms of theoretical concepts is con-
tinuing. The composition of congruently vaporizing
urania has been measured. It varies from UOy, at.
2OOOOC to U01.953 ab 240000

The experimental capacities of the high-temperature
materials laboratory are being extended to handling
phutonium-bearing systems. Redesign of equipment
and ordering of new equipment are now about 90%
complete. Projected studies of the T-Pu-O system will
include: transpiration measurements of oxygen partial
pressures and total vapor pressures as a function of
temperature and composition (especially of nonstoichio-
metric compositions); determination of the hyper- and
hypostoichiometric phase boundaries; mass spectro-
metric investigation of the Pu-O system to clarify
uncertainties in the relative importance of the PuO and
PuO, species; and determination of the congruently
effusing composition(s) of plutonia. Plans for carrying
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out similar studies of the U-Pu-C system are also under
consideration.

A study of the Re-O system has been undertaken in
connection with the selection of container materials
for plutonia-bearing systems. Results thus far show
that rhenium containers will be more stable to oxidation
than the tungsten containers used in previous studies.
Mass spectrometric analysis of the vapor over rhenium
dioxide heated to 850°C and examination of the solid
residue indicated that vaporization proceeds mainly
by disproportionation according to the equation

7 ReOs(c) — 2 Re:04(g) + 3 Re(e).

Mass-spectrometric  effusion studies of uranium
monophosphide have been carried out. The preliminary
results give no indication that single-phase uranium
monophosphide vaporizes congruently. Instead, they
suggest that on vaporization UP tends progressively
toward a hypostoichiometric composition until uranium
liquid precipitates within the uranium monophosphide
matrix. Tentative equations for the partial pressures
over hypostoichiometric UP between 1800 and 2150°C
were derived from mass spectrometric and weight loss
measurements:

log pu(atm) = 5.891 — 26,270/T;
log ppatm) = 8.284 — 31,490/T,
log pp,(atm) = 10.145 — 37,350/7.

The corresponding partial molar enthalpies of vaporiza-
tion are (in keal/mole): AH(U) = 120.2 = 0.3; AH(P)
= 144.1 & 1.5; AH(P:) = 170.9 &£ 4.2. The enthalpy
of formation of uranium monophosphide, AHf2s(UP,c),
was estimated to be —77 & 5 kecal/mole.

Chemistry of Fast Reactor Fuels. The Chemistry of
Fast Reactor Fuels program was initiated as a separate
group in July, 1966. A major effort has gone into the
organization of the program and studies leading to the
selection and generation of detailed specifications for a
cave-instrument complex to carry out the program.
Work on the extensive modifications of M-4 cell in the
Chemistry Division cave facilities is now scheduled to
begin in January 1967. Detailed specifications have
been generated for the major instruments needed. These
include a spark souree mass spectrometer, a solid-state
radiation analyzer system, a metallograph, and a
shielded electron probe analyzer.

The program requires studies of the microstructure
of both newly fabricated fuel and the changes which
occur in this microstructure with irradiation. Thercfore,
emphasis has been placed on procedures which are
capable of microsampling or microanalysis directly.
Microsampling for the spark source mass spectrometer
and solid-state radiation analyzers has been achieved

with an optically restricted laser pulse. Holes as small
as 5 microns in diameter by about 5 microns deep have
been obtained with a single pulse.

Other methods of microsampling and analyzing inside
the cave facility (e.g., microdrilling, radiographic
methods and solid state track detectors) are being eval-
uated for application to this program. Also, the pro-
cedures and equipment for cutting, grinding, polishing,
and mounting fuel specimens in the helium atmosphere
are being developed.

The first electron probe experiments with irradiated
material have been completed. The purpose of these
experiments was to find the limitations of the unshielded
probe in analyzing irradiated specimens with a mini-
mum mounted sample volume. The conclusion was that
the radiation associated with 1 a/o burnup, l-year-
cooled fuel had a negligible effect on the instrument
detectors and was not a hazard to the instrument
operators. Increased radiation levels will be evaluated
and it is expected that an increase by a factor of ten or
more can be tolerated. A limited, but significant amount
of work undoubtably can be accomplished on the un-
shielded probe in this manner.

Preparation of Reactor Materials—Ceramic Fuels.
The preparation of ceramic fuels is being studied to
develop processes which economically fit into appro-
priate fuel cycles, and to make well-defined fuel com-
pounds for further experimental studies, particularly
irradiation studies. At the present time, efforts are
being directed toward procedures for preparing uranium
and uranium-plutonium carbide fuels.

A series of twelve runs has been conducted to demon-
strate the preparation of high purity (U, 15 w/o Pu)C
by the fluidized-bed technique. In each run 300 g of
U-Pu alloy (34-in. dia. rods) was hydrided at 250°C to
form a powder; this in turn was fluidized and reacted,
usually at 800°C, with methane-hydrogen gas mixtures
to form the monocarbide. The rate of carburization was
determined from the difference between the inlet and
outlet methane concentrations and from the gas flow
rate. It was found that the operating conditions of pres-
sure, temperature, and methane coneentration should
be chosen such that free carbon would not form, since
formation of free carbon inhibits carbiding. After a
carbon content of about 4.2 w/o is reached, the rate of
carbiding decreases, but it can be increased by treating
the bed with pure hydrogen either at lower temperatures
(below 400°C) to cause rehydriding, or at the carbiding
temperature to remove a higher carbide (sesquicarbide)
reaction layer. It was demonstrated that (U,Pu)C con-
taining less than 1000 ppm oxygen and less than 2
ppm nitrogen can be produced by the fluidized-be
method at a satisfactory rate for scale-up to an economi-
cally feasible process.
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Equipment design and operational concepts that
would be applicable to a large-scale, remotely operated
fluidized-bed process are being tested in the preparation
of UC on a scale of 1 kg per bateh. The fluidized bed for
this work is operated at 10 atin pressure with recircula-
tion of the fluidizing gas, automatic methane concentra-
tion control, and product discharge by pneumatic
conveying directly from the reactor to a receiver.

Thermobalance experiments using U-20 w/o Pu
carbide samples with methane-hydrogen gas mixtures
have indicated that the free cnergy change is less than
—7 keal/mole of (U, 20 w/o Pu),C; at 750°C for the
reaction:

2 (U, 20 w/o Pw)C + C = (U, 20 w/o Pu):.C;.

Calorimetry. The enthalpy of formation of carbon
tetrafluoride (tetrafluoromethane) is being determined
by fluorine combustion of graphite in a heavy-walled,
two-chambered bomb. Quartz thermometry is used in
conjunction with automatic print-out of time and
temperature data. The calorimetric system has been
calibrated by combustions of benzoic acid in oxygen
with a precision of 0.02 %. Combustions of both natural
and pyrolytic graphites appear to be yielding reliable
results,

The energy of the all-gas reaction of phosphorus
trifluoride with fluorine to form phosphorus penta-
fluoride has been measured. From this study, the value
AHfSs.15(PF, , @) = —228.8 &+ 0.4 keal mol™ was calcu-
lated.

In connection with the study of the reactions of PI;
with fluorine, and gas reactions generally, a new separa-
tion and analytical technique, which combines certain
features of both gas chromatography and fractional
volatilization, has been developed. The gas mixture is
swept through a metal-packed column at low tempera-
tures by a carrier gas. Because of a temperature gradient
along the column, the components of the mixture are
repeatedly condensed and volatilized according to their
vapor pressures and, thereby, fractionated. The frac-
tionated gas then enters a detector (thermal conductivity
cell) which, together with the separation column, can
be calibrated to identify components of an unknown
mixture. Tor example, minor components in various
mixtures were detected at concentrations as low as
0.01 %.

For calorimetric studies of plutonium and its com-
pounds, a rotating bomb calorimeter, gas-charging and
-discharging manifold, balances, and other auxiliary
ﬁlipment have been installed within a glovebox, and

olution calorimeter is being built for later installa-
0m.

A series of electrical-energy calibration experiments
with the flow calorimetric system was carried out. The

standard deviation of the mean of the series was 0.01 %.
Combustions of uranium monosulfide are now being
performed in the system.

As part of a comprehensive effort to examine the
nature of chemical bonding in inorganic fluorides, the
bond energies of all the chalcogen fluorides have been
systematically calculated from experimental data.
The peculiarly weak bonding of sclenium to fuorine,
noticed before in a comparison of the hexafluorides of
sulfur, selenium, and tellurium, has now become ap-
parent also in the tetrafluorides and difluorides.

The furnace for the 1500°C drop-type enthalpy
calorimeter has been reassembled with tantalum-
sheathed heaters and thermocouples, and the 2500°C
enthalpy calorimetric system has been completely as-
sembled. Both are undergoing final testing.

Chemastry of Liquid Melals. The chemistry of liquid
metals and alloys is being studied to provide basic data
for the development and testing of theories of the metal-
lie liquid state. In addition, liquid sodium is under
intensive study as a practical contribution to its use as
a heat transfer medium in reactors.

Thermodynamic activities of alkali metals in their
binary liquid solutions are being measured by atomic
absorption spectrophotometry. For the Rb-Cs system
at 111°C, the activity coefficients of rubidium in alloys
containing 20.3, 35.5, and 51.9 a/o Rb are 0.98, 1.02,
and 1.03, respectively. Study of this system was dis-
continued because the deviation of the activity coeffi-
cients from unity, if it exists at all, is expected to be
smaller than the experimental uncertainty (2-0.03)
over the entire composition range.

Solubility of the rare gases in liquid sodium is being
determined. The solubility (z) of argen in liquid sodium
was remeasured and found to vary between 10~° and
10~7 atom fraction over the temperature and pressure
ranges 330-330°C and 1-7 atm according to the equa-
tion log (x/F) = —2.130 — 4542 T—1. The enthalpy of
solution of argon in liquid sodium was 20.8 4 2.0
keal/mole. Preliminary calculations show that a hard-
sphere model can account for the magnitude of the
solubility and the enthalpy of solution.

Evidence for the existence or nonexistence of molecu-
lar complexes in liquid alloys is being sought by ultra-
sonic investigation. Apparatus has been developed for
measuring the velocity of sound in liquid metals. The
observed velocity of sound in cadmium at 362°C (2247
m/sec) is in good agreement with literature values.
Measurements of sound velocity in mercury were ox-
tended over the temperature range from 20 to 330°C.
The temperature coefficient of sound veloeity was con-
stant over this range, being equal to —0.46 £ 0.02
m/sec/deg.

To gain some insight into the physical and chemical
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nature of carbon in liquid sodium, its solubility was
measured by the use of radiocarbon-14, The true solu-
bility of elemental carbon in sodium at temperatures up
to 450°C is less than 0.005 ppm, in marked contrast to
earlier reported values of 5 to 50 ppm.

Radial and vertical segregation of the carbon im-
purity was observed in a column of sodium subjected
to repeated, unidirectional, zone melting. Reduetion in
the number of zone-melting cycles, from 240 to 25,
did not significantly alter the tendency of carbon to
segregate cither radially or vertically. Subsequently,
by means of some simple experiments, it was found that
strong radial segregation of the carbon impurity on
casting in small-diameter tubes is commonplace.

IV. Reactor Safety (pages 136 to 178)

Thermal Reactor Safety Studies. The experimental
program to determine rates and extents of reaction of
molten fuel and cladding metals with water is con-
tinuing. Experimental studies of the stainless steel-
steam reaction were carried out in the high-pressure
furnace. Experiments at 1300°C confirmed a previous
conclusion that the reaction rate decreased as the effec-
tive heat-up time of the sample was increased. The
reaction rates at 1300°C were linear. Experiments per-
formed with molten stainless steel at 1500 and 1600°C
were accompanied by sample swelling and foaming,
resulting in reaction rates that were not reproducible.
High rates were associated with an oxide which had a
smooth foamy texture, while lower rates were asso-
ciated with an oxide product which was nodular in
appearance.

A brief study of the kinetics of the nickel-steam
reaction was also carried out in the high-pressure
furnace. The reaction rate of solid nickel at 1400°C was
too low to measure accurately; a nominal average rate
for a 100-min experiment was 0.11 ml Hy (STP) /(cn?)
(min). The reaction at 1500 and 1600°C followed an
approximately parabolie rate law and was independent
of total pressure over the range 1 to 16 atm. The oxide
formed during the reaction was NiO, which was ob-
served to be somewhat volatile in steam.

Experiments designed to simulate the environment
of the fuel in a water-cooled power reactor following a
loss-of-coolant accident were continued. Four experi-
ments were performed in the high-pressure furnace in
an attempt to simulate the loss-of-coolant accident
under limited steam flow rate conditions. The Zircaloy-
2-clad, UOs-core fuel rods, oxidized under limited
steam conditions, showed the development of a zone
of concentrated reaction about Y3 of the way down

from the top of the fuel rod. This was believed to be
caused by a combination of a vertical temperature
gradient (hotter at the top), which promoted reaction
at the upper end of the rod, and the limited steam
availability, which promoted reaction toward the lower
end of the rod (steam flow directly upward). An ex-
periment was also performed by induction heating of
a single Zircaloy-2-clad, UOs-core fuel rod in an at-
tempt to observe some of the features of the meltdown
and collapse of the fuel rod. Although preliminary in
nature, the experiment indicated that there was no
tendency for the molten Zircaloy to drip from the fuel
rod. The residue from the experiment indicated that
there wag some interaction between the molten Zir-
caloy and the UO,.

The calculational study to demonstrate the applica-
tion of metal-water reaction data to the analysis of a
logs-of-coolant accident in a reactor was continued.
The development of a new computer program (CHEM-
LOC-1) was completed. The program describes the
core heating and chemieal reaction up to the time of
fuel melting and takes into consideration the effects
of evaluating the temperatures of the gas, cladding,
and fuel separately. Also considered are the effects of
heat transfer by axial conduction in the cladding and
fuel, by radial conduction between cladding and fuel,
by radial radiation from cladding to cladding, and
by convection between the cladding and the flowing
gas. The LOFT reactor core was used as a model for
the initial CHEMLOC-I calculations. A range of con-
stant steam flow rates through the core from 100 to
10,000 1b/hr and one decreasing stcam flow rate were
considered. The results indicated that core heatup was
prevented for the case of an initial core temperature
of 285°C when the steam flow rate was 7500 lb/hr
or greater. Fuel melting begins at times from 100 sec
to over 1000 sec in every other case calculated. De-
velopment of a meltdown caleulational model (CHEM-
LOC-II) is in progress.

A series of three experiments in the Transient Reac-
tor Test Faecility (TREAT) were completed which
were designed to simulate the meltdown phase of the
loss-of-coolant accident. A cluster of three Zirealoy-2-
clad, UOg-core fuel rods was located above a pool of
water and subjected to a “flat-top” transient in
TREAT during each experiment. Fission heating re-
mained reasonably constant over periods of 12, 32, and
50 sec, respectively, for the three experiments. Fuel
failure occurred in each experiment and the total
metal-water reaction for the three experiments varied
from 30 to 44%. An encouraging result of the exp
ments was the absence of “spike” pressurc rises. Th
observation indicates that no steam explosions occurred

Y
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as the partially mwolten fuel and cladding material
entered the water pool.

The series of photographic experiments in TREAT
was extended to include stainless steel-clad and Zir-
caloy-2-clad, TUOy-core fuel. High speed motion
pictures recorded the response of single fuel rods, sub-
merged in water in {ransparent autoclaves, to destruc-
tive neutron bursts in TREAT. One experiment was
performed with a stainless steel-clad fuel rod in which
the fission energy generation was 290 cal/g TO; . The
fuel rod retained its eylindrical form; however, exten-
sive eladding failure occurred. The motion pictures in-
dicated that cladding surface heating was very ir-
regular. This was confirmed by the final appearance of
the fuel rod which showed that cladding-water reaction
and oxide foaming had oceurred in pateches. Three
transient experiments were performed with a single
Zircaloy-2-clad, UOs-core fuel rod. The pulsed irradia-
tions resulted in fission energy inputs of 165, 305, and
347 cal/g UO, . Indications were that only minor dam-
age to the fuel rod was produced during the first two
transients. Extensive cladding damage and the release
of some molten fuel oceurred as a result of the third
transient. The results of the experiments indicated that
both stainless steel and Zircaloy-2 cladding are very
effective in containing molten TO, in an environment
of subcooled water.

Fast Reactor Safety Studies. The program of studies
of potential problems in the field of fast reactor safety
has continued. As part of this program, studies are in
progress of transient heat transfer from heated metal
spheres to sodium and to water. Such data are required
in order to analyze adequately the consequences of an
incident in a reactor (ecither fast or thermal) in which
hot fuel materials may be dispersed into the liquid
coolant and thus cause explosive vapor generation. A
theoretical equation was developed for the special
case of highly subcooled liquid where nearly all of the
heat is transferred into the bulk liquid. A method for
estimating the thickness of the vapor film surrounding
the hot spheres was also derived from theoretical con-
siderations.

Experimental determinations of heat fluxes from a
heated V%-in. dia. tantalum sphere to liquid sodiun
were completed for sphere velocities of 6 and 10 ft/sec
and sodium temperatures of 300 and 450°C. Initial
sphere temperatures ranged up to 1980°C. A computer
program was developed to reduce the experimental
temperature-time data to yield instantaneous heat flux-

rface temperature data pomts. Instantaneous values

heat flux as high as 2700 cal/(em?) (see) have been
calculated. The experimental heat flux data were com-
pared with the theoretical expression. It was found

that the data could best be accounted for in terms of
liquid superheating. Thickness of the vapor film sepa-
rating the hot sphere from the superheated liquid was
determined to be negligibly small.

Experimental studies of the heat flux from heated
V4-in. dia. spheres to water were performed with silver
spheres in a new motor-driven swinging-arm appara-
tus. Experiments employed very short immersion times
of 19 to 31 msec at velocities of 12 to 19 ft/sec. Values
of heat flux as high as 450 cal/(cm?) (sec) were ob-
tained. Within a scatter band up to surface tempera-
tures of the order of 300 to 400°C, the experimental
results were described by the same theoretical expres-
sion employed to describe the sodium experiments.
Above surface temperatures of the order of 300 to
400°C, the heat flux decreased, indicating the forma-
tion of a vapor film.

Preparations are continuing for a forthcoming series
of energetic fuel meltdown tests in a sodium environ-
ment in TREAT. Design and construction of the in-
pile assembly has been completed. Nine rods, 5 of
which are fueled with 10%-enriched UO. pellets, are
located in an environment of liquid sodium. A piston
which is coupled to a linear motion transducer is
located directly above the liquid level. The liquid
sodium is coupled directly to a pressure transducer.
Records from the linear motion transducer and the
pressure transducer are expected to yield the detailed
course of the development of the pressure pulse result-
ing from fuel destruction.

Work is proceeding on the program to measure the
heat capacity of liquid uranium dioxide. Experiments
have been made to test materials, fabrication methods,
and design of sample capsules. In addition, design and
construction of an appropriate calorimeter system is
under way.

Calculation of the effects of plutonium migration in
mitially homogeneous PuQ.-UO, fuels under a thermal
gradient indicates that significant alteration of the
Doppler shutdown capability is not likely in the cases
considered; however, changes in the local composition
because of the migration could lower the melting point
of such regions. These regions might then be at a tem-
perature near their melting point in certain situations.
Preliminary experiments to test the thermal gradient
furnace for extended use are in progress. Pellets of
TU04-CeOy are being heated continuously for periods
up to 500 hr. In a gradient of approximately 10006°C/
em, pore migration toward the hotter end of the pellets
was observed; columnar grain growth also occurred
in this area.

The experimental study of the transient pressure
and the aerosol produeed by the liquid sodium-air reac-
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tion in simulated spray-type accidents is continuing,
An apparatus has been construeted in which a pneu-
matically operated piston will spray sodium through
suitable orifices into a reaction chamber of known
volume. Preliminary tests of the apparatus using water
as the driven fluid have been made.

V. Energy Conversion (pages 179 to 196)

Lithium Hydride Cells. Basic studies associated with
the lithium hydride cell have continued, with emphasis
on the fused salt electrolyte. The phase diagrams for
the ternary system LiH-LiCl-Lil and its component
binaries have been determined. All of these systems
exhibit simple eutectic behavior. Of particular interest
is the fact that the ternary eutectic has a melting point
of 332.9°C. This low temperature aids in the maximiza-
tion of the Carnot cycle efficiency for the total system.

A thermodynamic analysis of the LiH-LiCl phase
diagram has indicated that the large deviations from
ideality found for this system were consistent with an
association of the LiCl to form such species as LiCly.
Such an association would be accompanied by a de-
crease of the ionie conductance. With this in mind, the
conductivity of the LiH-LiCl system is being investi-
gated. The results now available indicate that the con-
ductance of LiH-LiCl mixtures is much lower than
would be expected from the values of the two com-
ponents. This result is consistent with the idea of associ-
ation.

Because of the thermodynamic indications of the
possible existence of such species as LiCly in the LiH-
LiCl system, it is appropriate that an attempt be made
to observe the presence of such a species by a relatively
direct method such as speetroscopy. A laser-excited
Raman spectroscope has been constructed and tested on
fused salts. Only preliminary results have been ob-
tained on the LiH-LiCl system. It is still too early to
tell whether or not LiClz or some similar species exists
in this system at concentrations high enough to yield
a detectable Raman spectrum.

Bimetallic Cells. The research work on bimetallic
cells has been concerned with emf measurcments of
candidate couples, electrolyte phase diagrams, and
vapor pressure studies for evaluation of thermal re-
generation problems. All of these three programs yield
basie thermodynamic data, highly useful in their own
right.

Because of the fact that lithium metal is not very
soluble in its halides, there is only an insignificant error
in the emf measurements due to the eleetronic condue-
tion associated with dissolved lithium. The emf values
for several lithium-containing couples have been meas-
ured and were reported previously. Currently, the

emf’s for lithium-selenium and hthium-tellurium cells
are being determined. Sodium metal, however, has a
high enough solubility in its halides that special ex-
perimental techniques are necessary in order to avoid
the errors caused by the electronic conduction associ-
ated with the dissolved sodium. These techniques are
being developed.

In order to establish the compositions of the lowest-
melting fused salt electrolytes for bimetallic cells, the
phase diagrams of promising lithium and sodium halide
systems have been determined. For cells with sodium
anodes, the NaF-NaCl-Nal system is appropriate,
with a eutectic temperature of 529.4°C. For lithium
anode cells, significantly lower temperatures are avail-
able because of the lower melting points of various
eutectic and minimum-melting compositions. Ex-
periments have begun on the LiBr-Lil and LiF-LiCl-
LiI systems.

Vapor pressure and vapor phase compositions have
been determined for the sodium-bismuth and sodium-
lead systems. The thermodynamic analysis of the
sodium-bismuth system has uncovered some interesting
features which are consistent with the existence of
NaBi and Na3Bi in the liquid phase. Good agreement is
obtained between the experimentally determined activ-
ity coefficients and those calculated on the basis of a
quasi-ideal thermodynamic model for the system, in-
cluding NaBi and Na;Bi as species. Analysis of the
results for the sodium-lead system is proceeding.

Laboratory-scale engineering studies on the sodium-
bismuth and sodium-lead cells have continued. The
sodium-bismuth cell which was accidentally shut down
after over 17 months of continuous operation has been
cleaned, inspected for corrosion, and reassembled with
minor modifications for further operation. The cor-
rosion of the stainless steel cell housing during the 17
months of operation at 535 to 650°C was only 50 .

The sodium-lead cell with regenerator was operated
for a total of only about 150 hr because of difficulties in
the circulation of the cathode alloy between the cell and
regenerator. Separate studies on a regenerator with no
cell attached resulted in an improved regenerator which
operated smoothly for about 1000 hr before the experi-
ment was terminated. A new cell-regenerator unit is now
being built incorporating the new regenerator design.

Corrosion studies of refractory metal alloys in liquid
anode and cathode metals are continuing in order to
provide the information necessary for the selection of
materials for apparatus construction. Tantalum and
molybdenum-30 w/o tungsten have both shown exe
lent static resistance to tin and lithium-tin mixtures
1300°C for periods of at least 150 hr. Dynamic cor-
rosion tests of molybdenum-30 w/o tungsten in liquid
bismuth at 700 to 1050°C showed excellent resistance for
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up to 2488 hr. Tantalum showed good dynamic cor-
rosion resistance to lead-30 a/o sodium at 750 to 1050°C
for 932.5 hr. Experiments on lithium-tin in both tanta-
lum and molybdenum-30 w/o tungsten are in progress.
Preliminary results are encouraging.

VI. Nuclear Constants (pages 197 to 200)

Measurements of neutron cross sections of materials
important to the fast reactor program are continuing.
Radiative capture cross sections of #K, %Nn, ¥Rb,
and 2¥"Np are presented for monoenergetiec neutrons in
the fast reactor energy region. Experimental results are
compared with calculations based on theoretical con-
siderations. Samples of uranium and plutonium isotopes
are undergoing irradiation in EBR-II in preparation
for experiments designed to measure the eapture-to-
fission ratios of these isotopes. The irradiations will be
completed by February 1967; the samples will then be
returned to Argonne for analysis.

VII. Analytical Research and Development (pages
201 to 203)

The program for the development of analytical
methods for the determination of burnup of fast reactor
fuels and for the measurement of fast fission yields is
continuing. A method for determining burnup by a
total rare earth analysis is being developed. After sepa-
ration from interferences by precipitation and ion ex-
change, the rare earths are determined by a complexio-
metric titration. Using lanthanum as a stand-in for the
rare earth fission products, the compatibility of the
separation procedure and titration has been demon-
strated.

A neutron activation method for the determination of
fission product prascodymium-141 in irradiated nuclear
fuels has been developed. Separation from uranium
and other fission products is cffected by precipitation
and lon exchange; the assay is accomplished by neutron
activation using manganese-35 as an internal flux
monitor.
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Compact pyrochemical processes are nonaqueous
processes that are being developed for the recovery
and purification of both ceramic (oxide and carbide)
and metallic fuels discharged from power reactors. The
pyrochemical processes currently under investigation
make extensive use of liquid metal and molten salt
systems as the processing media. The metal solvent
systems are usually binary alloys of magnesium with
zine, cadmium, or copper. The salt systems consist of
MgCly alone or in combination with alkali and/or
alkaline earth chlorides.

Pyrochemical processes possess certain technological
and economical features which should be particularly
beneficial in fast reactor fuel cycles. Among these fea-
tures are: (1) the ability to accomimodate short-
cooled, high-burnup fuels with a consequent reduction
in out-of-reactor fuel inventories, (2) the avoidance
or simplification of chemical conversions, (3) the use
of small process volumes (and, hence, compact process-
ing equipment which requires a minimum of shielded
space), (4) the direct production of solid radioactive
wastes, and (5) the alleviation of eriticality problems
because of the absence of aqueous solutions. In the case
of metal fuels, the valuable alloying elements in the
fuel can be recovered.

Pyrochemical processing has as its objectives the
following: (1) removal of the bulk of the fission prod-

ompact Pyrochemical Processes’

uets, (2) extraction of the bred plutonium from the
blanket, (3) enrichment of the core with plutonium,
and (4) repair of irradiation damage. These objectives
are achieved through separations of cladding material,
uranium, plutonium, and fission products from one an-
other. Because of the buildup of radioactive isotopes
of uranium and plutonium in recycled fuel, it is un-
likely that direct refabrication of the fuel will be
possible, even with complete removal of the fission
products. Present indications are that the same pyro-
chemieal process, with little or no change in the se-
quence of operations, could handle both core fuel con-
taining about 10 to 20 w/o plutonium and blanket
material containing 5 w/o or less plutonium. Such a
process would be suitable for small processing plants
serving one or several reactors.

Pyrochemical processes that incorporate a salt trans-
port separations step are currently being investigated.
In the salt transport step, fissile and fertile materials
are selectively transferred from one liquid metal solu-
tion (donor solvent) to another metal solution (accep-
tor solvent). A molten salt phase serves as a carrier
for the transfer of solutes between the two liquid metal
solutions. Such processes show promise of good separa-
tions of fission products from plutonium and uranium
and high recoveries of plutonium and uranium.

A. LABORATORY-SCALE INVESTIGATIONS (1. Jounson, R. K. STEUNENBERG,
P. FINEMAN)

Laboratory-seale investigations are being conducted
to provide basie chemical data of process importance
and to originate and evaluate new process concepts.
During the period covered by this report the major
‘ort has been devoted to the further development of

pyrochemical process for fast breeder reactor fuels

LA summary of this section is given on pages 1 to 5,
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which employs a salt transport separation. Salt trans-
port separations (see ANL-7225, pp. 24-25) are based
on the selective transfer of solutes between two liquid
alloys of different compositions by the cireulation of a
fused salt between the two alloys. Chemical studies in
support of salt transport separations include (1) meas-
urements of the distribution of uranium, zirconium,
and thorium between liquid alloys and fused salts and
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(2) measurements of the solubilities of uranium and
zirconium in liquid alloys. Studies were also conducted

1. Conceplual Pyrochemical

A conceptual pyrochemical process flowsheet for fast
breeder reactor oxide core and blanket fuels is outlined
in Figure I-1. This flowsheet differs from the one pre-
sented in the preceding report (ANL-7225, Fig. 1-1, p.
24) in the following two ways: First, a decladding step
is shown in which the fuel or blanket cladding is se-
lectively dissolved in liquid zine, after which the oxide
fuel is separated from the waste zine solution. See-
ondly, after the plutonium salt transpert separation
step, a uranium recovery step is presented in which the
Cu-Mg alloy is decanted from the uranium. The ura-
nium is then washed with liquid magnesium and the

1. Compact Pyrochemical Processes

on the interaction of UO, and UzOs with molten salt
mixtures.

Process for Fast Reactor Fuels

residual magnesium is removed from the uranium by
retorting. The process is designed to achieve the fol-
lowing objectives: (1) plutonium recoveries of 99+ %,
(2) overall fission product decontamination of from
10% to 10%, (3) plutonium-to-uranium ratio in the plu-
tonium produect of unity or greater, and (4) uranium
recoveries of the order of 99%. The process can be used
for core or blanket fuel either separately or together
and, with modifications, is also applicable to carbide
or metallic fuels. The oxide preparation step would be
replaced by a earbide preparation step in the case of
carbide fuels.
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Fia. I-1. Reference Pyrochemical Process Flowsheet for Fast Breeder Reactor Oxide Core and Blanket Fuel. (Cladding material:

stainless steel.)

2. Distribution of Elements Belween Liquid Alloys and Molten Salts

In the pyrochemical processes eurrently under in-
vestigation, the basic separations of plutonium, ura-
nium, and fission product elements are effected through
differences in the distribution behavior of these ele-
ments between liquid alloys of magnesium and molten
salts containing MgCl, . Two types of liquid alloys are
required in the process as currently envisioned, a re-

duetion-partition-donor alloy and an aceeptor alloy.
The potential utility of a given alloy for either of
these uses can be determined from a knowledge of 1

distribution coefficients of plutonium, uranium, a

representative fission produet elements between a mol-
ten salt and the liquid alloy. Two molten salts have
been used, pure MgCl, and a ternary mixture com-
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Fia. 1-2. Eftect of Uranium Content upon Uranium Distribution between Magnesium Chloride and Cu-~5 w/o Mg Alloy of Con-

trolled Magnesium Composition.

posed of 50 m/0 MgCly, 30 m/o NaCl, and 20 m/o
KCL

Distribution coefficients ave experimentally deter-
mined by the following procedure: (a) the liquid alloy
containing the solute under study (e.g., plutonium, ura-
nium) and the molten salt are mixed together at a
given temperature until equilibrium has been estab-
lished and (b) after allowing the two liquid phases to
separate, filtered samples of each phase are taken for
chemical analysis. This procedure is repeated after
changing the temperature, alloy composition, or solute
concentration to obtain the dependence of the distri-
bution coefficient on these variables.

a. DISTRIBUTION OF URANIUM BETWEEN
COPPER-MAGNESIUM ALLOY AND MOL-
TEN MAGNESIUM CHLORIDE—EFFECT OF
URANIUM CONCENTRATION AND TEM-
PERATURE (J. B. Kymearon, R. WoLson)

As previously indicated (ANL-7225, pp. 25-30), a
good separation of uranium from the refractory and
noble metal fission produets can be achieved by the
salt transport of uranium from a copper-magnesium
donor alloy to a high magnesium-low zinc acceptor
alloy. To predict the effectiveness of the salt transport
separation as the uranium concentration reaches low
levels in the donor alloy, as it would toward the end
of the transfer, it is necessary to know the distribution
coefficient of uranium between the transport salt and
the donor alloy at low uranium concentrations.

An experiment has been performed to determine the
dependence of the uranium distribution coefficient on

anium eoncentration. A liquid Cu-Mg alloy (Cu-~5

/o Mg)? was used as the uranium donor and molten

? The magnesium content of this alloy was maintained con-
stant at each temperature by having an excess of solid copper-

MgCl, as the transport salt. Three uranium loadings
in the copper-magnesium alloy were used: 0.1 w/o0, 0.5
w/o and the uranium saturation limit for the donor
alloy at the temperature of interest. Equilibrations
were made at 750, 800, and 850°C at each uranium con-
centration.

Results of this experiment are presented in Figure
1-2. The distribution coefficients were found to have
the values: 0.22, 0.29, and 0.42 at 750, 800, and 850°C,
respectively, and to be independent of the uranium
concentration in the metal phase. The curved line

'—A (Figure 1-2) represents the uranium content of
the equilibrium ternary liquid T-Cu-Mg alloy as a
function of temperature.

b. DISTRIBUTION OF URANIUM BETWEEN 50
m/o MgCl-30 m/o NaCl-20 m/o KCI SALT
AND Zn-Mg ALLOYS (J. B. Kwieuron, R.
Trrrany, K. ToBias)

Zinc-magnesium alloys have been selected as ura-
nium and plutonium acceptors for the salt transport
process. Although the present reference flowsheet (Fig-
ure I-1) does not include a uranium salt transport
step, it is essential to know the uranium distribution
between the transport salt and uranium-saturated ac-
ceptor alloys.

An experiment was conducted to determine uranium
distribution between 50 m/o MgCl-30 m/0 NaCl-20
m/o KCI and uranium-saturated zine-magnesium al-
loys at 600, 700, and 800°C. In the course of this ex-
periment, the uranium solubility in the liquid alloy
was also determined. These solability data are re-
ported below (subsection 3a).

The effects of temperature and magnesium concen-

magnesium solid solution present; thus the liquid remained
at the liquidus composition (see ANL-7225, p. 26).
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TABLE I-1. DisTrisuTiON OF URANIUM BETWEEN MOLTEN
50 m /0 MgCl:-30 m/o NaCl-20 m/o KCl anp Liquip Zinc-
MaceNEsSIUM ALLOY

600°C 700°C 800°C
Zn-6 wjo Mg»
U solubility, w/o 0.17 1.3 6.0
K> 1.3 X 1073 8§ X 107% 2.6 X 1073
Zn-60 w/o Mge
U solubility, w/o 0.04 0.09 0.16
Kgb 5.8 X 107% [6.6 X 1073 | 1.5 X 102
Zn-Mg Alloy with Min-
mum Kb
Mg conc., w/o 24.8 16.7 10.8
K 1.3 X 107* 12.8 X 107* 1 3.6 X 10™*
U solubility, w/o 4.6 11.0 18.0

= An alloy of this composition may be used as both a ura-
nium and plutonium acceptor alloy in a salt transport separa-
tion.

b Ky = (w/o Uin salt)/(w/o U in metal).

¢ An alloy of this composition may be used as either a plu-
tonium donor alloy or a uranium acceptor alloy in a salt trans-
port separation.

TABLE 1-2. Zirconium DisrriBuTiON BETWEEN MgCl: AND
Cu-Mg Arroy ar 800°C

g ) Metal Salt»

ample e

Number Ko

w/o Mg | w/o Zr w/o Zr

1 30.66 3.664 | 3.5 X 10 1 X 107
2 37.52 3.90 1.3 X 10-¢ 3 X 1074
3 42.51 3.28 7 X 1074 2 X 10
4 49.07 2.67 1.2 X 1073 4 X 10

2 Probably represents an upper limit of zirconium concen-
tration in salt phase.

b K, = (w/o Zr in salt)/{(w/o Zr in metal).

¢ Actual K, probably less than reported number.

d Zirconium concentration in alloy believed to be below
solubility limit.

tration upon uranium solubility and distribution are
presented in Table I-1 for three alloys: Zn-5 w/o Mg
(plutonium and uranium aceceptor), Zn-60 w/o Mg
(uranium acceptor or plutonium donor), and the Zn-
Mg alloy for which the distribution coefficient at each
temperature is a minimum. This minimum oceurs at
the alloy composition that provides maximum uranium
solubility.

e. DISTRIBUTION OF ZIRCONIUM BETWEEN
MgCl; AND Cu-Mg ALLOY (J. B. KXIGHTON,
K. R. ToBias)

Data for the distribution of zirconium between
MgCls and zirconium-saturated copper-magnesium al-

loy at 800°C have been obtained. These data (Table
I-2), taken at alloy compositions of 30 to 50 w/o0 mag-
nesium, show zirconium distributing preferentially to
the metal phase. Zirconium concentrations in the
MgCl, are near or below the limit of detection and
thus the zirconium distribution coefficients of about
10—* represent an upper limit., Zirconium concentra-
tions in the copper-magnesium alloy are believed to
represent the solubility limits. The low distribution
coefficients are very encouraging and provide a basis
for a separation of plutonium from zirconium (along
with uranium, niobium, and the noble metals) by the
salt transport process.

Additional experimental work using %Zr tracer
(T1/e = 65 days) will be conducted {o: (1) determine
more accurately the zirconium distribution coefficient
between salt-metal systems used in the reference flow-
sheet and (2) obtain additional zirconium solubility
data at temperatures and alloy compositions of process
interest.

d. DISTRIBUTION OF THORIUM BETWEEN
MOLTEN MgCl,-NaCl-KCl AND LIQUID MAG-
NESIUM ALLOYS (J. Fiscuer, J. J. HEIBERGER)

The potential use of thorium as a fertile material in
a thorium-uranium fuel cycle prompted a preliminary
examination of the distribution behavior of thorium
between a typical uranium donor alloy (copper-mag-
nesium alloy) and a salt and a typical uranium ac-
ceptor alloy (zine-magnesium alloy) and a salt.

The distribution of thorium between 50 m/0 MgCl,-
30 m/0 NaCl-20 m/o KCl and Cu-8 w/0 Mg alloy and
the distribution of thorium between the ternary salt
of the same composition and Zn-10 w/o Mg at 800°C
have been determined. In all these experiments, as
shown in Table I-3, thorium distributes strongly in
favor of the metal phase. The distribution coefficients

TABLE 1-3. DisTriBUTION OF THORIUM BETWEEN MOLTEN
50 m/o MgCl:-30 m/o NaCl-20 m/o KCl anp Cu-Mg ALLoy
orR Zn-Mg ArLroy aT 800°C

Thorium (w/o0)

Distribution
Metal Alloy Coeflicientb
Salt (Ka)

Cu-8 w/o Mg | Zn-10 w/o Mg
2.5 X 107 | 1.51 =+ 0.08 — 1.7 X 1073
2.6 X 107 | 1.51 = 0.08 — 1.7 X 10
2.0 X 1072 | 1.51 =+ 0.08 — 1.3 X 1073
4.0 X 1075 — 0.82 & 0.04 | 4.9 X 10-5
1.7 X 104 — 2.08 + 0.10 | 8.2 X 10—.

= Thorium in salt determined by emission spectrography;
estimated accuracy, 2 times the value.
b K4 = (w/o Th in salt)/(w/o Th in metal).
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(w/0 Th in salt/w/o Th in alloy) at this temperature
are about 10—* for the Zn-Mg alloy and about 103

for the Cu-Mg alloy.
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These preliminary results indicate that uranium
could probably be effectively separated from thorium
using a salt transport process.

3. Solubilities in Liquid Alloys
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Fig. I-3. Solubility of Uranium in Zinc-Magnesium Alloys.

The solubilities of plutonium, uranium, fission prod-
uct elements and structural metals in liquid alloys are
of importance in the choice of suitable donor and ac-
ceptor alloys for the salt transport process, in the de-
termination of the volumes of process streams, and in
the evaluation of corrosion data. Data are presented
on the solubility of uranium in liquid zine-magnesium
alloys and in liquid eadmium-zine alloys.

a. SOLUBILITY OF URANIUM IN ZINC-MAGNE-
SIUM (J. B. Kniearon, R. Tirrany, K. Tosias)

In the course of determining uranium distribution
efficients (see subsection 2b above) between molten
50 m/0 MgCls-30 m/0o NaCl-20 m/o0 KCI and liquid
Zn-Mg alloy saturated with uranium, the solubility of
uranium in Zn-Mg alloys of various compositions was

determined at 600, 700, and 800°C. These data are
presented in Figure I-3, where uranium solubility in
the alloy is plotted as a function of magnesium content
of the alloy; the zine content can be calculated by dif-
ference. The magnitude of the maximum uranium
solubility increases with temperature; the point of
maximum solubility oceurs at lower magnesium con-
centrations as the temperature increases.

These data are in agreement with the results of
Martin et al® * and Johnson et al.’ Extrapolation of
these data to 100% magnesium gives a uranium solu-
bility in magnesium of about 0.027 w/0 at 800°C and

# A. E. Martin, C. Wach, and R. Uble, ANL-6101, p. 66.

*A. B, Martin and C. Wach, ANL-6648, p. 118.

¢ 1. Johnson, K. E. Anderson, and J. Bartos, ANL-6569,
p. 83.
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TABLE 1-4. Sovtsiniry oF URANIUM IN THE
U-Cd-Zn SysTteEM
Four experimental mixtures were tested. Initially, each

mixtiure weighed about 400 g and contained about 4 w/o
uranium.

Composition of
Temperature Liquid Phases (w/o) .

(£2°C) Solid Phases

(°C) . |
T | Zn®

507 2.25 + 0.1 0.0 U
480 2,684 U -+ UCdy.Zn.
502 2.71 =+ 0.04 . U
528 | 2.65 % 0.03b} 1.1+ 0.06°, U
193 2.80 =+ 0.03> | 1.3 + 0.0° U
476 2.37 & o.osbl U+ Cdyy-.Zn,
485 2.72 &+ 0.06 , U
500 | 3.20 = .02 21 = 01 U
528 2.94 % 0.06°) U

a Zine analysis by atomic absorption.

b Average deviation of duplicate samples.

¢ Zine analysis by atomic absorption (limit of detection,
3.8 X 10~% w/o.

d One sample.

e Average deviation of six samples, duplicates at each
temperature.

f Average deviation of eight samples, duplicates at each
temperaiure.

0.011 w/o at 700°C compared to values of 0.023 w/o
at 800°C and 0.007 w/o at 700°C reported by Chiotti
et al.b

8 P. Chiotti and II. E. Shoemaker, Ind. Eng. Chem. 50,
137 (1958).

No attempt was made to isolate and identify the
equilibrium uranium solid phases as this was not
within the scope of the experiment. However, it is be-
lieved that the solid phase in equilibrium with alloys
to the right of the maximum uranium solubility peak
is a-uranium at 600°C, g-uranium at 700°C, and y-
uranium at 800°C. The equilibrium solid phase to the
left of the maximum uranium solubility peak is be-
lieved to be a uranium-zine intermetallic eompound.

b. SOLUBILITY OF URANIUM IN THE U.-Cd-Zn
SYSTEM AT LOW ZINC CONCENTRATIONS
(J. Fiscuer, J. J. HEIBERGER)

A cadmium-zine-magnesium alloy is being consid-
ered as a potential liquid metal solvent for various
pyroehemical separations. In recent work, a portion
of the uranium-cadmium-zine system was investi-
gated to obtain information about the solubility of
uranium? in the ternary system at low zine concentra-
tions. The solubility of uranium in pure cadmium has
been studied by Martin et al;® in the present investi-
gation similar experimental methods and equipment®
were used. The results of thermal analyses showed
that the temperature for the peritectic decomposition
of UCd;; increased from 472 = 2°C to 485 = 2°C as
the zine conecentration was increased from 0.0 to 2.0
w/0, as shown in Figure I-4. The increase in the peri-
tectic transition temperature may be attributed to an
increase in the free encrgy brought about by the sub-
stitution of zine for cadmium in UCdi; to produce
UCdy;—Zn, . The intermetallic phase was examined
by X-ray diffraction. The lattice parameters were
found to be different from those of UCd;; to an extent
which suggests that a solid solution UCdy; _\Zn, is
formed at low zine concentrations. When the liquid
phase was supercooled to initiate the reaction of «-
uranium with cadmium to form UCdy; , the degree of
supercooling decreased with increasing zine concentra-
tion of the mixture as shown in Figure I-4. The change
in degree of supercooling probably results from the
introduetion of zine into the solid phase and that the
smaller zine atom enhances nucleation and brings
about an onset of crystallization of the solid phase at
a higher temperature than that for pure UCdy; .

7 In discussing the solubility of uranium in the ternary
system, it is necessary to refer to two liquidus fields in the
region of low zine concentration. In one field, which is below
the uranium transition temperature, the solid in equilibri
with the liquid is UCd,, . In the other field, which is above '
transition temperature, ¢-uranium is the solid.

8 A. E. Martin, I. Johnson, and H. M. Feder, Trans. Met.
Soc., AIME 221, 789 (1961).

? An exception was the use of tantalum coniainers, and tan-
talum sampling tubes and filters for obtaining liquid samples.
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Fig. 1-5. Uranium-Cadmium-Zinc System.

The data of the present investigation are shown in
Table I-4 and are plotted in Figure 1-5 along with data
previously obtained by Martin, Johnson, and Feder®
and Martin.»® The combined results of the several in-
vestigations show that the solubility of «-uranium
varied at 500°C from 2.4 w/o uranium at 0.0 w/o zine
to 3.0 w/o uranium at 2.1 w/o zine. Below the transi-

tion temperature, for example at 470°C, the solubility
of uranium (solution in equilibrium with UCd;; or
UCdy;-xZn;) decreases on adding zine, and varies from
2.4 w/o uranium at 0.0 w/o zine to 2.0 w/o uranium
at 2.1 w/o zine. The retrograde solubility of a-uranium
found in the U-Cd system® continues in the ternary
system up to at least 2 w/o zine.

4. Chemical Interactions of Uranium Oxides with Molten Salts (D. A. Weng,
R. D. Worson)

Measurements of the eoncentration of uranium in
‘olten salts in equilibrium with solid U0, and Us0s
have been performed in order to help in the under-
standing of the mechanism of the reduction of these
oxides in molten salt-metal systems.

10 A, Martin, ANL-6029, p. 53.

Approximately 5 g of uranium oxide and 200 g of
chloride salt were equilibrated in a erucible under a
helium atmosphere at 800°C with moderate stirring.
Baffled tantalum crucibles and tantalum stirrers were
used in the TO, experiments whereas alumina cruci-
bles and quartz stirrers were used in the UzOg experi-
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TABLE 1-5. UranNivm CoxTENTS OF MOLTEN SALTS AFTER
Contact witg UO; anp U;Og aT 800°C

Uranium Content of
. Salt (w/o)
Salt Composition (m/o)
U002 Uzosb
100 MgCl, 0.029 1.0
Above salt + 5 MgF, 0.015 ——
50 MgCl,-30 NaCl-20 KC1 0.023 0.4
Above salt + 5 MgF. 0.015 —
50 MgCl,-50 CaCl, 0.025 0.4
Above salt + 5 MgF, 0.014 0.4
59 LiCl-41 KC1 0.005 0.2
Above salt + 5 MgF, 0.003 —

a Equilibrium concentration of uranium in salt.
b Compositions of salt after 1 hr contact with U;O0s , which
decreased to lower values with longer contact time.

ments. The salt phases were sampled at equilibration
times of 1, 2, and 4 hr with quartz tubes having porous
graphite filters. After each of the chloride-salt experi-
ments was completed, 5 m/0 MgF, was added to de-
termine the effect of fluoride on the interaction of the
salt with UQO; . The results are given in Table I-5.

The data for UOs show that the concentration of
uranium is essentially the same in the pure MgCls
and the two magnesium chloride-containing melts in
equilibrium with UO,. The addition of 5 m/o MgF,
decreases the uranium concentration to the same level

in all three salts. The uranium concentration in the
LiCl-49 m/o KCl eutectic is much less and is also
lowered by the addition of MgF, . These results are in
agreement with previous measurements which showed
about 0.01 w/o0 uranium in MgCl,-NaCl-KCl salt in
equilibrium with UO, at 500°C.1t

The uranium contents of the salts in contact with
U305 are given only for the first sample, taken at 1
hr, because the uranium content dropped to low values
in later samples. Microscopic and X-ray observations
showed that the solid in equilibrium with the salts at
the end of the experiments was UQ,. Thus, it is ap-
parent that UsOs dissolves to give uranium concentra-
tions in the salts that are initially higher than those
obtained with UO,, then slowly decomposes to UQs.
The following sequence of reactions, based on previous
work on uranium oxide chemistry*? is postulated to ex-
plain these results.

U305 4+ 4 MClL = UTOCL, + 2 GOCL + 2 MO (1)
TO:Cl: = UOLCL + 14 Cl, (2)
UO,Cl = VO, + 14 Cl, (3)

In these reactions, M is an alkali cation; however,
similar reactions are postulated for the alkaline earth
chlorides.

Future studies are planned on the interactions be-
tween plutonium dioxide and molten salts.

B. ENGINEERING-SCALE INVESTIGATIONS (R. D. Pmercr, R. K. STEUNENBERG,
P. FINEMAN)

Engineering studies are being conducted to develop
the technology required for plant-scale application of
pyrochemical processes. The major portion of this ef-
fort is devoted to investigations of process concepts on
a pilot-plant scale, the present emphasis being on salt
transport separations (Figure I-1). These separations
are based on the selective transfer of solutes between
two liquid metal solutions in contact with a molten

salt. Exploratory experiments on salt transport separa-
tions are being performed, pilot-scale equipment is
being developed, and materials of construction are be-
ing evaluated. These investigations are expected to
lead to the design and operation of a pilot plant for
the recovery of plutonium and uranium from simulated
fast breeder reactor fuel.

1. Engineering Studies of Salt Transport Separations (W. J. Wawsu, I. O. Winscs,
T. F. Cannon, J. D. ArnNtzEN, F. G. TEATS)

The engineering development of salt transport sepa-
rations is currently in progress. Recently completed
salt transport experiments continued to be of an ex-
ploratory nature (ANL-7225, pp. 32-35). These tests
had the following objectives: (1) to demonstrate the
feasibility of salt transport separations, (2) to identify
the major engineering problems involved, (3) to de-

termine the fission product decontamination obtain-
able, and (4) to provide a clearer understanding of thi

M. D. Adams, Argonne National Laboratory, private
communieation.

2 D. A. Wenz, M. D. Adams, and R. K. Steunenberg, Inorg.
Chem. 3, 989 (1964).



salt transport step. The five experiments in this pre-
liminary investigation were conducted in pilot-plant
equipment originally used in the studies of the EBR-II
skull reclamation process (ANL-6875, p. 20). Since
this facility was not designed for experimentation with
plutonium, the experiments were restricted to the
transport of uranium.

The feed preparation and the experimental proce-
dure for the experiment were as follows. The feed
charges, containing from 2 to 5 kg of uranium, were
prepared by one of the two following methods: (1)
unirradiated oxides of uranium and inactive represen-
tative fission product elements (zirconium, molybde-
num, palladium, ruthenium, and niobium) were
charged as a suspension in a MgCls-based salt and
then reduced by a Cu-10 w/o Mg alloy (the mag-
nesium concentration of the alloy, after the reduction,
was ~5 w/0), or (2) unirradiated elemental uranium
and inactive fission product elements were dissolved
in liquid Cu-5 w/0 Mg alloy at an elevated tempera-
ture of 925°C. In cach case, the bulk of the uranium
appeared as a finely divided precipitate in contact
with the copper-magnesium donor alloy, thereby simu-
lating process conditions prior to the transport step.
The uranium was incrementally transferred (batch-
transfer method) at 845°C to a liquid Mg-35 w/0 Zn
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aceeptor alloy by alternately contacting the two metal
alloys with a charge of molten MgCly which was pres-
sure transferred through a heated transfer line (ANL-
7225, Figure 1-10, p. 33). Both alloys were contained
in tungsten crucibles. Prior to each salt transfer, the
salt and metal phases were mixed for 4 to 6 min to
promote chemical equilibration and the phases were
then allowed to separate by settling for 5 to 10 min.
After the uranium transfer to the acceptor alloy was
about 99% complete, the alloy was separated from the
precipitated uranium, and the uranium product was
washed with Mg-30 w/o Zn for additional removal of
soluble noble and refractory metals. Following sepa-
ration of the wash solution, the uranium product was
dissolved in a Zn-13 w/o Mg solution which was then
retorted to evaporate the zine and magnesium for re-
covery of the uranium.

Since these five experiments were the first large-
seale salt transport tests attempted, the first few runs
served primarily to provide experience and to allow
the improvement of experimental technicques. The last
experiment of the five, run USTP-5, is believed to be
the most meaningful. The results of this run are given
in Figure I-6, in which the uranium recovery is shown
as a function of the number of e¢ycles completed. The
uranium transferred at a constant rate until the 5th

100

90—

80—

TO—

60

50

40

URANIUM RECOVERY, %

30

“a——— Last of precipitated uranium dissolved
in Cu-Mg alloy

N (N S N N N (N DO B

o 2 4 6 8 0o 12 14 i6 18 20 22 24 26 28 30
NUMBER OF CYCLES COMPLETED

‘8-479
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cycle when the last of the uranium precipitate in the
copper-magnesium alloy dissolved. The transfer rate
then decreased steadily, and a uranium recovery of
about 99% was achieved after a total of 27 cycles. A
similar behavior had been observed in the preceding
runs (ANL-7225, p. 34). The overall removals of fis-
sion product elements were as follows: zirconium,
99.7%; molybdenum, 99.9%; palladium and ruthe-
nium, 99.99% (each); and niobium, 99.999%. The re-
movals are superior to those achieved in the previously
reported skull reclamation processing studies (ANL-
7125, pp. 44 and 45 and ANL-7225, pp. 46-47).

Washing of the precipitated uranium produet was
effective in removing most of the transferred copper
and fission product elements, except for zirconium.
The small amount of zirconium that had transferred
coprecipitated with the uranium and was not appreci-
ably removed by the washes. (Laboratory data indi-
cate that zirconium would not coprecipitate with ura-
nium below the y-transition temperature (775°C) for
uranium.) The highest purity of uranium product
(99.87%) was achieved in the fifth run; the major
impurities were copper and zirconium.

In the earlier experiments of this series, two major

1. Compact Pyrochemical Processes

enginecring problems were encountered (ANL-7225,.
pp. 34-35). The first onc was the control of the mag-
nesium concentration in the donor alloy. Effective
magnesium eontrol was accomplished by maintaining
an cxcess of copper in the systein until most of the
uranium had been transported (ANL-7225, p. 26). The
other problem was the cross-contamination of the two
metal alloys (via entrainment or other mechanisms).
An experiment to study the entrainment phenomenon
revealed that the metal alloy settled rapidly from the
salt phase; however, some uncoalesced droplets may
have accumulated at the metal-salt interface. Entrain-
ment was minimized in the later runs by locating the
transfer tube inlet to decrease vortexing near the
metal-salt interface.

In these experiments, the rate of uranium transport
was limited by the small volumes of the tungsten eruci-
bles used. If 100-lifer vessels were used, 99% of a 10-kg
charge of uranium could be transported in less than 10
cycles, which would require a period of less than 4 hr.
Morcover, in a full-scale processing plant, the uranium
transfer would be managed such that most of the
transfer would be at the maximum possible rate and
the diminishing rate period would be minimized. Cal-
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F1g. I-7. Calculated Rates of Uranium Transfer for Batch-Transfer System.
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Fia. I-8. Calculated Rates of Plutonium Transport for Batch-Transfer Systems.

Calculations are based on the following:

999 completion of donor equilibrations
99% completion of acceptor equilibrations
909% salt transfer efficiency

culated uranium transfer rates (for a saturated donor
alloy) as functions of solution volume and cycle fre-
quency for the batch-transfer method are shown in
Tigure 1-7. If a continuous salt circulation method is

sed, higher uranium processing rates appear feasible
‘\NL—7225, p. 35).

Since these experiments have successfully demon-
strated the engineering feasibility of salt transport

scparations, no additional uranium transport experi-
ments are planned at this time. Equipment is being
constructed for a series of plutonium transport ex-
periments using the bateh-transfer method. In the cur-
rent reference flowsheet whieh incorporates a pluto-
nium transport step (Figure I-1), a Cu-33 w/o Mg
alloy at 600°C is the proposed plutonium donor alloy.
Since all of the plutonium is assumed to be in solution
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in the donor alloy prior to the transport step, no con-
stant rate period (as observed in the uranium ex-
periments) will be encountered, and the plutonium
trangport rate will be primarily dependent on the dis-
tribution coefficient and the salt/metal ratio in the
donor system. This can be seen in Figure I-8 where
theoretical plutonium recoveries for batch contacts
are shown as functions of the number of cycles and the

salt/metal weight ratio for the case of 90% salt trans-
fer efficiency and 99% completion of the equilibration
reactions. As indicated, plutonium recoveries exceed-
ing 99.9% may be achieved in a few cycles for high
salt/metal ratios. The percent recovery achieved is in-
dependent of the amount of plutonium processed for
all cases in which the solubility of plutonium in the
donor alloy is not exceeded.

2. Studies of Extraction Columns (T. R. Jouxsox, F. G. Teats, D. R. Gorta,® P. J. Mack)

Although batch processing methods are being con-
sidered for current pyrochemical processes, continuous
operations in these and future pyrochemical processes
offer some potential advantages. Continuous equip-
ment generally is smaller and requires fewer manipula-
tions than batch equipment. Countercurrent, liquid-
liquid extraction in multistage, packed columns ig
being investigated because this unit operation has util-
ity in a number of pyrochemical flowsheets. Previously
reported preliminary studies of mass transfer rates in
metal-salt systems indicated that countercurrent,
packed columns can be employed in pyrochemical
processes (ANL-7055, pp. 44-45; ANI-7125, pp. 35—
36).

In recent work, a study was made of a counter-
current, liquid-liquid, packed column in which the dis-
continuous phase was a low-melting metal alloy (50
w/0 Bi-29 w/o0 Pb-13 w/0 8n-8 w/0 Cd; m.p., 71°C)
and the continuous phase was water. The objective of
this work was the simulation of a high-temperature
extraction column in which the liquid phases are metal
and salt. Although no mass transfer takes place in the
system being tested, the operation of this column is
useful for two reasons: (1) the system has physical
properties similar to those of a liquid metal-molten
salt system and (2) the low operating temperature
permits use of a glass column that allows visual ob-
servation of the flow of the two phases. Very few in-
vestigations of extractive processes have been reported
with systems that have large density differences and
high interfacial tensions. Metal-salt and metal-water
systems have these properties.

The experimental column was fabricated of glass
pipe and was maintained at an operating temperature
of 85-90°C in a heated glass enclosure. The packed
portion of the column consisted of a 1-in. ID by 24-in.
long section with expanded sections' (to 2-in. ID) at

13 Cooperative Plan student, University of Detroit.

14 The expanded sections are made up of a short transition
fitting and 2-in. ID pipe in which the retainer screen is located.
The expanded sections were added to eliminate flooding that
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Fic. I-9. Pressure Drop in Countercurrent, Metal-Water
System, Packed Column.
Continuous phase: Water
Discontinuous phase: Metal (50 w/o Bi-29 w/o Pb-13 w/o
Sn-8 w/o Cd)
Column (glass pipe): 1 in. ID, 24-in. packed height (nomi-
nal)
Packing: 31 ¢-in. perforated metal saddles
Temperature: 85-90°C

the top and bottom. The column packing was 34 -1
perforated metal saddles which were held rigidly '

had occurred in initial tests at the packing-retainer screens
originally installed in the 1-in. ID pipe.
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Fre. I-10. Flooding in Metal-Water Column. A Comparison with Published Correlations.

Continuous phase: Water

Discontinuous phase: Metal (50 w/o Bi-29 w/o Pb-13 w/o Sn-8 w/o Cd)
Column (glass pipe): 1-in. ID, 24-in. packed height (nominal)
Packing: 3{g-in. perforated metal saddles

Temperature: 85-90°C

the column by retainer screens. The screens prevented
the formation of large voids in the packing that were
found to cause premature flooding. Associated equip-
ment items included supply and receiver tanks for each
phase, and a gas pressure control system for the gas
(nitrogen) used to push the fluids from the supply
tanks, through the column, and into the receiver tanks.
The lines and tanks for the metal and water phases
were heated to 85 to 95°C with resistance wire and the
glass enclosure for the column was heated with re-
sistance heaters. The metal phase entered the top of
the column through a V4-in. dia. tube that released the

etal just above the top packing-retainer sereen. To
prevent water from entering the metal phase receiver
tank, the liquid-liquid interface at the bottom of the
coluinn was maintained at a constant level by con-

trolling the gas pressure in a )ack-leg. The interface
level was monitored by means of a mutual inductance
coil that surrounded the bottom seetion of the column.

Measurements of the pressure drop of the continu-
ous phase® and the limiting flow conditions were com-
pleted. Results of these measurements are summarized
in Figures I-9 and I-10. As shown in Figure I-9, at
constant water flow rate, the pressure drop of the con-
tinuous phase increased linearly with metal flow rate
and then increased rapidly as the limiting flow rate
(flooding point) was approached. In Figure 1-10, ex-
perimentally determined limiting flow rates are com-

15 The pressure drop data were based on a nominal packing

height of 24 in. (1-in. I portion of column) and have not been
corrected for the small amount of packing in the expanded
sections. Future tests will determine what this correction
should be.
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pared to limiting flow rates predicted® by several pub-
lished correlations'™2° that were developed to describe
flooding in water-organic systems. The results indicate
that extrapolations of such correlations to metal-water
systems and presumably to metal-salt systems are not
reliable. Initial measurements of the holdup of the dis-
continuous phase have been made and are being evalu-
ated.

This study is being continued to extend extraction

technology into Hquid metal-molten salt systems and
to obtain data pertinent to the operation of a liquid
metal-molten salt extraction column. A facility is be-
ing built in which countercurrent metal-salt extrac-
tions will be investigated at high temperatures. The
metal-water studies have outlined practical flow rates,
have indicated considerations in the column design,
and should assist in the interpretation of results from
the metal-salt studies.

3. Salt Pump Loop (T. R. Jomnson, F. G. Tears, P. J. Macxk)

The salt pump loop deseribed in the previous report
(ANL-7225, pp. 35-37) has been further operated to
obtain information on the behavior of the pump and
other loop eomponents when exposed to a molten chlo-
ride salt having the nominal composition of 50 m/o
MgCly-30 m/0 NaCl-20 m/o0 KCl. The loop consists
of a centrifugal pump (obtained from Oak Ridge Na-
tional Laboratory), a pressure sensor to measure the
discharge pressure of the pump, a bellows-sealed valve
to throttle the salt flow, an orifice flow meter to meas-
ure the flow rate, and a freeze valve (the molten salt
passes this valve when the loop is filled or drained).
Except for the pump, which is made of INOR-8,*! the
loop and loop components are made of type 304 stain-
less steel.

During this reporting period, the loop was operated
for an additional 850 hr (a total of 1000 hr). In the
1000 hr of loop operation, the average flow rate for
the circulated molten salt was 1 gpm, but flow rates
up to 3.5 gpm have becn obtained. The operating tem-
perature during the first 150 hr was 515°C; during the
next 550 hr, about 550°C; and during the last 300 hr,

10 The following physical properties were used in the calcu-
lations: density (Ib/cu ft), metal (586) and water (62); water
viscosity, 0.32 cp; surface tension (dyne/em), metal (450) and
water (61); packing swrface area, 545 sq ft/cu ft; and packing
void fraction, 0.94.

7 F.R. Dell and H. R. C. Pratt, Trans. Inst. Chem. Engrs.
(London) 29, 89 (1951).

5 J. . Ballard and E. L. Piret, Ind. Eng. Chem. 42, 1088
(1950).

¥ R. R. Breckenfeld and C. R. Wilke, Chem. Eng. Progr.
46(4), 187 (1950).

20 J. W. Crawford and C. R. Wilke, Chem. Eng. Progr. 47,
423 (1951).

2 INOR-8 is a nickel alloy containing 17 w/o Mo, 7 w/o
Cr and 5 w/o Te.

600°C. With few exceptions the loop and its compo-
nents have performed satisfactorily and routinely.

The design features of the pump are being incorpo-
rated into experimental pumps being developed for
pyrochemical process equipment. Although the oper-
ating principle of the induection pressure sensor was
proven, the various designs tried to date have not been
completely satisfactory, and this instrument was
omitted from the loop during the last 600 hr of opera-
tion. The freeze valve has been opened and closed ap-
proximately 40 times, and, although the response time
has increased significantly with operating time, the
valve performs satisfactorily.

Chemical analyses of salt samples taken from the
loop have shown that the iron and nickel contents were
below the level of deteetion of 50 and 10 ppm, respee-
tively. The chromium content of the eirculated salt
appeared to inerease slowly during each run to an
equilibrium level of 60 to 100 ppm. (Chromium was the
corrosion product that was most likely to be found in
the salt because its chloride is thermodynamically
more stable than the chlorides of iron and nickel)
These values represent a negligible amount of corro-
sion in this loop.

Carbon analyses were made of the circulating salt
to determine whether the oil which served as the pump
lubricant and coolant had leaked into the salt. Ap-
parently, the salt was contaminated only once by oil
from the pump, and this was caused by overfilling the
loop with molten salt. However, as the salt circulated
through the loop, the carbon content of the salt de-
creased gradually from a high value of about 200
ppm to a level of 10 to 20 ppm. The oxygen content of
the salt also decreased as the salt was pumped through

the loop.
@
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4, Materials Testing (M. L. KyLg, A. CHANDLER, L. F. Dorsuy, A. RAsHINSKAS, A. SANDERS™)

Liquid copper-magnesium, zinc-magnesium and cad-
mium-zine-magnesium alloys in combination with mol-
ten chloride salts are being investigated as potential
solvent systems for pyrochemical processes. A mate-
rials testing program is being conducted to evaluate
the solubility of various materials of construction for
process applications (see ANL-7225, p. 37). Such items
as crucibles, transfer lines, agitators, and associated
cquipment will be required, and the materials selected
for each application may not necessarily be the same.
The emphasis is currently placed on liquid copper-
magnesium and zinc-magnesium alloys, which are used
as donor and acceptor alloys, respectively, in salt
transport separations (sec Figure I-1). Corrosion rates
of various materials are being obtained, and the inter-
actions between candidate container materials and
solute uranium in liquid metals and molten salts are
also being studied. Although an acceptable corrosion
rate is an essential requirement for the process cquip-
ment, it is also necessary to avoid losses of uranium
and plutonium resulting from interactions with the
process equipment,

a. CONTAINMENT OF Cu-Mg-U HALIDE SALT
SYSTEMS

Corrosion Resistance of Cast Iron to Cu-Mg-U /Salt
Systems. Cast iron?* is being tested for corrosion rve-
sistance to Cu-Mg-U/halide salt systems®* at tempera-
tures from 600 to 850°C and copper concentrations
from 60 to 90 w/0. The results of three previously re-
ported preliminary tests indicated that although the
corrosion rate of cast iron at 800-850°C was aceepta-
ble, uranium was apparently being lost from solution
by reaction with the erucible (see ANL-7223. p. 38).
The analyses of these initial tests have been extended
in an attempt to identify the mechanism and severity
of uranium losses since it might be possible to reduce
these losses to an acceptable level by techniques such
as repeated reuse of the crucible or modifieation of the
alloy composition.

In these preliminary tests, two cast iron erucibles
were exposed to Cu-9.7 w/o Mg-2 w/o Ufhalide salt
systems at 800 and 850°C. One crucible was exposed to
Cu-Mg-U /50 m/o MgCl-30 m/o NaCl-20 m/o KCI
for 170 hr at 800°C and 216 hr at 850°C (386 hr total).
The other crucible was exposed to Cu-Mg-U/MgCl,
for 192 hr at 850°C. Uranium losses were about 50% in

. 22 Analytical Group.
28 Composition (w/o0): 3.48 C, 2.12 8i, 0.405 P, 0.125 3, 0.46
’r, balance Fe.

2t The halide salts are MgCl, and 50 m/o MgCl,-30 m/o
NaCl-20 m/o KCl.

the first run and about 20% in each of the other two
runs. One crucible was saerificed for metallographic
examination and chemical analyses. Metallographic
examination revealed no detectable corrosion except
for the formation of a metal surface film 5 to 15 mils
thick. Electron microprobe and X-ray diffraction
analyses of this film indieated no evidence of the pres-
ence of UgFe or U,Fe even though these compounds
are known to form under similar conditions (see Corro-
sion of Croloy 16-1 by Cu-Mg-U/Salt Systems, be-
low). However, the analyses did show the presence of
a uranium phosphide (cither TP or UP,) in the metal
film. The source of the phosphorus for this reaction is
the small amount (approximately 0.4 w/o) that is
added to cast iron for strengthening purposes. 1f this
is the major mechanism for uranium loss, it is expected
that continued use of a =ingle erucible would result in
smaller losses over an extended period; however, this
might have an adverse effect on the strength of the
crucible. Work on the containment of Cu-Mg-U /halide
salt systems in cast iron crucibles has been temporarily
discontinued and will be resumed when similar tests
on other candidate materials of construction have been
completed.

Corrosion Resistance of Cast CB-30 Stainless Steel
to Cu-Mg-U/Salt Systems. Cast CB-30 stainless steel
in the form of crucibles® is also being tested for eon-
tainment of Cu-Mg-U/AMgCl, systems. Two crucibles
have been tested. One crucible was exposed to a Cu-9
w/o Mg-2 w/o UfMgCl, system at 850°C in three
runs for a total exposure time of 600 hr with no visual
evidenee of eorrosion or deterioration, The second cru-
cible, exposed for 200 hr under similar test conditions,
evidenced comparable results,

TUranium analyses of the metal phases for three of
the four runs are presented graphically in Figure 1-11.
Of the three runs presented on this figure, two runs
(CuMg-9 and CuMg-9B) were performed with new
crucibles. The results of these two runs indicate proba-
ble solute instability, with losses of about 10 and 209,
respectively, of the solute uranium. The results of the
third run (CuMg-9A), performed by reusing the cruci-
ble previously used in run CuMg-9, indicated an ap-
parent uranium loss of about 5%. Reuse of the crucible
appears to result in a more stable uranium solution,
probably because of the formation of a protective
filin which is, at least, somewhat adherent.

25 Chemical composition (w/o): 0.168 C, 0.33 Mn, 1.93 Si,
18.96 Cr, 0.10 N1, balance Fe.

26 Crucible dimensions: 4!3-in. OD by 614 in. high by 14-in.
thick wall, cast with four integral mixing baffles about 3{4 in.
wide extending 7{¢ in. into the crueible.
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Fic. I-11. Stability of Uranium Solute in Cu-Mg-U/MgCl,
System in CB-30 Stainless Steel Crucibles.
Temperature: 850°C
Time (each run): 192 hr
Metal Phase:
Weight (each run): about 2,100 g
Composition: Cu-9 w/o Mg-2 w/o U
Salt Phase:
Weight (each run): about 500 g
Composition: 1009 MgCl,

In run CuMg-9A, a fine black precipitate was no-
ticed in the salt phase at the metal/salt interface.
Several samples of this precipitate werc analyzed by
X-ray diffraction with inconelusive results: the pres-
ence of the MgCl, matrix precluded identification of
the precipitate. An X-ray spectrochemical analysis of
this preecipitate showed the presence of uranium, cop-
per, magnesium, and iron. After water dissolution of a
salt sample to remove the matrix phase, the insoluble
material was identified as TO; and MgO. However,
the water dissolution may have caused the oxidation of
some other uranium compound. A sample taken at the
metal phase/crucible interface and analyzed by X-ray
diffraction showed the presence of UN (major phase)
and UgFe (minor phase).

Since the formation of UN was unexpected, a run
was conducted to determine if the presence of nitrogen
2as, as an impurity in the cover gas (argon) used in
the corrosion tests, could cause loss of uranium from
solution. This run was conducted with an alumina
crucible using tantalum accessories to eliminate the
possibility of a reaction between the uranium in the
Cu-9 w/o Mg-2 w/o U/MgCl, system being tested
and the nitrogen present in steel. Pure nitrogen (at 10
psig) rather than argon was used as the cover gas in

1. Compact Pyrochemical Processes

an effort to accentuate the problem that could arise
from a nitrogen gas impurity in argon. The results of
this run which was conducted at 850°C for 98 hr are
shown in Figure I-12. In this run, samples were taken
only during the early and final portions of the run.
The analytical data indicated that the uranium was
rapidly lost from the liquid metal solution. Salt sam-
ples taken at the same time evidenced a corresponding
decrease in the uranium concentration of the salt
phase, which indicated that the UN formed was not in
solution in either phase.

It is concluded that nitrogen presnt in the gas phase
can cause the loss of uranium from solution as can the
formation of UgFe.

In an effort to determine if nitrogen contamination of
the cover gas had been a problem in previous solution
stability tests of Cu-Mg-U/MgCl, systems, probable
sources of nitrogen contamination were examined.
These were inleakage of air and desorption of nitrogen
from graphite accessory equipment (secondaries and
receivers). Two solution stability runs were conducted
utilizing the same Cu-Mg-U/MgCle system. In the
first run, the only materials in contact with the liquid
metal-molten salt systein were alumina, tantalum, and
tungsten (these materials are believed to be inert to the
process solution) ; the usual graphite accessory equip-
ment was used. In the second run, the graphite acces-
sories were eliminated.

The analytical results of the two runs indicated that
the uranium solute concentration was essentially
stable at a concentration slightly less (by 3.0 and 4.4%,
respectively) than the caleulated theoretical concen-
tration; however, these values are still within the ac-
curacy of the analysis.

Conclusions based on the results of these tests are
as follows. (1) The reaction of uranium with nitrogen
in the cover gas probably has not been a major problem
under the conditions used. (2) The formation of UN
resulted from reaction of uranium with the eruecible.
(3) The major mechanisms for uranium loss were for-
mation of UN and formation of UgFe. The loss of
plutonium in similar runs may be more extensive than
that of uranium since PugFe forms at a lower tempera-
ture (~400°C vs. ~810°C) than does UgFe. Work on
these two alloys has been temporarily suspended pend-
ing testing of other materials which, at this time, ap-
pear promising.

Corrosion of Croloy 16-1 by Cu-Mg-U/Salt Sys-
tems. Croloy 16-127 is a ferritic stainless steel that is
available both as tubing and as pipe. This alloy i
similar in chemical composition to type 405 stainle‘

¥ Chemical composition: 15 w/o Cr, 1 w/o Ni, 1 w/o Mn,
balance Fe and minor constituents.
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Fre. 1-12. Stability of Cu-Mg-U/MgCl, System in a Nitrogen Atmosphere.

Temperature: 850°C

Time: 98 hr
Metal Phase:

Weight: 2400 g

Composition: Cu-9 w/o Mg-2 w/o U

Salt Phase:
Weight: 500 g

Composition: 1009, MgCl,
Atmosphere: N; at 10 psig

Crucible: Alumina

Agitator and thermowell: Tantalum

steel®® which is not readily available in fabricated
forms. Because of favorable experience in the contain-
ment of many molten metal/salt systems by type 405
stainless steel, Croloy 16-1 is currently being tested
for possible utilization as a process transfer line mate-
rial for molten Cu-Mg/salt systems.

Two corrosion tests of Croloy 16-1 were previously
reported (ANL-7225, pp. 39-40). The following corro-
sion rates were observed for specimens exposed to the
metal phase (Cu-9.7 w/o Mg-2 w/0 U): 4 to 16 mils/
197 hr at 800°C, salt phase, 50 m/0 MgCl-30 m/o
NaCl-20 m/o0 KCl; 2 to 10 mils (generally observed)
and up to 100 mils (localized arcas) in 191 hr at 850°C,
salt phase, MgCl, . Metallographic examination indi-

ted that the mode of attack was by the formation

% Chemical composition: 13 w/o Cr, 1 w/o Mn, 0.2 w/o Al,
balance Fe and minor constituents.

of a surface reaction fihn. Electron microprobe analy-
sis of this film showed the presence of UgFe.

A Croloy 16-1 transfer line (1.00-in. OD by 0.120-in.
thick wall) was used in several engineering demon-
stration runs of the salt transport process (see section
1.B.2.). The transfer line was exposed to Cu-Mg-U/
MgCl; and Zn-Mg-U/MgCls salt systems at tempera-
tures of around 800°C for about 60 hr and was used
for approximately 200 salt transfers between the two
metal solutions. Examination of this line after expo-
sure indicated very little corrosion on the inside of the
tube exposed to the molten salt. The end exposed to
the Cu-Mg-U phase showed about 36 mils of corro-
sion whereas the end exposed to the Zn-Mg-U phase
showed about 80 mils of corrosion. It is coneluded
that Croloy 16-1 possesses adequate corrosion resist-
ance to Cu-Mg-U/MgCly systems to allow its use in
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TABLE 1-6. Corrosiox or Low-Carson CoNTENT MoryspExtM aND TZM Arnoy By Cu-Mg-U/HALiDE SaLt SYSTEMS.

Coupons were exposed as agitator blades (2 in. long by 34 in. wide by 0.070 in. thick) attached to a tungsten agitator shaft
rotating at 250 rpm in test solutions contained in an alumina crucible (volume, 2400 ml).

Coupon composition: Molybdenum of low carbon content (0.003 w/o); TZM, a molybdenum alloy containing titanium (0.5 w/o0)

and zirconium (0.08 w/o0).

! Run CuMg-
14 22 15 21 26

Alloy Tested Mo Mo | TZM TZM TZM
Metal Phase

Weight (g) 2400 2000 2700 2000 3500

Composition (w/o) , 89 Cu-9 Mg-2U | 66 Cu-33 Mg-1 U 89 Cu9Mg-2U | 89 Cu9NMg-2U | 8 Cu-9Mg2U
Salt Phase ‘

Weight (g) 500 500 ! 500 500 500

Composition (m/o0) 100 MgCl, 50 MgCl,-30 NaCl- 100 MgCl, 100 MgCl. 50 MgCls-30 NaCl-20

20 KC1 KCl

Time (br) 200 192 200 133 192
Temperature (°C) 850 700 850 850 760
Observed Depth of Cor-
roswon (mm) ,

Metal phase ! <0.01 0.02 0.01 0.02 0.02

Metal/salt interface 0.01 0.11 <0.01 0 05 0.03

Salt phase <0.01 0.19 <0.01 0.01 0.03

Vapor phase 0.01 0.02 <0.01 a 0.02

+ Not tested.

exploratory engineering runs, but it may not be ade-
quate for eventual process use. Other materials will be
tested for this application.

Containment of Cu-Mg/MgCly Systems in Silicon
Carbide Crucibles. Silicon carbide is being considered
as a possible erucible material for pyrochemical proe-
esses because 1t is relatively inexpensive, easily avail-
able and apparently inert to process solutions. The
Carborundum Corporation is now developing a high-
density form of silicon carbide which may eliminate
the salt leakage problem that has previously prevented
the use of silicon carbide in process application. Leak
tests of a high-density silicon carbide crucible (6-in.
OD by 5-in. ID by 4-in. height) were carried out. In
the first test, it held water for 72 hr without noticeable
leakage. In another test, this same crucible also suc-
cessfully contained a Cu-9 w/o Mg /MgCl, salt system
for 171 hr at 850°C without noticeable salt or metal
leakage. The crucible will now be retested in a uranium
solution stability experiment.

Corroston of Type 304 Stainless Steel in Cu-Mg-
U/MgCls Systems. Type 304 stainless steel was tested
for corrosion resistance to a Cu-9 w/o Mg-2 w/o
U /MgCl, salt system in a 192-hr run at 850°C. The
material was tested as 0.031-in. thick agitator blades.
Four blades were located on the shaft so that each
blade was exposed to onc of the following phases:
metal, salt, metal/salt interface, and vapor. Inspection

29 Product of United States Steel Corporation.

of the coupons after cxposure showed the following.
The metal-phase sample had completely disintegrated.
Portions of the sample exposed at the metal/salt inter-
face evidenced attack in excess of 16 mils (the half-
thickness of the specimen). The sample exposed to the
salt phase was still intact and metallographic exam-
ination indicated the formation of a 4-mil thick reac-
tion film (probably an intermetallic compound) of
unidentified composition. The reaction film tended to
be nonadherent and, therefore, would be ineffective in
preventing further corrosion. The vapor phase sample
evidenced a similar reaetion film to a depth of only
about 0.2 mil.

It is concluded that type 304 stainless steel is not a
desirable container material for Cu-Mg-U/MgCl, sys-
tems at 850°C.

Corrosion of Tenelon Steel by Cu-Mg-U/MgCl,
Systems. Tenelon? steel (18 w/o Cr, 15 w/0 Mn, 0.75
w/o (max) Ni, 0.1 w/o C, balance Fe and minor alloy-
ing elements), which is austenitic in structure (as is
type 304 stainless steel), is currently being tested as
a candidate material for containment of Cu-Mg-U/
MgCls systers.

Tenelon was tested as agitator blades, which were
used to stir a Cu-9 w/o Mg-2 w/o U/MgCl, salt sys-
tem for 192 hr at 850°C. Four speecimens, 0.077-j
thick, were used; each specimen was located on t
stirrer shaft so that it was exposed to a separate phase.

Metallographic and chemical analyses were per-



formed to determine the extent of corrosion. Corrosion
rates of the various coupons and their locations were
as follows: vapor phase, none detected; metal/salt
interface and salt phase, ~3 mils; metal phase, ~5
mils (general) and ~12 mils (localized). The salt and
metal phases were analyzed for manganese. None was
detected in the salt phase; the amount found in the
metal phase (~0.5 g) would account for an attack of
about 5 mils on the coupon (if uniform dissolution is
assumed), an amount that is in agreement with the
measured value. Uranium analyses during the run were
inconclusive; the indicated loss (~3.8%) may be real,
but the difference is within analytical variation.

It is concluded that even though Tenelon stainless
steel possesses some usefulness in containing Cu-Mg-
U/MgCls systems, it will be slowly attacked, probably
by both the dissolution of the contained manganese
and the formation of a uranium intermetallic com-
pound.

Corroston Resistance of Low-Carbon Content Mo-
lybdenum and TZM Alloy to Cu-Mg-U/Halide Salt
System. Both molybdenum of low-carbon content
(0.003 w/0) and TZM alloy (0.5 w/o Ti, 0.08 w/o0 Zr,
balance Mo) are being tested for corrosion resistance
to Cu-Mg-U/halide salt systems. These alloys are be-
ing tested because of their good high-temperature
properties, reported corrosion resistance to a variety of
molten salts and liquid metals,*® and good fabrication
properties.

Specimens of these materials, as agitator blades,
were exposed to Cu-Mg-U/halide salt systems. The
test conditions and results are presented in Table I-6.
In the TZM runs conducted with Cu-9 w/0 Mg-2 w/o
U/MgCly at 850°C, and the one run performed with
Cu-9 w/o Mg-2 w/o U/MgCly-30 m/o NaCl-20 m/o
KCl at 760°C, the alloy performed well. In four of the
five runs, corrosion rates were low; the corrosive at-
tack appeared principally at the ends of the rotating
agitator blades. In the remaining run, carried out with
Cu-33 w/0 Mg-1 w/0 U/MgClp-30 m/0o NaCl-20 m/o
KCl system at 700°C, molybdenum specimens exposed
to metal/salt interface and salt phase were severely
corroded. The reason for the observed high corrosion
rate is unknown since the lower temperature and de-
creased copper concentration were expected to reduce
the corrosiveness of the system. The possibility that
the ternary salt is more corrosive to molybdenum than
is pure MgCl, is currently being investigated.

It is concluded that TZM alloy and molybdenum

ay be usable as a material of construction for salt

‘ansport separations, but more extensive testing of

30 F, B. Nair and J. Z. Briggs, Corroston Resistance of Molyb-
denum and Molybdenum Base Alloys, Climax Molybdenum
Company of Michigan Technical Note, January 1964.
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TABLE I-7. Corrosion oF Low-Carson CoNTENT MOLYB-
DPENUM AND TZM ArvLoy BY Zn-Mg-U/HariDE
SALT SYSTEMS

Coupons were exposed as agitator blades (2 in. long by
34 in. wide by 0.070 in. thick) attached to a tungsten agitator
rotating at 250 rpm in test solutions contained in an alumins
crucible (volume, 2400 ml).

Coupon composition: Molybdenum of low carbon content

0.003 w/o); TZM, a molybdenum
alloy containing titanium (0.5 w/0)
and zirconium (0.08 w/0).

Run SRP-
23 24 25
Alloy Tested TZM TZM Mo
Metal Phase
Weight (g) 1200 1200 3200
Composition (w/o) | 35 Zn-64 87 Zn-10 M4 Zn-5
Mg-1U Mg-3 U Mg-1 U
Salt Phase
Weight (g) 500 500 500
Composition (m/o) | 100 MgCl, | 100 MgCl, | 50 MgCl.-
30 NaCl-
20 KCl
Time (hr) 200 195 192
Temperature (°C) 850 750 700
Observed Depth of Cor-
roston® (mm)
Metal phase <0.01 0.07 0.26
Metal/salt interface <0.01 0.07 0.23
Salt phase <0.01 0.01 b
Vapor phase <0.01 b 0.01

a The corrosion mechanism appears to be a dissolution of
the molybdenum.
b Not tested.

the two materials is required. TZM and molybdenum
crucibles (4%-in. OD by 63% in. high by 0.075 in.
thiek) are ecurrently being fabricated for testing.

b. CONTAINMENT OF Zn-Mg-U/HALIDE SALT
SYSTEMS

Corrosion Resistance of Low-Carbon Content Mo-
lybdenum and TZM Alloy to Zn-Mg-U/Chloride Salt
Systems. Molybdenum of low carbon content and TZM
alloy are also being tested for containment of Zn-Mg-
U/halide salt systems. In these tests, molybdenum
and TZM coupons in the form of agitator blades were
exposed to Zn-Mg-U/chloride salt systems. The test
conditions and results of tests performed to date are
presented in Table I-7.

The low corrosion rates of TZM alloy exposed to the
Zn-64 w/o Mg-1 w/o U fMgCl, system at 850°C and
to the Zn-10 w/0 Mg-3 w/o0 U /MgClz system at 750°C
are considered very encouraging and further testing of
TZM alloy will be performed. The reason for the high
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corrosion rates observed for molybdenum exposed to
the Zn-5 w/o Mg-1 w/o U/MgCl:-30 m/o0 NaCl-20
m/o KCI system at 700°C is uncertain. However, the
high rate is believed to be due either to the increased
zine concentration of the metal phase or to increased
corrosiveness of the ternary salt. These effects will
be investigated further.

In these tests, the TZM and molybdenum coupons
exposed to the metal phases lost their normal room-
temperature duetility. The reason for this loss in
ductility is not fully understood, since metallographic
examination revealed no observable molybdenum
leaching, structural changes, or obvious interstitial ele-
ment pickup. Hardness tests taken before and after
exposure showed no measurable difference on any sam-
ple. It is suspected that this apparent loss of duetility
is a result of increased notch sensitivity of the metal
after wetting by the liquid metal phase.

Corrosion Resistance of Croloy 9M to Zn-My-
U/MgCly Systems. Croloy 9M is a ferritic stainless
steel similar in ecomposition to Croloy 16-1 except for
the lower chromium content (9 w/o vs 16 w/0). This
material was tested for possible application as a trans-
fer line in salt transport separations. The Croloy 9M
was exposed to a Mg-35 w/o0 Zn-2 w/o U/MgCl, sys-
tem at 850°C for 100 hr as agitator blades; one blade
was exposed to the metal phase, one to the metal/salt
interface, one to the salt phase, and one to the vapor
phase. Corrosion of the samples from the metal phase
and metal-salt interface was severe (penetrations of
1.1 and 0.9 mm, respectively) whereas that of the
samples from the salt and vapor phases was slight
(0.04 mm and 0.03 mm, respectively). These results
suggest that Croloy 9M is an acceptable material for
use with molten MgCls but not for liquid zine-mag-
nesium alloys, except for very short periods of time.

C. PROCESS EQUIPMENT DEVELOPMENT—SKULL RECLAMATION PROCESS
(G. J. BerngrEiN, R. K. StEUNENBERG, P. FINEMAN)

At the conclusion of the EBR-II melt refining opera-
tion, a residue (skull) containing uranium remains in
the processing crucible. A process has been developed
and successfully demonstrated for reclaiming the ura-
nium from the skull and removing a large fraction of
the included fission products (ANL-7225, pp. 42-47).
The recovered uranium is returned to the melt refining
process as make-up material. The skull is initially con-
verted into a free-flowing oxide powder in a skull oxi-
dation furnace, which is now in use in the EBR-II
Fuel Cycle Facility (see ANL-6900, pp. 116, 118-120).
Plant-size equipment for processing the skull oxides in
the Fuel Cycle Facility has been built and tested by
this Divigion. The equipment is sized for operation on
about 5.8 kg of skull oxide (~5 kg of uranium oxide),
which is equivalent to the amount of skull material
produced in about seven normal melt refining skulls.

The skull reclamation process consists of the follow-
ing operations. (1) The oxidized skull material is
charged to a molten halide salt flux, the salt phase is
contacted with liquid zine to extraet the noble metal
fission products, and the zine phase is removed. (2)

The salt phase is then contacted with a magnesium-
rich Zn-Mg alloy which reduces the uranium oxides to
metal. Metallic uranium, which has a very low solu-
bility in the Zn-Mg alloy, precipitates from solution.
The salt and the supernatant alloy, which contain most
of the remaining fission products, are transferred off
as wastes. (3) The uranium product is redissolved in a
zinc-rich Zn-Mg alloy and the solution is transferred
to a mold. (4) The resulting U-Zn-Mg ingot is retorted
to remove zine and magnesium, and the metallic ura-
nium product is consolidated by melting.

Two furnaces are required for the process: (1) a
reduction furnace where the noble metal extraction,
oxide reduction, and uranium redissolution steps are
performed, and (2) a retorting furnace where solvent
metals are vaporized from the uranium and the ura-
nium sponge is melted. Although installation of the
reduction furnace and retorting furnace in the Tuel
Cyecle Facility has been postponed (ANL-7225, p. 46),
the retorting furnace will be used at Argonne, Illinois,
to investigate retorting operations in other pyrochemi-
cal processes.



(. Process Equipment Development—Skull Reclamation Process 39

1. Skull Oxide Reduction Furnace (W. MiLLER, J. LENc, J. Workorr, R. Pavr,

P. KeisaHEIMER,” E. JOHNSTON)

In the preceding semiannual report (ANL-7225, pp.
43-44) the results of the direct examination®? of the
skull oxide reduction furnace at the conclusion of the
first series of runs (SRR-2 through SRR-10) were re-
ported. That examination revealed an accumulation of
flux and oxides on the interior surface of the tungsten
crucible wall. This material was removed manually in
preparation for the next series of runs (SRR-11
through SRR-18; ANL-7225, pp. 44-47). Following
the completion of the latter series, an attempt was
made to recover accumulated material by a method
suitable for remote operation. A recovery procedure
involving chemical treatment was tested. The furnace
was charged with a Zn-13 w/o Mg alloy (30 kg) and
sufficient salt mixture (70 kg of 47.5 m/o MgCl,-47.5
m/o CaCle-3 m/o CaFs) to almost fill the tungsten
crucible so as to provide contact with most of the in-
terior surface of the crucible. This alloy and salt mix-
ture were agitated for several hours at 800°C and then
discharged. Approximately 350 g of uranium was re-
moved with the zine-magnesium alloy, an amount that
represented about 1.1% of the total uranium charged
in the last series of runs. An equivalent amount was
subsequently removed during a direct manual cleanout
of the furnace after the inert-atmosphere enclosure in
which it is located was returned to air, Overall ae-
countability of the 32.5 kg uranium charged in the
eight runs was about 97.8%. Accountability of less
than 100% is attributed to possible bias in obtaining
small representative samples of large volumes of non-

homogencous process streams. Recovery of uranium in
the product stream of runs that closely followed the
process flowsheet was about 92.6% and is adequate for
the process (see ANT-7225 pp. 46-47). This uranium
recovery from skull oxides combined with melt refining
pouring yields of 93% would result in an overall ura-
nium recovery of greater than 99%.

Direet examination of the furnace revealed that
foaming and overflow of a portion of the salt flux had
oceurred during the chemical treatment or wash run.
This salt had solidified in the annulus between the
tungsten crucible and the Hastelloy C furnace shell.
Consequently, when the furnace eooled cracks devel-
oped in the Hastelloy C furnace body and in the tung-
sten erucible which are attributed to stresses resulting
from the presence of the solid salt layer and the
greater contraction of Hastclloy C as compared with
tungsten.

The foaming and overflow of the salt is attributed to
the fact that an unusually large quantity of salt was
used which may not have been cntirely free of mois-
ture. Under standard flowsheet conditions such foam-
ing would not occur, The mechanical performance of
the equipment during the two series of runs was reli-
able and reproducible.

Testing of the reduction furnace and auxiliaries was
considered completed after run SRR-18. Since a de-
cision had been made earlier to postpone installation
of the skull reclamation equipment in Idaho, the
furnace is not being rebuilt at the present time.

2. Recovery of Uranium Product by Retorting (J. Lenc, W. Mitrer, J. WoOLKOFF,
M. Svaweckr,” R. Pauvr, P. Kersueiver,” E. JoHNSTON)

In the EBR-II Skull Reclamation Process, the final
process stream from the skull oxide reduction furnace
1s about 8 liters of a Zn-12 w/o Mg-12 w/0 U solution
weighing approximately 36 kg and containing about 4
kg of uranium. Retorting equipment has been devel-
oped for recovering uranium from this solution in a
form suitable for use as a supplementary feed material
for the melt refining process. Recovery of the uranium
1s achieved by distilling off the zinc and magnesium.
To date, development of this retorting cquipment has
been dirccted specifieally toward uranium recovery in

31 Design Group.
‘32 The inert-atmosphere enclosure in which the equipment
was located was returned to an air atmosphere to permit di-
rect examination and maintenance of equipment, afier which
the enclosure was returned to an argon atmosphere.

the reprocessing of EBR-II fuel. A similar recovery
procedure may be applicable to other pyrochemical
fuel reprocessing schemes currently under considera-
tion. The plant-scale (4 to 4.5 kg U) retorting equip-
ment has been previously deseribed (ANL-7175, pp.
18-22).

In recent work, twenty-two additional runs (PSR-26
through PSR-47) were completed in the plant-scale
retorting unit located in the large argon-atmosphere
enclosure. The approximate composition of the charge
material was Zn-12 w/o Mg-1 to 12 w/o U and total
charges ranged from about 11 to about 37 kg. All runs
were conducted at a nominal pressure of 10 torr in
thixotropically cast beryllia crucibles. The bulk of the
volatile zine and magnesium metal was distilled at
temperatures of 650 to 750°C. Vaporization of the re-
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TABLE I-8. Prrrorvaxce or TrHIXOCAST BERYLLIA
CrroiBLes® 1X Rerormine Rons

Number of

Crucible Identification Retorting Runs

Original Thixocast BeOb 10

Be(O No. 1 7

BeO No. 7 10

BeO No. 8 6

BeO No. 9 6

BeO No. 14 6

Total 45

+ Purchased from The Brush Beryllium Company of Elmore,
Ohio.

b The first plant-scale thixoeast beryllia retorting crucbile
purchased from The Brush Beryllium Company prior to their
subcontract arrangement with this Division to invesiigate
variables in the fabrication of plant-scale retoring erucibles
(ANL-7225, p. 49).

maining velatile material and liquation of the uranium
product were achieved by increasing the temperature
to 1150-1200°C for about 45 min. The average dis-
tillation rate in the recent runs ranged from about 30
to 50 g/min.

Satisfactory containment of the zine and magnesium
vapors within the retorting apparatus was achieved in
all of the twenty-two latest runs. Of the total zine
and magnesium (459 kg) distilled in these runs, only
1.27 w/0 escaped from the graphite enclosure. Of this
amount, 0.87 w/0 was condensed on the Fiberfrax in-
sulating sleeve and 0.4 w/o was unaccounted for. In
these runs, essentially all of the retorted product was
in the form of a consolidated ingot which was dumped
out of the beryllia crucible with ease. Small quantities
of produet material which adhered to the inner surface
of the crucible were recyeled to succeeding runs.

The twenty-two current runs were conducted in four
different thixotropically cast (thixocast) beryllia
crucibles.®® Nine of the runs (PSR-26 through PSR-
34) were made in the same crucible, designated by the
fabricator as BeO No. 7, that had been previously used
in one run (PSR-25, ANL-7225, p. 50). One of the

runs (PSR-35) was made in a crucible, designatet.
BeO No. 1, that had been used in six previous runs
(PSR-14, -16, -21, -22, -23, and -24, ANL-7225, p. 49).
Of the twelve remaining runs of the recent series, six
runs (PSR-36 through PSR-41) werc made in a cruci-
ble designated BeO XNo. 14 and six runs (PSR-42
through PSR-47) were made in a eruecible designated
BeO No. 8.

A tabulation of the number of retorting runs con-
dueted in the varicus thixocast beryllia crucibles tested
to date is shown in Table 1-8. All six of the erucibles
listed in this table have performed successfully in con-
taining the bulk of the retorted uranium product and
are still intaet. After each retorting run, a small quan-
tity of uranium was found in the annular space be-
tween the beryllia erucible and its graphite secondary
container. The presence of uranium in this annulus is
attributed to seepage of the Zn-Mg-U retorting solu-
tion through the crucible wall. In a series of six runs
(PSR-42 through PSR-47) conducted in the same
thixocast erucible (BeO No. 9) using full-scale (about
35 kg) charges, the total weight of uranium found in
the annulus amounted to about 65 grams or approxi-
mately 0.31 w/o of the total retorted product.

Summary. The reliable operation of the retorting
furnaee has been established in the course of the 45
runs made with wunirradiated uranium-containing
charges. The containment of the zine and magnesium
vapors within the distillation apparatus has been satis-
factory. Of the 12 plant-seale beryllia crucibles which
were to be supplied by The Brush Beryllium Company
under their development contract (sece ANL-7225, pp.
49-50}, five have been tested, as indicated in Table
I-8. The crucibles that have been tested were found 1o
be durable, and the release of the retorted uranium
ingot was readily achieved. The slight amount of solu-
tion seepage is not considered significant from a proc-
ess standpoint; the uranium found in the annulus could
be recovered if necessary. Since the plant-scale beryllia
crucibles appear to be satisfactory for their intended
use in retorting operations, the development contract
with The Brush Beryllium Company is being termi-
nated.

3. Removal of Uranium from Metal Crucible by Hydriding (J. Lenc, W. MILLER)

In the current reference flowsheet for pyrochemiecal
reprocessing of fast reactor core and blanket material
(Figure I-1), about 50 kg of uranium product will be
accumulated in one of the process crueibles. The bulk
of the uranium is expected to be in the form of a pre-

3 A product of The Brush Beryllium Company, Elmore,
Qhio.

cipitate enveloped in a matrix of residual magnesium

pos=ibly covered by a thin layer of flux. This material

is expected to adhere tenaciously to a metal erucible.
The use of a hydriding procedure is being considere

for removing the uranium from the erueible. Removb

by melting is presently not feasible since molten ura-

nium will react with metallic crucibles suitable for the
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erochemical process. Dissolution of the uranium as a
Zn-12 w/o Mg-12 w/e U solution which could be
transferred from the metal erucible into a beryllia re-
torting crueible is undesirable because of the large
quantity of zine-magnesium that would have to be
removed by retorting.

Previous cxperiments (see ANL-7055, pp. 68, 70)
showed that under certain conditions it is possible to
break up a uranium-rvich mixture by hydriding the

uranium and thereby facilitate removal of the material
from a metal crucible. If removal of uranium-rich
material from the erucible following a hydriding step
can be demonstrated for the ecurrent reference flow-
sheet, only the relatively small amount of magnesium
and residual flux present would have to be removed by
retorting. Equipment for the preparation of uranium
precipitates and the testing ¢f hydriding procedures is
being set up.

4. Absorption of Molten Salts by Fiberfrax (W. Micrer, R. Pavr)

In the course of plant-scale reduction furnace runs
it was found that molten salts readily wet Fiberfrax®*
and are absorbed while molten metals do not wet (see
ANL-7225, pp. 43, 45-46). A simple trap made of
Fiberfrax was used in some of the runs to remove the
small amount of residual flux which transfers with the
final liquid metal product. An application for salt ab-
sorption in a molten salt-molten metal process may lie
in its use to remove small quantities of residual flux in
erucibles which contain molten metal product solu-
tions.

Several tests have been performed to measure the
absorption of molten salt by Fiberfrax. Cylinders
(rods) of low-density Fiberfrax (0.3 g/em?®), 17 in.
long and ¥3 in. in dia., were cut from flat stock by core
drilling. The rods were outgassed under vacuum at
700°C and then supported vertically over a molten salt
bath with one end submerged in the bath to a depth of
1 in. The salt consisted of 62 m/0 CaCls-38 m/0 NaCl
in which 1 w/o each of PhCl, and CdCl; was dissolved.
The rods and the salt bath were maintained at 700°C.
Following a given period of submergence, the rods
were withdrawn from the bath and cooled. Each rod
was sectioned into wafers which were weighed to de-
termine salt content. The quantity of salt found in the
bottom section of each rod was assumed to be the
maximum quantity of salt which the rod could hold
and is designated as the saturation quantity. The salt
content at saturation was 6.5 g salt/g Fiberfrax or 2.0
g salt/em?® Fiberfrax. The distribution of salt along two
low-density Fiberfrax rods after immersion periods of
5 and 10 min is shown in Figure I-13. Wafers cut from
the ends of the rods will be examined for evidence of
any scgregation of lead and cadmium salts which
would indicate some form of ehromatographie separa-
tion.

A similar test was made with a higher density Fiber-
frax rod (0.5 g/em?®), 29 in. long and % in. in dia.,

Q‘“A mineral fiber material consisting of approximately
¢, alumina and 499; silica manufactured by Carborundum
“o. The material used in the tests was molded from the fiber
by Refractory Products Co.
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Fra. I-13. Absorption of Salt by Low-Density Fiberfrax.

Rod Dimensions:
Fiberfrax Density:
Salt Composition:

Saturation:
Immersion Time:
Temperature:

54-in. dia. by 17 in. long; 2 rods

0.3 g/em?

62 m/o CaCl;-38 m/o NaCl containing
1 w/o each of PhCl; and CdCl.

6.5 g salt/g Fiberfrax

5 or 10 min

700°C

which was immersed for 22 hr. Examination of samples
cut from the rod showed that the limiting height to
which the salt would travel had not been reached. The
distribution of salt in the higher density Fiberfrax rod
is shown in Figure I-14. Measurement of the quantity
of salt in the lowest section showed the saturation con-
tent was 3.5 g salt/g Fiberfrax or 1.7 g salt/em® Fiber-
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Fra. I-14. Absorption of Salt by High-Density Fiberfrax.

Rod Dimensions: 34-in. dia. by 29 in. long

Fiberfrax Density: 0.5 g/em?

Salt Composition: 62 m/o CaCl,-38 m/o NaCl containing 1 w/o each of PbCl; and CdCl,

Saturation: 3.5 g salt/g Fiberfrax
Immersion Time: 22 hr
Temperature: 700°C

frax. The less dense Fiberfrax was found to hold more
salt at saturation on a volume basis as well as on a
weight basis. Additional tests are planned to obtain

information on rates of salt absorption and to measure
the performance of Fiberfrax rods in removing a mol-
ten salt layer from the surface of a molten metal.

D. FUEL CYCLE FACILITY OPERATIONS (C. E. Stevexson, M. J. FrLpman,
D. C. Hampson)®

In order to meet the fuel requirements of the Ex-
perimental Breeder Reactor-I1, process operations in
the adjacent Fuel Cycle Facility (FCF) were in-
creased. For the six-imonth period ending Oectober
1966, 83 discharged reactor subassemblies were proc-
essed and 70 subassemblies were refabricated for re-
turn to the reactor.

A continuation of the study of the variables of time
and temperature in the melt-refining process indicated
that 2.5 to 3.0 hr of liquation at 1400°C arc required
for more than 98% removal of alkali, alkaline earth,

35 Idaho Division.

and rare earth fission products. The removal of cerium
is the limiting factor; a removal of as low as 77% was
observed in a 2-hr liquation period at 1300°C.

In the removal of Vycor glass molds from injection
cast fuel elements, a small amount of fuel alloy ac-
companies the erushed glass. Arrangements have been
made with the Idaho Chemical Processing Plant to re-
cover the uranium from this fissium alloy by HNO,
leaching.

Post-irradiation examination of Mark IA fucl [13
in. long pin, enriched uranium (~52 a/o 235U) -fissi
alloy] has indicated a somewhat higher rate of swelling
than that observed for the Mark I fuel [14.22-in. long



pin, enriched uranium (~48 a/o0 235U -fissium alloy],
and approximately the same maximum burnup limita-
tion. Marked differences have been observed in the
swelling behavior of various batches of recycled fuel
alloy, which appear to be related to the process steps
which precede casting. Causes for this behavior are
not yet understood but various possibilities are being
examined.

A summary of operating and malntenance experi-
ence with the electromechanical manipulators and
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cranes used in the Facility shows generally excellent
performance. Over several years of use, the time of
actual operation per manipulator unit for each of the
various motions (grip, rotation, hoist, bridge travel,
and earriage travel) has varied from 120 to 640 hours
(the grip and grip rotation show the least usage, and
the bridge travel shows the largest). A wide variety of
repairs has been effected, either remotely or after re-
moval from the cell.

1. Summary of Process Operations in the Fuel Cycle Facility (M. J. FELDMAN,
D. C. Hampson)”

Process operations were carried out at an increased
rate as compared with the preceding period (ANL-
7225, pp. 54-55), which was the capacity of the Fa-
cility with the manpower then available. Maintenance
efforts were required for the repair of manipulators
and process equipment. The cooling system for the
Air Cell storage pits was extended by remote installa-
tion of the necessary piping, and the number of pits
containing inserts for the storage of subassemblies was
increased from 4 to 9 (ANL-6605, pp. 26-27). Process
operations are summarized in Table I-9.

TABLE I9. StmMmary or Furet CycLe FaciLity
Process OPERATIONS

(May 1966 through October 1966)

Operation No. of Units
Irradiated subassemblies cleaned of sodium and 83
dismantled |
Fuel elements decanned, ineluding process re- 7802
jects
Melt refining ingots produced from discharged 47
reactor fuel
Total melt refining ingots produced, including 79
recycled material
Injection casting operations 78
Injection castings produced 8000
Acceptable ecast pins produced 7077
Fuel elements assembled and welded 7596~
Fuel elements passing leak test 7161+
Fuel elements bonded and passing bond test 6132
Subassemblies fabricated 70

2 Ineluding 151 fuel elements fabricated at Argonne, 1lli-
nois (less than 151 in subsequent steps; see ANL-7225, p. 55).

2. Processing Irradiated Fuel by Melt Refining (R. M. Fryer)®

Volatile and cliemically aetive fission products are
removed from discharged fuel by holding the molten
tuel alloy in contact with a ZrQ. crucible and separat-
ing the purified alloy from the dross (or skull) formed
by pouring the alloy from the crucible. Melting is ef-
fected by induction heating of a graphite susceptor
which supplies heat to the crucible.

a. EFFECT OF MELT-REFINING VARIABLES ON
FISSION PRODUCT REMOVAL

Qn a continuation of earlier studies (ANL-7125, p.
) aimed at defining minimum process conditions for
melt refining, the effect of liquation teinperature on
fission product removal was investigated. A series of

two-hour runs was made with irradiated fuel (average
burnup, 0.25 to 0.85 a/0) in which the liquation tem-
perature was varied between 1300 and 1400°C. As
shown by the results listed in Table 1-10, cesium and
barium were removed to the extent of 99.9% or more
at 1350°C, Only 89 to 97% of the cerium was removed
at this temperature; a temperature of 1400°C was re-
quired for 99.9% removal of cerium in this series of
runs. At 1300°C, only cesium was removed to a high
extent (99.5% ).

Addilional analytical data from run MR-47 indi-
cate that technetium acts similarly to molybdenum,
ruthenium, palladium, and rhodium during melt refin-
ing, in that its concentration is but little affected. The
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concentration of technetium was slightly higher in the
refined ingot than in the charge, indicating that the
technetium did not reaet with the ZrO, crucible.

In anocther series of melt-refining runs conducted at
a liquation temperature of 1400°C, data on fission
produet removal have been obtained for various liqua-
tion periods. The analytical results show 989 or better
removal of barium, cesium. and iodine for liquation
periods of 0.25 to 4.0 hr. Data for cerium indicate that
its removal is time-dependent at this liquation tem-

TABLE 1-10. ErrFect oF VARIATIONS IN LIQUuarioa
TEMPERATURE ON Fission Propucr Removal
IN MeLr REFINING

Charges: 10.1 to 11.3 kg which consisted of 0.5 to 1.1 kg
make-up alloying material (uranium and noble
metals), balance decanned irradiated fuel (ex-
cept 0.9 kg reject castings in run MR-34)

Liguation Period: 2 hr

. . Fission Product
Ave. Liquation Removals (%)
Run No. Burnup Temp.
(a/o) (*C) ) . .
Cerium | Barium | Cesium
MR-4» 0.25 1400 99.9 | >99.9 | >99.9
MR-33 0.82 1350 96.5 99.9 1 >99.9
MR-34 0.67 1350 88.8 | >99.9 1 >99.9
MR-47 0.85 1300 77.0 96.6 99.5

2 Data previously presented (ANL-7125, Table 1-18, p. 55).

perature in that 2.5 to 3.0 hr are required for quanti-
tative (>98%) removal. Figure I-15 is a graph of the
cerium removal data.

Although it is not possible to relate these results
directly to previous work on melt refining, the gencral
conclusion is that these results confirm the original
conditions specified for melt refining, i.e., a 3-hr liqua-
tion period and a 1400°C liquation temperature arc re-

quired to assure adequate fission product removal
(ANL-6696).

b. PERFORMANCE OF MELT-REFINING FUR-
NACE INDUCTION HEATING SYSTEM

A several-turn, solid copper spiral around the melt-
refining furnace assembly induces the heating cffect
in the graphite susceptor. Previously, failure of the
coil was observed and was probably due to shifting of
packed insulation (ANL-7125, p. 56). This resulted in
a crack forming in the furnace insulation which al-
lowed the susceptor, which operates at 1600 to 1800°C,
to radiate heat to the coil, thereby eausing it to melt.

During the course of current plant operations, two
more melt-refining furnace assemblies have failed due
to areing from the induction coils. The failure of these
two units is attributed to a different cause than was
the failure of the first two furnaces. Examination of
the furnaces showed an apparent loss of electrical in-
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.sulating properties of the induetion coil supports; how-
ever, the cause of failure has not been definitely deter-
mined. The number of runs does not appear to be the
governing factor; one furnace had operated for 30 runs
and the other for 50 runs prior to failure. The failure
could be the result of deposition of condensable sodium
(some 15 to 50 g of sodium is associated with a kilo-
gram charge of fuel) or fission produets that were not
contained by the Fiberfrax fume trap which rests

over the crucible during melt refining. An effect of
sodium deposition is suggested by a closer correlation
with the amount of sodium-bonded fuel melt refined
in each furnace (220 kg in one and 260 kg in the
other), indicating that increased electrical loss through
condensing sodium may be the cause of the failure.
New furnace assemblies have since been built and in-
stalled, in which ceramic coil supports surround the
steel supports near the coils.

3. Reclamation of Fuel Alloy Scrap Present in Crushed Glass Molds from Injection
Casting Operations (V. G. EscrHEN, N. J. SwanNsoN)®

Precision-bore Vycor?® glass tubing is employed for
molds in the injection or pressure casting of ingots of
refined uranium-fissium alloy as received from the
melt-refining operations (ANTL-6925, pp. 76-79). After
the casting is ecompleted and the alloy has cooled and
solidified, the glass is removed from the cast fuel pins
by the impaet of a pneumatically operated hammer,
which breaks the glass away from the cast rod and
allows the latter to drop through a slot onto deflecting
rails. The broken glass falls through a chute and is
collected in 3Ve-gal steel waste cans. About 1 to 2
percent of fuel alloy (short pieces of casting and ex-
cess material at the lower end) is lost from the produe-
tion stream via this route. The loss is estimated by a
material balance obtained by weighing the charge, the
finished rods, and the sheared ends.

From the beginning of radioactive operations at the
FCF (September 1964) until July 1, 1966, a total esti-
mated to be about 24 to 25 kg of refined alloy had been
accumulated with the glass mold scrap. All of this
material was contained in 36 waste cans (the alloy
limit per waste can was 1 kg) that were stored in the
Argon Cell.

Arrangements were made for the Idaho Chemical
Processing Plant (ICPP) to recover the alloy scrap
and to dispose of the glass waste. The ICPP proposes
to leach the uranium from the alloy scrap from the
broken glass with nitric acid. To reduce overall ship-
ping and processing costs, the 36 cans of serap mixture
were consolidated into 17 cans. The consolidation was
possible because advantage was taken of the high
boron (which acts as a nuclear poison) content in the
glass, which makes it possible now to accumulate up
to 3 kg of serap alloy in a waste can. The cans of serap
mixture (alloy serap plus broken glass) are shipped

3 Vycor is the trade name for high-silica glass manufaec-
ed by Corning Glass Works, Corning, New York.

to the ICPP in 3-ton, lead-shielded casks. Shipment of
the 17 cans of serap mixture to the ICPP was com-
pleted on September 4, 1966.

The glass serap being generated currently is accu-
mulated in steel waste cans as before. However, the
alloy limit of 3 kg is being applied and as soon as this
limit is reached, or the can is filled to two-thirds capac-
ity (an operational limit imposed by ICPP), the can
is capped. Future shipments to ICPP will occur at in-
tervals of about 6 months when about 12 filled cans
have been accumulated. A 12-can shipment is expected
to be processed within three weeks. The ICPP requires
that all alloy received be cooled at least 120 days fol-
lowing removal from the reactor. Therefore, several
cans of glass serap will be retained in the Argon Cell
at all times.

At the current FCF production rate, the quantity of
alloy associated with the erushed glass has averaged
several kg per month., In an effort to minimize this
scrap stream and to develop the FCF into a more com-
pletely integrated plant, steps are under way to de-
velop a glass-alloy separator (ANL-6925, p. 82). A
prototype separator has been designed and built and
will be tested in the mockup area before in-cell in-
stallation. This separator consists of a ball mill and
a particle classifier and is operated in the following
manner. Crushed glass bearing the uranium alloy is
added to the ball mill, which is then operated until
all of the glass has been pulverized to particle sizes
much smaller than those of the contained alloy. The
mixture is then dumped onto a sereen which permits
passage of the glass dust but retains the alloy pieces.
The two streams are routed to separate containers for
subsequent handling. It is expected that the prototype
unit may be sufficiently developed to be used for pilot-
plant tests with radioactive glass and alloy serap mix-
ture during the next year.
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4. Swelling of EBR-II Fuel as a Result of Irradiation (J. P. Bacca, J. H. Coox)? .

a. BEHAVIOR OF MARK IA FUEL

Post-irradiation examinations have been conducted
on 13 EBR-II subassemblies that utilized type Mark
TA fuel elements. The Mark IA element (ANIL-7225,
p. 55) uses a U-5 w/o fissium alloy fuel pin measuring
0.144 in. in dia. by 13.5 in. in length. The alloy has a
nominal 2%°U enrichment of 52 a/o. For comparison,
the EBR-II Mark I fuel element employs a U-5 w/o
fissium alloy fuel pin 0.144 in, in dia. by 14.22 in. in
length and has a nominal 2*U enrichment of 48 a/o.
The fuel element jacket assembly is the same for both
types of elements except for the length of the restrainer
plug-end. This closure is 0.72 in. longer in the Mark
IA element than in the Mark I type.

The fuel-burnup capability of the Mark IA element
was expected to be greater than that of the Mark I
type because of the greater gas-plenum volume (ap-
proximately 33% more volume at room temperature)
incorporated in the fuel element design. This greater
volume, into which swollen fuel and displaced sodium
can move, was expected to result in significantly lower
internal gas pressure within the element, with resultant
lower cladding stresses, as burnup of the fuel pro-
gressed.

Determination of fuel swelling by eddy current
measurement of the increase in sodium level and by
void volume was carried out on Mark IA subassem-
blies at various fuel-burnup increments in the range of
0.58 to 1.22 a/0 maximum subassembly burnup (0.46
to 1.06 a/o average subassembly burnup). Swelling
values are normally the average of 21 elements sam-

pled according to a standard pattern in a subassembly.
Fuel swelling data obtained from changes in sodium
level are presented in Table I-11. These data indicate
an average swelling for Mark IA fuel in the range of
10% to 14% at 1.2 a/o maximum subassembly burnup.
Figure I-16 shows fuel swelling determined by the two
methods as a function of burnup. Figure I-17 presents
a comparison of irradiation-swelling shown by Mark 1
and Mark TA fuel. It can be seen that the average
Mark I fuel swelling at this same 1.2 a/o burnup is in
the range of 4.5% to 7% (ANL-7125, p. 58). Using
these data, it has been caleculated that, at 1.2 a/o
burnup, fuel element internal pressure and resultant
cladding stress generated in the Mark TA element are
comparable to those generated in the Mark 1 fuel ele-
ment. Therefore, the maximum allowable Mark IA
fuel burnup has been established at 1.2 a/o maximum
subassembly burnup, the same as that allowed for
Mark I-fueled subassemblies.

b. VARIATION OF SWELLING RATE WITH
PROCESS OPERATIONS

Produet analysis data obtained to date indicate that
significantly different irradiation swelling rates exist
for Mark I and for Mark TA reprocessed fuel produced
in the FCF. Swelling variations for the Mark I fuel
appear to be related to the origin of the melt-refining
batch charge. For the Mark TA fuel, the data are yet
too limited to make eonclusive statements.

In the FCF operations, reprocessed-fuel melt-refin-
ing batches designated “MR" typically utilize furnace

TABLE I-11. Mark TA FreL SwELLING

?;?ig%ﬁ?;;?g IS\E‘EI;?:E Trradiation Calculated Burnup (a/o) Fuel Swelling (%)¢
Subassembly No. Position in
EBR-II Core

Illinois® Idaho? Maximum Average Average Range
C-165 21 0 4B3 0.58 0.461 2.9 2.0-3.7
C-180 3 25 3A2 0.815 0.674 4.2 2.9-5.9
C-166 21 0 3F2 0.947 0.783 4.9 3.6-6.1
c-217 1 20 4D2 1.06 0.84 5.3 3.5-9.6
C-186 11 11 4F3 1.09 0.865 6.1 4.2-8.4
C-196 1 20 3B1 1.114 0.929 10.2 5.4-12.2
C-185 20 0 3F1 1.125 0.930 7.2 4.9-9.1
C-197 4 17 3C2 1.16 0.96 11.5 8.0-13.8
C-198 1 20 3E2 1.16 0.96 10.9 6.7-13.6
C-184 11 10 3D2 1.197 0.99 10.4 5.4-13.8
C-175 21 0 2C1 1.22 1.02 14.0 12.3-15.3
C-179 19 9 2D1 1.22 1.02 11.5 6.3-14.8
C-169 27 0 1A1 1.22 1.06 12.2 9.7—14.7’

= Fuel pins fabricated from virgin alloy by ANL Metallurgy Division in Illinois.
b Fuel pins produced in Fuel Cycle Facility from melt refined alloy.
¢ Determined from changes in sodium level (by eddy current measurements).
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charges comprised of approximately 10 kg of irradi-
ated fuel pins removed from discharged subassemblies
and approximately 1 kg of nonirradiated 23U for re-
enrichment purposes. The refining operation normally
consists of maintaining the alloy in the molten state at
1400°C for approximately 3 hr for fission product re-
moval from the alloy. Melt-refining batches termed
“MRC” (consolidation batches) typically employ fur-
nace charges consisting of various proportions of fuel-
alloy heels from previous injection casting batches,
shards (scrap pin-ends), and chopped pin segments
prepared from fuel pins rejected because of “out-of-
specification” reasons (principally dimensional) at the
pin processing station. Because the intent of the
“MRC” run is primarily to consolidate the various
forms of charged fuel into a composite ingot for subse-
quent injection casting of new fuel pins, the blending
operation normally consists of maintaining the alloy
material molten at 1400°C for ¥ to 1 hr instead of the
3 hr as used in the “MR” type refining run.

FCF-produced, Mark I fuel manufactured from
MR” type melt-refining batches indicated irradiation
swelling ranging from 5.4% to 8% at 1.2 a/0 maximum
subassembly burnup (approximately 1 a/o average
burnup). Fuel originating in “MRC” type batches in-
dicated 3.8% to 5% swelling at this same burnup.
Swelling data obtained to date from FCF-produced,
Mark IA fuel indicate this same general trend, with
fuel originating in “MR” type batches displaying the
higher swelling rate; but these data are as yet not
complete. Fuel pins fabricated from virgin alloy mate-
rial by the ANL Metallurgy Division in Illinois dis-
played swelling values (see Table I-11) that ranged
from 9.7 to 15.83% at 1.2 a/o maximum subassembly
burnup. Possible reasons for these differences in swell-
ing characteristics are being studied. Some of the fac-
tors being examined include fabrication site of fuel pin,
trace element and fissium element content, fabrication
history and thermal cyecling,.

i

5. Maintenance of Electromechanical Manipulators and In-Cell Cranes (D. M. Paicg,
J. O. KuerrNER, V. N. THELEN)®

Transfer operations in the Air and Argon Cells are
carried out with eight heavy duty electromechanical
manipulators®? and three 5-ton cranes. Process equip-
ment operation, installation, and removal is also ac-
complished by this equipment, particularly in the

stalled in the Argon Cell have been in operation in an
argon or nitrogen atmosphere (the last 2 years in
argon) containing normally <50 ppm each of water
and oxygen, at a temperature of about 95°F. Since
most of the trolley units may be interchanged between

TABLE 1-12. In-CeLL CranNt AND ELECTROMECHANICAL MANIPUGLATOR USAGE
Hours of Use for Each Type of Unit
: No. of Units Gri Rotate ‘ Hoist Carriage Bridge
Type of Unit Operating p | g g
TSt Total | 350 | ot | PISL | qorap | P2 Torap | P3| Totap
Argon cell manipula- 5e 560 735 350 590 1450 2375 1300 1985 1900 3150
tor
Air cell manipulators 2 200 250 210 260 750 945 600 770 1100 1355
Average per unit for 7 140 120 475 400 640
all manipulators
Argon cell cranes 2 175 500 80 180 80 240
Air cell cranes 1 420 725 200 275 230 300

» November 1965 to October 1966.
b To October 1966.

< Plus one carriage which has been out of service most of the time since startup.

Argon Cell. These devieces have now been in regular
operation for four years, two years of which have in-
volved operation in a high radiation background. For
three years, the six manipulators and two cranes in-

37 J. E. A. Graae et al, A Radiation Stable Heavy Duty
Electromechanical Manipulator, TID-7599, December 1960.

the Air and Argon Cells, all of the units have operated
at least a good part of the time in an inert atmosphere.
The motions for all units include bridge and carri
travel, and hoist, while the manipulators also have
grip rotation and opening-closing motions. Normally,
only one motion is performed at any time. The acecu-
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Qulated hours of manipulator operation per unit have
ranged from about 120 to 140 for the gripping and grip
rotation motions, to 400 for carriage travel, 475 for
hoist operation, and 640 for bridge travel. Crane use
is somewhat less, with 150 hr of carriage travel, 180 hr
of bridge travel, and 400 hr of hoist operation per unit,
as summarized in Table 1-12. Generally, over half of
this operation has been realized in connection with the
intensified production operations during the past year,
during which the typical manipulator unit has been
in operation about 30% of the working hours.

Since these devices contain parts that are operating
at rather close dimensional tolerances (telescoping
tubes, ete.), wear and occasional maloperation were
anticipated. It is very difficult to perform preventive
maintenance on this equipment, because of its in-cell
location. Manipulator breakdowns can be divided into
two classes: (1) those which can be corrected remotely,
and (2) those which require (or are thought to re-
quire) contact maintenance.

The first type of maintenance operation includes re-
placement of such items as bus bar pickup brushes,
drive units, and grips and forearms. These have all
been carried out routinely and with no unusual prob-
lems. In short, this phase of maintenance has worked
as designed.

The second maintenance eategory is of great concern
since the manipulators have become contaminated
(~25 R/hr at 1 {t) to the extent that, even after some
cleaning and the use of some shielding (148 in. of lead),
working time is still only 5 to 10 minutes per person.
FExperience to date with both electromechanical ma-
nipulators and master-slaves has been that even the
simplest jobs are very time-consuming when the work-
ing time is less than 10 minutes per person, because if
those who are not manipulator repair specialists must
be used, a good fraction of the time is required to es-
tablish technique.

One of the more frequent problems requiring con-
tact repair has been the result of failure of the limit
switches used to proteet the manipulators from colli-
sion and from overrunning various motions. Basically,
the faults have been dust hetween contacts, dust or
lack of lubricant causing activators to stick, bending
of extended feelers and resulting nonactivation, and
improper original assembly. (A return-to-normal
spring has been found missing in some cases.) Replac-

ing these bad switches should be a simple job, but it is
complicated by several factors among which, in addi-
tion to the high radiation background, are included the
following. The switches are generally wired in with
mineral-insulated cable and tube fittings which re-
quire very careful replacement to avoid damage to the
seals. Some limit switches require careful adjustment
which is difficult to accomplish without a test bridge
on which to run the carriage. (The in-cell carriages
are much too contaminated to bring to the mockup
area.) This problem is being attacked on a long-range
basis by considering new designs whereby most of the
limit switches can be replaced remotely.

Another problem that is developing is associated
with the ball spline telescoping tubes. To date, ap-
proximately 3 of the 9 tubes have given indication of
trouble (sticking when going up or down). A possible
serious effect of sticking is that when a tube sticks on
the down travel and then releases suddenly, and its
down travel is abruptly checked by the tube stops,
this then puts a shock load on the balls, the ball re-
turns, and the tube stops. In one case where it was
possible to remove the tubes and to decontaminate
them sufficiently for direct examination (from one of
the carriages that had not been in the cell for very
long), it was found that the ball races were galled and
several ball returns were cracked. This particular prob-
lem has been temporarily solved for one case by re-
motely lubricating the ball spline. This seems to solve
the problem but may tend to aggravate sticking in the
long run sinee grease tends to colleet dust and relubri-
cation is required frequently. To take care of the tele-
scoping tube problem, as well as any other problems of
this nature, present plans call for consideration of
modification or replacement with tubes of other de-
signs, and provision of a decontamination area in the
roof shelter®® above the cells where a manipulator can
be cleaned and completely overhauled. This area may
also include a test bridge where a carriage can be
tested before returning it to use. To further supplement
this work, a complete spare carriage is being obtained
so that there will be no loss of operating units in the
cells when overhaul is being done. An overhaul will,
of course, be expensive since all bearings will need re-
placement after decontamination.

# A metal-walled building enclosing the cell roof hatches,
the jib crane and the pivot shield.
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’ Fluidization and Volatility Processes’

(A. A. Jonke, J. J. Barghusen)

INTRODUCTION

The reaction of fluorinating agents with nuclear re-
actor fuel materials in fluid-bed systems to produce
volatile uranium hexafluoride and plutonium hexafluor-
ide is the basis of fluid-bed fluoride volatility process-
ing. Currently, major attention is being directed toward
the demonstration of fluoride volatility processes for
low-enrichment UO2-PuOs power reactor fuel clad in
Zirealoy. The primary objective of this effort is to de-
velop the technical data required for the design of an
all-volatility commercial plant for the reprocessing of
power reactor fuels.

The reference process flowsheet (Figure 1I-1) for
the recovery of uranium and plutonium from reactor
fuel materials is based on the use of interhalogen com-
pounds to selectively convert the uranium to volatile
UF¢ while plutonium is converted to nonvoelatile PuF, .
The process involves four principle steps: (1) declad-
ding: the fuel elements, Zircaloy-clad UQOs-PuQOs, are
immersed in a fluidized bed of inert alumina particles
and contacted with HCl gas whereby the cladding is
converted to volatile ZrCly which is removed from the
reactor and subsequently converted to solid ZrO. by
pyrohydrolysis with steam; (2) oxidation: the oxide
fuel, which is unaffected by the decladding step and ac-
cumulates in the lower portion of the fluid-bed reactor,
is contacted with 15 to 25 v/0 oxygen in nitrogen at
450°C to form a mixture of UzOg and PuO, fines (~20
w diameter) ; (3) wrantum fluorination: uranium is re-
covered from the oxide fines as volatile UFg by reaction
of the fines with 5 to 15 v/o BrF5 in nitrogen at 300°C;
and (4) plutonium fluorination: the plutonium, which
1s converted to nonvolatile Puly during the uranium
fluorination step, is recovered as PuFg by reaction of
PuF, with fluorine at 300 to 550°C.

The UFs produced in the uranium fluorination step

1 A summary of this section is given on pages 5 to 9.
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is collected in a condenser together with excess Br¥y,
bromine, and volatile fission product fluorides. The
UFy; is separated from the fission products and inter-
halogens by fractional distillation and sorption tech-
niques. Plutonium hexafluoride, produced in the second
fluorination step by reaction of PuF, with fluorine, is
collected in cold traps and then revaporized and passed
into a separate vessel for final purification.

Implicit in the application of the BrFy process to
the reprocessing of spent fuel materials is the need to
consider methods for the recycle of the interhalogen.
Two different schemes for BrF; recycle are being stud-
ied. In the first scheme, represented in Figure 1I-1
(Phase II), the liquid mixture containing bromine,
BrEF;, fission product fluorides, and UFg is contacted
with fluorine gas during the fractional distillation step
to convert the bromine component to BrF; . The BrF;
product is then fluorinated to BrF; in a separate vessel,
and the BrFj; is recyeled.

The second scheme involves fluorination of the bro-
mine to either BrF; or BrFy prior to condensation of
the UFg product. The extent of fluorination (to BrFs
or to BrF;) will depend, in part, on the method em-
ployed to recover neptunium from the UFg stream.
Results of experiments reported here have indicated
that neptunium is fluorinated by BrF5 to NpFs which
accompanies the UFg-gas stream.

Process development work on the interhalogen flow-
sheet is being carried out with UO.-PuO; fuel material
containing fission products in a 2-in. dia. fluid-bed
reactor. Tests demonstrating the plutonium recovery
step are being made in an engineering-scale alpha
facility. In addition, bench-scale tests are under way
to demonstrate the interhalogen process with highly
irradiated fuel materials. Supporting studies are pri-
marily directed toward defining the behavior of nep-
tunium in the process, and toward developing metho
for purifying the plutonium product. 6
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Fi1c. II-1. Fluid-Bed Volatility Process Interhalogen Reference Flowsheet.

Nominal Process Conditions

Process Step Reagent Reagent Concentration (v/o) Temperature (°C)
Decladding HCL 60-90 400
Pyrohydrolysis Steam 3 X Stoich. 350
Oxidation O, 15-25 450
Uranium Recovery Br¥F; 5-15 300
Plutonium Recovery F, 10 — 90 300 — 550
Uranium Purification — — 80-90, 40-50 psia

(Distillation)

A. LABORATORY INVESTIGATIONS (M. J. STEINDLER)

1. Fluorination of U0.,-PuQ.-Fission Product Pellets in a 2-inch Diameter Reactor

(L. J. Anastasia, P. G. Avrrepson,? G. W. Repping, M. Haas)

Fluornation studies are being carried out to define Two fluorinating agents are being evaluated for the
conditions for the fluorination of UO.-PuO,-fission processing of UO2-PuO,-fission product pellets: fluorine
duet pellets that would insure a minimum retention and bromine pentafluoride (BrFj). Of two processing
uranium and plutonium in a fluidized bed of alumina sequences under consideration, one involves oxidation
particles, of the fuel pellets to UsOs-PuO. fines in a separate

2 (uest Scientist, Australian Atomie Energy Commission, step followed by fluorination with either fluorine or
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bromine pentafluoride. By the use of this processing
sequence, it is possible to initiate the fluorination step
at lower temperatures (300 to 350°C) than in the two-
zone concept (fluorination temperature 450°C) which
was used in previous experiments (ANL-7125, pp. 62—
66, and ANL-7225, pp. 65-68)}. In the other sequence,
which utilizes the two-zone concept, the fuel pellets
are oxidized to fine particles in the lower portion of a
fluid-bed reactor and the fines are simultaneously fluo-
rinated in the upper portion of the reactor. Results of
previous experiments using the two-zone concept in-
dicated that plutonium retention on the alumina bed
particles was higher when cesium fluoride was added to
the alumina bed than when cesium fluoride was not
present in the bed. Since this behavior was not observed
in experiments with the two-step process, the inhibiting
effect of CsF was attributed to the higher fluorinating
temperature employed in the two-zone operation.

This report presents the results of recent experiments
to demonstrate the feasibility of alternative processing
concepts for the recovery of uramium and plutonium
from oxide fuel materials. One concept which was
evaluated involved the reuse of an alumina bed to proc-
ess more than one batch of fuel, thereby reducing plu-
tonium losses in the waste solids. Two techniques were
investigated: (1) oxidation of the oxide fuel to UsOg
and PuO; fines followed by fluorination of the fines
with fluorine for each batch of fuel, and (2) oxidation
of the fuel followed by fluorination of uranium to UFg
with BrF; for each bateh of fuel, and then a single
fluorination step with fluorine to recover the accumu-
lated plutonium from several batches. Another concept
tested was leaching of the alumina bed to recover
plutonium after the uranium has been fluorinated by
BrF5 . In addition, the effect of BrF; fluorination tem-
perature on subsequent plutonium removal with fluor-
ine was investigated and, in one experiment, the be-
havior of neptunium was observed during fluorination
with BrF; and with fluorine.

The rate of reaction for the fluorination of UsOg fines
with BrF; was fitted to a diminishing sphere model,
and results obtained in the fluid-bed reactor were com-
pared with previous thermobalance data (ANL-7225,
pp. 78-86). The problems attending the retention of
plutonium in fine particles elutriated to cool portions
of the fluid-bed reactor are discussed.

a. EQUIPMENT AND PROCEDURES

The major components of the experimental system
are the 2-in. dia. fluid-bed reactor, a remote-head dia-
phragm pump for gas recycle, chemical traps for dis-
posal of excess reactants (BrF; and F. disposal in
soda lime and activated alumina, respectively), and
traps (cold traps or NaF traps} for collection of hexa-

fluoride products. Detailed descriptions of these com-
ponents and of the experimental procedures have been
reported (ANL-6925, p. 116 and ANL-7055, p. 110).

The pellets used in these studies (type II) were pre-
pared by blending mixed UO,-PuO, powders and fission
produet oxides, and sintering the mixture in 6 v/o
hydrogen in nitrogen for 6 to 8 hr at 1700°C. These
pellets contain nominally 0.4 w/o plutonium as PuOs;,
86 w/0 uranium as UO:, and 1 w/o fission products as
the oxides. The type II pellets have been completely
described in a previous report (ANL-7225, pp. 65-66).
In most runs, the charge consisted of approximately
650 g of UO.-PuO,-fission product pellets, correspond-
ing to a 2-in. deep pellet bed, and approximately 1100 g
of nominal 48 to 100 mesh alumina, corresponding to a
static-bed depth of 12 in. In all runs, about 0.6 g CsF
was added to the alumina bed; in run Purse-9 and sub-
sequent runs, about 0.15 g RbF was also added to the
alumina. The CsF and RbF were added to the system
to simulate more closely the fission produet distribution
expected from irradiated fuel. For run Purse-9, 0.52 g
NpO, was also added to the alumina bed.

b. REUSE OF AN ALUMINA BED TO PROCESS
SEVERAL BATCHES OF FUEL

The reuse of a single batch of alumina for the proc-
essing of three successive batches of oxide fuel was
evaluated in runs Pure-19, -20, and -21 and in runs
Purse-10, -11, and -12. The objectives of these runs
were to test the reuse scheme, to determine if plutonium
in the final alumina bed could be reduced to less than
1% of the total charged, and to establish if the recyele-
fluorination time normally required for the recovery of
plutonium in three separate batches of pellets could be
shortened in the reuse experiments.

(1) Reuse Experiments Invelving Uranium and
Plutonium Velatilization by Reaction with
Fluorine

In previous laboratory studies (ANL-6742, p. 13
and ANL-7077, pp. 23-31), the initial fluorination step,
in which most of the plutonium was volatilized, was
followed by a recycle-fluorination sequence of 5 hr at
450°C, 5 hr at 500°C, and 10 hr at 550°C. The same
steps were used In the present experiments (Pure-19,
-20, and -21, Table 1I-1) and consisted of pellet oxida-
tion followed by fluorination with 5 to 16 v/o fluorine
and then recycle-fluorination. In the alumina reuse
experiments, the pellet to alumina charge ratio was
kept constant at about 0.6 to provide a uniform ba,
for comparing the runs. It should be noted that t
alumina bed, 1200 g for run Pure-19, was significantly
reduced in weight by fluidized-bed samples taken during
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'ABLE I1-1.

Equipment:

OPERATING CONDITIONS FOR FLUORINATION OF URaNIUM AND PruToNiUM FROM UQ,;-Pu0,-Fission Provuct PELLETS
wiTH FLuoriNE—RUNSg PurE-19 10 Pure-22

2-in. dia. fluid-bed reactor

U0,-Pu0,-F.P. pellets: Type II, 0.5-in. dia. by 0.4-in. right cylinders

Alumina bed:

Alcoa T-61 alumina, nominal 48 to 100 mesh

(—170 mesh removed)

Bed support:

Nickel balls

Diluent gas: Nitrogen
Pure-19 Pure-20 Pure-21 Pure-22
Material Charged to Reactor
VO0y-PuO,-F.P. pellets (g) 720.5 649.8 577.7 650.4
Alumina {(g) 1200 1115= 970> 1100
CsF (g) 0.65 0.61 0.53 0.60
Ozidation with 20 v/o Oxzygen at 450°C
Reactor pressure (mm Hg) 1040 975 1015 1050
Superficial velocity (ft/sec)¢ 0.8 0.8 0.8 0.75
Cumulative process time (hr) 0-4 0-4 0-4 0-4
Fluorination with Fluorine at 350°C—O0nce-Through Flow
Reactor pressure (mm Hg) 1440 1340 1350 1490
Superficial velocity (ft/sec)¢c 0.65 0.6 0.6 0.6
Fluorine concentration to fluid bed (v/o0) 5-15 5-15 5-15 5-16
Cumulative process time (hr) 4-6 4-8 4-6 4-6
Recycle-fluorination with 90 v/o Fluorine
Reactor pressure (mm Hg) 1360 1350 1360 1420
Superficial velocity (ft/sec)¢ 0.5-0.8 0.5-0.8 ! 0.5-0.8 0.5-0.7
Cumulative process time (hr) 6-16 6-16 6-19 6-21
At temperature of 350°C (br) 6-9 6-9 6-9 6-9
350° to 550°C (hr)d 9-15 9-15 9-15 o
375°C (hr) — e - 9-12
1400°C (hr) —_ — e 12-15
450°C (hr) — — — 15-17
500°C (br) — — — 17-19
550°C (hr) 15-16 15-16 15-19 19-21

s Residual alumina bed plus line elean-out samples from run Pure-19.
b Residual alumina bed plus line clean-out samples from run Pure-20.

¢ Calculated for operating temperature and pressure.
4 Reactor temperature inereased 5°C/9 min.

the runs. The processing sequence for each run was
similar; however, recycle-fluorination at 550°C was
extended from 1 hr in runs Pure-19 and -20 to 4 hr in
run Pure-21. Uranium and plutonium concentrations
in samples of the fluidized alumina bed taken through-
out the course of each of the three runs are shown in
Figure 11-2.

The final bed from run Pure-21 contained 0.009 w/o
uranium and 0.009 w/o plutonium (see Figure I11-2).
On the basis of the original 1200 g charge of alumina
and the total uranium and plutonium fed to the reactor
(1680 g and 8.38 g, respectively), these final concentra-
tions correspond to removal from the alumina bed of
more than 99.9% of the uranium and 99% of the plu-
tonium charged to the reactor. The plutonium remain-
ing on the alumina bed in this experiment is about

-third the amount of plutoniwm which would have
mained if three separate beds had been used for the
processing of three separate charges of fuel.

The specifice surface area of the alumina bed in-
creased from 0.05 sq m/g for the initial alumina bed to
0.23 sq m/g after run Pure-21. The fluoride content of
the final bed was 4.4 w/o0; the major amount of the
fluoride is attributed to fluoride held by compounds of
the added fission products. These surface area and
fluorine concentration data obtained with Alcoa T-61
alumina are in good agreement with similar data ob-
tained in previous reuse experiments with Norton type
RR (high purity) fused alumina® and indicate that no
significant deterioration of the alumina bed is expected
in the reuse of the bed on a process scale.

3R. L. Jarry, A. V. Hariharan, J. Fischer, M. J. Steindler,
J. J. Stockbar, T. D. Baker, W. H. Gunther, and G. W. Red-
ding, Laboratory Investigations in Support of Fluid-Bed
Fluoride Volatility Processes. Part IX. The Fluid-Bed Fluori-
nation of Plutonium-Containing Simulated Oxidic Nuclear
Fuel in a 1l4-inch-diameter Reactor, ANL-7077, December
1965, pp. 23-31.
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TABLE II-2. OprraTiNG CONDITIONS FOR FLUORINATION OF URANIUM AND Prutonium witH BrF; FoLrLoweDp BY FLUORINE—

Equipment:

UO:-PuO,-F.P. pellets:

Aluming bed:

Bed support:

(—170 mesh removed)
Nickel balls

Runs Purse-8 10 Purse-12.
2-in. dia. fluid-bed reactor
Type 11, 0.5-in. dia. by 0.4-in, right cylinders
Alcoa T-61 alumina, nominal 48-100 mesh

Diluent gas: Nitrogen
Purse-8 Purse-9 Purse-10 Purse-11 Purse-12
Material Charged to Reactor
UO0;-PuO.-F.P. pellets (g) 654.3 655.9 654.6 655.6 647.5
Alumina (g) 1100 1100 1100 1150= 1200b
CsF (g) 0.6 0.6 0.6 0.6 0.6
RDbF (g) — 0.15 0.16 0.15 0.16
NpO: (2 — 0.52 — — —
Ozidation with 20 vjo Oq at 450°C
Reactor pressure (mm Hg) 1000 1010 950 1020 1000
Superficial velocity (ft/sec)e 0.8 0.7 0.8 0.8 0.8
Cumulative process time (hr) 0-4.0 0-4.0 0-4.0 6.0-10.0 12.0-16.0
Fluorination with BrF;
Reactor pressure (mm Hg) 1060 1250 1170 1170 1120
Superficial velocity (ft/sec)e 0.7 0.7 0.7 0.7 0.7
BrF; coneentration to fluid bed (v/0) 10-11 9 8-10 9-10 9-10
Temperature (°C) 400 300 300 300 300
Cumulative Process Time (hr) 4.0-5.7 4.0-6.1 4.0-6.0 10.0-12.0 16.0-18.0
Recycle-fluorination with 90 v/o F.
Reactor pressure (mm Hg) 1300 1300 d d 1360
Superficial velocity (ft/sec)e 0.5-0.9 0.6 o — 0.3-0.5
Cumulative process time (hr) 5.7-16.7 6.1-17.1 — - 18.0-36.0
At temperature of 300°C (hr) 5.7-8.7 6.1-9.1 — — 18.0-28.0
300 to 550°C (hr)e 8.7-13.7 9.1-14.0 o — 28.0-33.0
550°C (hr) 13.7-16.7 14.1-17.1 - — 33.0-36.0

2 Residual alumina bed from run Purse-10 plus 50 g alumina mixed with CsF and RbF.
b Residual alumina bed from run Purse-11 plus 50 g alumina mixed with CsF and RbF.
¢ Caleulated for operating temperature and pressure.
d Residual plutonium was fluorinated in run Purse-12.
e Reactor temperature increased 10°C/12 min.
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’(2) Reuse Experiments: Fluorination with Bro-
mine Pentafluoride Followed by Reeycle-Fluo-
rination with Fluorine

In runs Purse-10, -11, and -12 the pellets were oxi-
dized and uranium was selectively removed by fluo-
rination with BrFs. The plutonium that had accumu-
lated from the three batches of pellets was then
fluorinated with fluorine during a single recyecle-fluo-
rination in run Purse-12. The charge for each run was
approximately 650 g of UQ,-PuO,-fission product
pellets and 0.6 g CsF and 0.15 g RbF. For runs Purse-11
and -12, the cesium fluoride and rubidium fluoride were
mixed with 50 g alumina prior to being added to the
residual bed from the preceding run. The operating
conditions for runs Purse-10, -11, and -12 are listed in
Table 11-2.

As a basis for the caleulation of the time that would
be required to fluorinate two-thirds of the plutonium
to PuFg at 300°C, a reaction rate constant (diminish-
ing-sphere model) was estimated from the data of runs

55

Purse-4, -5, and -6 (ANL-7225, pp. 70-73). From this
constant, a recycle-fluorination sequence consisting of
10 hr at 300°C, 5 hr from 300 to 550°C, and 3 hr at
550°C was chosen for the recovery of plutonium in run
Purse-12. Uranium and plutonium concentrations in
the alumina bed for runs Purse-10, -11, and -12 are
shown in Figure I1-3.

Only 25% of the plutonium in the alumina bed was
fluorinated during the initial 5 hr of recycle-fluorination
at 300°C, and virtually no plutonium was fluorinated
during the subsequent 5 hr at 300°C. However, during
6-hr recycle-fluorination at 300 to 550°C (Figure I1-3),
the plutonium concentration was reduced from 0.3 w/o
to 0.009 w/o. These results indicate that a shorter
recycle-fluorination sequence totaling 11 hr and con-
sisting of 5 hr at 300°C, 5 hr from 300 to 550°C, and
1 hr at 550°C would be sufficient to reduce plutonium
in the final alumina bed to desirably low levels.

The concentrations of uranium and plutonium in the
final alumina bed were 0.003 and 0.009 w/o, respec-
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tively. Based on the 1200 g of alumina charged to the
reactor, these results correspond to removal of 99.9%
of the uranium charge and 99% of the plutonium charge.
The fluoride content of the final alumina bed (see
Figure I1-3) was 3.5 w/0, indicating that an insignifi-
cant quantity of alumina was fluorinated to aluminum
fluoride in these reuse experiments.

Runs Pure-19, -20, and -21 and runs Purse-10, -11,
and ~12 have demonstrated that the reuse of a single
batch of alumina to process several batches of fuel
pellets is a promising method for minimizing total
plutonium losses to the inert fluid-bed material and for
reducing the total quantity of solid wastes from a fluid-
bed fluoride volatility process. Although this prineiple
had been demonstrated in previous alumina reuse ex-
periments,® the present tests may be more representa-
tive of actual processing conditions since they were
carried out with UQOs-PuQ,-F . P. pellets and with a more
nearly complete spectrum of fission products. In addi-
tion, a relatively economical form of sintered alumina
was used rather than the more costly, high-purity type
used in the previous tests. Further, the time required
to fluorinate the plutonium from three batches of fuel
pellets as in runs Pure-19, -20, and -21 (33 hr) was

TABLE II-3. LeacmiNg or UraNIUM AND PLUTONIUM FROM
AvoMINA SAMPLES

Alumina beds were each sampled after oxidation of PuO.,-
UO;-F.P. pellets and their fluorination with BrFs at 300°C.
One sample was taken from each of the runs Purse-2, -3, -4
and the samples were combined, thoroughly mixed, and then
split into five separate samples for these tests.

Leach solution: 6 ¥ HNO;
Temperature: 100°C

e Uranium# 1;111153;
2 N
. B=! U Pu | 3 NEG o
Zo E:o (w/o) |(w/o) S __‘% D 8
g | .5 T IEE S 25
213 < 88 = (B2
A D 2E| 2
&R P =R R (=
Original sample — 1030 019 |—|—]|—|—
Leached samples | 1 1 0.001 [0.005 |97.8) 119/97.8 109
2 2 0.003 [0.0006199.2| 119/99.7} 108
3 3 0.0027,0.0004/99.2, 10899 8 100
41 5 0.0006(0.0002/99.9| 115/99.9) 97
“As recieved” 3 [<0.001%0.0004] — | — | — | —
Al,03

Msolxds
Msolzds + Msoln

MSO idas 'MSO ution .
us + fut 100 where M = weight

Mongmal sample

= Leached (%) = I:l - ]100 and Material

Balance (%) = [

of plutonium or uranium.
b X.-ray analysis. All other analyses are by wet chemical
methods.

about one-half that required to fluorinate three batches.
of fuel separately. In the case of the flowsheet based
on the use of BrFs for fluorination of uranium, it is
believed that the recycle-fluorination time can be re-
duced even further, to 11 hr, to effect a 99% removal
of plutonium from the alumina bed.

c. LEACHING OF ALUMINA BEDS FOR PLUTO-
NIUM RECOVERY

Several experiments were performed to determine
the feasibility of recovering plutonium from the alu-
mina fluid-bed material, after uranium recovery in the
BrF; fluorination step, by leaching the bed material
with 6N nitric acid. This process alternative is not
considered as an integral step in the all-volatility proec-
ess concept, but was investigated to demonstrate the
added versatility in the plutonium-removal step when
BrF; is used as an agent for the selective volatilization
of uranium,

In these experiments, samples of the alumina beds
were taken after fluorination of uranium with BrF; for
2 hr at 300°C (runs Purse-2, -3, and -4, ANL-7225, pp.
72-73). Three fluid-bed samples were combined, thor-
oughly mixed, and then split into five separate samples
of about 5 g each. One sample was used for chemical
analysis of the starting material and four samples were
leached 1 to 5 hr with 6.V HNO; at 100°C. Another
sample was a blank sample of “as received” alumina
which was also leached for 3 hr to determine the extent
of cross-contamination from handling of the samples.
The results of these leaching tests are shown in Table
I1-3.

The material balances for uranium and plutonium
reported in Table I1-3 indicate that some segregation
of the original sample may have taken place. Thus,
the data for uranium and plutonium leached from the
samples are based upon the total uranium and pluto-
nium found in the solutions and in the leached solids. It
was not possible to determine the extent of codissolution
of certain fission products with the uranium and plu-
tonium, since the quantity of fission products present
was below the limits of analysis. Analytical results
indicated that less than 0.1% of the alumina dissolved
during 2 or 3 hr of leaching.

These tests have demonstrated that the uranium and
plutonium in the alumina can be readily leached from
the bed material with 6N nitric acid at 100°C; greater
than 99% of the uranium and plutonium was leached
in 2 hr and over 99.9% was leached in 5 hr.

d. FLUORINATION OF UQ:-PuO.-F.P. PELLE
WITH FLUORINE

Analyses of the results from the Pure series of runs
reported previously (ANL-7225, pp. 66-70) and from



runs with BrF; as the fluorinating agent (ANL-7225,
pp. 70-74) indicated that an initial low temperature
of fluorination (below 450°C) is necessary to achieve
low plutonium retention on the alumina bed if cesium
fluoride is present in the system.

Run Pure-22 has been completed to study the effect
on plutonium retention in the final alumina bed of in-
creased recycle-fluorination time at temperatures below
450°C. In this run the recyecle-fluorination time at
temperatures below 450°C was 9 hr compared with
about 5 hr in previous runs. Operating conditions for
this run are listed in Table II-1, and the concentrations
of uranium and plutonium in the fluidized alumina
bed throughout the recycle-fluorination step are shown
in Figure II-4. The plutonium concentration in the
final alumina bed (0.009 w/0) is the same as that ob-
tained in a similar run, Pure-18 (ANL-7225, pp. 69,
71), wherein the recycle-fluorination sequence totaled
10 hr. Since the recycle-fluorination sequence in Pure-22

A. Laboratory Investigations
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totaled 15 hr, it appears that the shorter sequence used
in run Pure-18 is more promising for process use.

e. FLUORINATION OF UQ.,-PuO.-F.P. PELLETS
WITH BrF;

(1) Effect of Uranium Fluorination Temperature
Upon Plutonium Fluorination

An experiment (Purse-8) was performed to continue
the investigation of the effect of the BrFy fluorination
temperature on the extent of plutonium removal during
subsequent fluorination with fluorine. In previous runs
(see runs Purse-5 and -7, ANL-7225, p. 71), the BrF;
fluorination step was carried out at 300°C and 200°C.
In run Purse-8, uranium was fluorinated to UFg with
BrF; at 400°C, and the recycle-fluorination sequence
consisted of 3 hr at 300°C, 5 hr from 300 to 550°C,
and 3 hr at 350°C. Operating conditions for this run
are given in Table 11-2, and the course of uranium and
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plutonium depletion from the alumina bed during both
fluorination steps is shown in Figure II-5.

The average UFs production rate observed during
the BrF; fluorination step in run Purse-8 was 44 1b
UFe/ (hr) (sq ft), with peak production rates of about
1401b UFg/ (hr) (sq ft). The Br¥; utilization efficiency,
based on total fluorine, was 38%. These may be com-
pared with results for fluorination at 200 and 300°C:
production rates of 14 and 40 to 45 1b UFe/ (hr) (sq ft)
and BrF; utilization efficiencies of 8% and 28 to 37%,
respectively. The average production rates and BrF;
utilization efficiencies obtained at 300 and 400°C should
be considered as parameters rather than dependent
variables because, in these experiments, fixed quantities
of pellets were fluorinated in approximately the same
times with only slight changes in the total quantities
of BrF5 used.

The recycle-fluorination sequences for removal of
plutonium were similar in runs Purse-7, -5, and -8

wherein the uranium had been fluorinated at 200, 300,
and 400°C, respectively. The plutonium concentrations
in the fluidized alumina beds for these runs are com-
pared in Figure 1I-6. On the basis of the relative rates
of plutonium removal as shown by the curves in Figure
I1-6 and the final plutonium concentration in the
alumina beds, it appears that the temperature at which
uranium is fluorinated with BrF; does affect subsequent,
plutonium fluorination. The uranium should be fluo-
rinated at temperatures below 400°C, and on the basis
of these data, 300°C appears to be the best temperature.

(2) Fluorination of UOQ:-PuQ.-F.P. Pellets in the
Presence of Added Cesium, Rubidium, and
Neptuniam

The recovery of neptunium during fluoride volatility
processing of spent fuel may be a significant economic
factor in the design of a commereial process; therefore,
the reaction of neptunium during the fluorination with
BrFs; and fluorine is of particular interest. For run
Purse-9, 0.46 g neptunium as NpO. was added to the
alumina bed. This amount is about a factor of 40 or
more than would be expected in the processing of an
equivalent amount of spent BWR. fuel irradiated to
10,000 MWd/T; this irradiation level is the basis for
fission product addition to the UO2-PuO,-F.P. pellets.
Excess neptunium was provided so that the concentra-
tion of this element would be above the limit of ana-
Iytical detection in samples of the alumina bed material
taken during the run. In addition to neptunium, the
alumina bed for this run also contained both cesium and
rubidium in proportion to the pellet charge. The fluo-
rination step was carried out at 300°C for 2.1 hr with
9 v/o0 BrF;, and the recycle~fluorination with fluorine
consisted of 3 hr at 300°C, 5 hr from 300 to 550°C, and
3 hr at 550°C. Operating conditions for run Purse-9
are listed in Table II-2.

Uranium, plutonium, and neptunium concentrations
in the fluidized alumina bed during run Purse-9 are
shown in Figure I11-7. The addition of rubidium, as well
as cesium, to the fluidized bed in run Purse-9 did not
affect the fluorination of uranium and plutonium from
the alumina bed; the final bed from this run contained
0.003 w/0 uranium and 0.005 w/o plutonium.

The neptunium concentration in the fluid bed in-
creased during the first hour of fluorination with BrFy
owing to the rapid depletion of U3Og by reaction to form
UFg . At the end of the BrF; step, 0.2 g of neptunium
remained in the bed, indicating that approximately
one-half of the neptunium had volatilized. This resu
can be described by a first order rate constant, ab
cording to the diminishing sphere model, of 1.6 X 10—
min—. This rate constant is about a factor of 10 higher
than those observed in boat reactor experiments at
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Fia. 1I-6. Plutonium Conecentrations in Alumina Fluidized Beds Following Fluorination of Uranium with BrF; .

300°C with 33 v/0 BrF; at a partial pressure of 250 mm
Hg. The difference in reaction rates may reflect a differ-
ence in the compounds fluorinated; in the boat tests,
NpF, was the starting material, while in the fluid-bed
experiment, NpO, was fluorinated.

The final alumina bed from run Purse-9 contained
0.002 w/0 neptunium; approximately one-half of the
original neptunium was volatilized with the uranium
hexafluoride during fluorination with BrF; while the
other half was recovered with plutonium hexafluoride
during fluorination with fluorine. A total of 95% of the
neptunium charged to the reactor was removed from
the bed during this run.

f. RATE OF U;0; FLUORINATION WITH BrF;

Reaction rate constants for the reaction of UsOs with
BrFs calculated according to a diminishing sphere
model are compared below for fluid-bed and thermo-
balance tests in the temperature range 200 to 400°C.

The integrated rate expression for a first order, ir-
‘Versible reaction for which surface reaction is the

ate-controlling step can be described for a diminishing
sphere by:

1—Fpb=1-—kt )

where F' = fraction of solid reacted
k' = reaction rate constant, min™! (a function of
the true rate constant)
t = time, min.

For the reaction of U;0; with BrFs, the stoichiome-
try as well as the temperature and pressure dependence
for the reaction rate have been reported previously
(ANL-7225, pp. 84-86) as

Il

5U;05(s) + 18BrFs(g) —
15UFs(g) + 9Bra(g) + 20 O:(g) (2)
log &/ = 0.9 log Ppr, — (2000/T) — 0220 (3)

Under the conditions of the fluid-bed experiments,
wherein high concentrations of reactive fines are ini-
tially present in the fluidized bed, significant consump-
tion of BrF; occurs within the reactor, thus lowering
the effective partial pressure of the BrF; reagent.
Accordingly, the reaction rate constants were corrected
using equation 4, which was derived from material
balance and reaction rate expressions.

« A= )P
T e W
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where P, = effective partial pressure of BrF; in the
fluid-bed reactor. Equation 4 was used to calculate k*
from the experimental data. The rate constants, k¥
were averaged for each temperature and then multi-
plied by the BrF; pressure at the inlet to the reactor in
each run to obtain the corrected value of %'

Rate constants calculated from fluid-bed data, both
uncorrected and corrected for depletion of Brks, are
compared in Table 11-4 with those obtained in thermo-
balance tests. At 200 and 300°C where the rates are
relatively low, there is no significant correction for
depletion of BrF;, whereas at 400°C the correction is

appreciable. The temperature dependence of the cor-
rected rate constants gives an apparent activation
energy of 8.2 kcal/mole. This result is in good agree-
ment with the activation energy of 9.2 kecal/mole ob-
tained in thermobalance work.

g. PLUTONIUM MATERIAL BALANCES

Plutonium material balances for the runs reported
above ranged from 87 to 126% and are shown in Table
II-5. These runs were conducted so that most of the UFg
produet was collected in cold traps or soda lime traps
and most of the PuFg product was collected in a sodium
fluoride trap at 100°C. The cold traps and soda lime
traps were not sampled for plutonium. Previous analy-
ses of the soda lime traps indicated that the concentra-

tion of plutonium in these traps was at background
level.

TABLE I1-4. ReactioNn Rate CONSTANTS FOR THE REACTION
or U;O0s wita BrF; CarcurLatep FroM FLuip-Bep AND
THERMOBALANCE EXPERIMENTS

Reaction Conditions Rate Constant, ¥’ X 10° (min-1)
_ Fluid-bed test
Tempera BrF; tid-bed tests Thermobalance
tg(r:e (mm Hg) tests
4 Uncorrected | Corrected
200 116 2.2 2.2 2.4
300 112 9.6 9.5 13
400 110 19 27 41
Activation energy 7.0 8.2 9.2
(keal/mole)

TABLE I1-5. Pruronium MATERIAL BALANCES

Recovered Fines®
Pu @) Total 1&:_
Run Charged| £ | = 5 g Pu Re—b terial
(2) - le +« 5 | covered Ral

g ,go \% @ § = (g) alance

§ 5| = | BF& (70

o] ~ ~

Pure-19, -20, -21 8.40 123.4/2.72/0.64] 7.6 8.09 96.3
Pure-22 2.78 |13.9{2.64/0.37/13.2 2.61 93.1
Purse-8 2.81 | 9.4/3.70/0.35[12.4 3.16 | 112.5
Purse-9 2.82 (15.7/0.34/0.05! 1.9 3.56 | 126.0
Purse-10, -11, -12 8.32 [18.0/6.70/1.21{14.5 7.27 87.4
Total (9 runs) 25.13 2.62/10.4¢| 24.69 98.4¢

= These fines are recovered by brushing and rapping the
disengaging and filter sections of the reactor at the completion
of the run(s).

b Includes plutonium recovered in alumina samples a
the final bed, reactor fines, and NaF traps. PuF; collected
cold traps with UF¢ in runs Pure-19, -20, -21, -22 not included.

¢ Average of nine runs.
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. The procedure for obtaining a sample from the so-
dium fluoride trap involved the following steps: the
sodium fluoride pellets from the top half of the trap
(which is 3 in. in dia. by 24 in. high) were ground in a
dise mill. (The gas inlet is located at the top of the
trap, and previous analyses have shown that the con-
centration of plutonium in the lower half of the trap
is below background level.} The powder was then riffled
several times to reduce the sample size to about 40 g.
In runs Pure-19, -20, -21, and -22, a sample was first
obtained in this manner and then the remainder of the
sodium fluoride pellets which had been removed from
the trap were recombined, mixed, and riffled once again
to obtain a second sample. The results obtained from
these duplicate samples are shown in Table 11-6.

The plutonium analysis for the duplicate sample
from run Pure-20 is obviously in error. In this case,
the analysis indicates that more than 7 g plutonium
was in the trap, whereas only 2.80 g plutonium was
charged to the reactor for the run. The reason for this
spurious result has not been determined.

In the other runs reported in Table 11-6, the agree-
ment between duplicate samples for both the uranium
and plutonium analyses was very good and generally
within the analytical error. These results show that an
effective method of obtaining a representative sample
of the sodium fluoride has been used and that reproduci-
ble results have been obtained.

Included in Table I1-5 is a detailed account of plu-
tonium holdup in the fines recovered from the reactor
following each run. These fines do not fall freely from
the reactor surfaces but are recovered by vigorous
rapping and by brushing of most of the interior surface
of the reactor. Thus, plutonium in these fines may
constitute a reactor inventory rather than a process
loss. The fact that these fines do not readily fall into
the bed can be verified by noting the closeness of the
duplicate points (Fig. 1I-2 to I1-7) which represent
the uranium and plutonium concentrations in the final
alumina beds. A pair of duplicate points represents
the beds in a fluidized and static condition.

Efforts are now being made to reduce plutonium
holdup in the recovered fines since with adoption of
the current two-step processing scheme the total quan-
tity of fines has generally increased. In run Purse-9, the
fluid-bed filters were heated to about 250°C during the
latter portion of both the BrF; and recycle-fluorination
steps, whereas in preceding runs the normal filter tem-
perature was about 150°C. Higher filter temperatures
resulted in a significant reduction in plutonium holdup

in the fines for run Purse-9; however, similar results
‘re not obtained in the alumina reuse experiments,
runs Purse-10, -11, and -12 during which the filters

TABLE II-6. ANaLvsis oF DupLicATE SampLES TAKEN FROM
Urper Harr or 100°C Sopruvm Fruormve Trapr

Run Sample U Py
Pure- Number (w/o) (w/o)
19 1 11.6 0.095
2 11.9 0.095
20 1 8.7 0.125
2 8.5 0.34
21 1 12.1 0.132
2 11.9 0.133
22 1 13.2 0.099
2 13.3 0.104

were heated to 250°C. This may have been caused by
elutriation of plutonium during the several oxidation
and BrEFs-fluorination steps which preceded the single
recycle-fluorination step with fluorine. The extent of
possible elutriation after the BrF'; step in runs Purse-10,
-11, and 12 is indicated in Table I1-7. These data indi-
cate that almost one-half of the plutonium charge may
have been elutriated to cooler portions of the reactor
before recyele-fluorination was begun. Since the 18 g
of fines recovered after the recycle-fluorination step of
run Purse-12 (sec Table 1I-5) contained 1.2 g pluto-
nium, it also appears that blowback of the filters and
rapping of the reactor during the run were effective in
returning fines containing 2.3 ¢ plutonium to the fluid-
bed reaction zone.

Samples of the recovered fines have been fluorinated
in boat reactor tests to determine whether plutonium
would be removed by fluorination at temperatures used
in the recycle-fluorination sequence of runs Purse-10,
-11, and -12. Preliminary data from the boat reactor
tests have indicated that plutonium concentration was
reduced from 6.7 w/o to 0.2 w/o0. This result indicates
that about 0.4% of the plutonium charged for runs
Purse-10, -11, and -12 would be associated with the

TABLE II-7. Pruronivm DisTrRiBUTION IN THE FLUID-BED
REACTOR AFTER SELECTIVE FLUORINATION OF URANIUM
wiTH BrF;

Total Pu Net Pu Pu in Pu
Run Pu Removed in Fluid elsewhere
Purse- | Charged |in Samples | Reactor Bed* in Reactor
(2) (2 (2 (& ()
10 2.78 0 2.78 0.94 1.84
11 5.57 0.066 5.50 3.17 2.33
12 8.32 0.189 8.13 4.60 3.53

# Based on chemical analysis of fuid-bed sample and alum-
ina remaining in reactor when sample was taken.
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reactor fines in the final bed of run Purse-12 if these
fines had been efficiently returned to the reaction zone.
Attempts are now being made to determine whether the

principal source of plutonium in the fines is derive’
from elutriation of particles or from the decomposition
of PuF in the filter region of the reactor.

2. The Fluorination of Uranium Compounds by Bromine Pentafluoride
(R. L. JarrY, J. STOCKBAR)

a. INTRODUCTION

Bromine pentafluoride is being considered as a fluo-
rinating agent for the fluid-bed fluoride volatility proc-
ess applied to the reprocessing of spent nuclear power
reactor fuel. The reaction of BrF; with mixtures of
uranium and plutonium eompounds converts the ura-
nium to volatile UF, while converting the plutonium
only to nonvolatile PuF, . Hence, the use of BrFy can
achieve a separation of uranium from plutonium in a
single fluorination step.

The program to evaluate the selectivity of BrF; as
a fluorinating agent for mixtures of uranium and plu-
tonium compounds has involved a comprehensive study
of the fluorination with BrF; of solid reaction mixtures
containing uranium and plutonium compounds, fission
product element compounds, alumina, and stainless
steel or Zircaloy decladding product. Results of these
studies were reported in ANL-7055, pp. 114-121 and
ANL-7125, pp. 66-68. Reported below is the concluding
portion of the study on kinetics of the reactions of BrFs
with uranium compounds. The kinetics of the reactions
of BrFy with UO, and UO; have been determined.

b. EXPERIMENTAL EQUIPMENT AND PROCE-
DURE
(1) Materials

Uranium Compounds. The characteristics of the UQO;
and U0, used in these thermobalance studies are listed

TABLE 1I-8. CoMPOSITION AND SURFACE AREA
or Urantum CoMPOUNDS

Analytical Results
Surface Areas
Compound Found Theoretical (m?/g)
(%) (%)
ANL-UO:
U 88.3 88.15 0.46
O 12.0 11.85
Numec-UQ,
U 88.1 88.15 0.04
0 12.0 11.85
U0,
U 82.7 83.22 0.67
O 16.7 16.78

» Measured by the B.E.T. method using nitrogen.

in Table I1-8. Two sources of UO, were used. One of the
sources (designated ANL-UO,) was material prepared
in this Division by the reduction of UFg using steam-
hydrogen mixtures;* the second source was high-density
sintered UO; prepared by Numec® (designated Numec-
UO:). The U0z was part of a batch previously used
in a study of the reaction of UO; with SF, % and was
prepared by the thermal decomposition of UQO,-2H.0
at a temperature above 300°C. The —170+200 mesh
fraction of each of these oxides was used, and the
average particle diameter was 81 microns.

Bromine Pentafluoride. The BrFs used was purified
by distillation. Characteristics of this material were
previously presented in ANI-7055, p. 115,

(2) Apparatus and Procedure

The Sartorious thermobalance used in this work was
deseribed in detail in the preceding semiannual report,
ANL-7225, pp. 78-79. Briefly, the thermobalance con-
sists of a vertical tubular reactor 1% in. in diameter
and 20 in. long, and a Sartorious rapid 200 analytical
balance equipped with an optical-electronic weight-
sensing system and a remote recording output.

The procedure employed in these experiments was
the same as that outlined in the preceding semiannual
report, ANL-7225, p. 79.

c. RESULTS AND DISCUSSION

(1) UO:BrF; Reaction

The reaction of U0, with BrF; proceeds by the for-
mation of UO.Fs which, in turn, is fluorinated to UFg .
Experiments were performed in the temperature range
224 to 302°C for the ANL-UQ, and at 307 to 367°C
for the Numec-UQ. . The partial pressure of BrF; in

¢+ The UF¢ was reduced in a fluid bed of UO; particles at 650
to 700°C. The UO; particles were then densified to about 969,
of theoretical density by sintering in hydrogen at about 1700°C.
Additional information on characteristics of this U0, may be
found in I. E. Knudsen, N. M. Levitz, and A. A. Jonke, En-
gineering Development of Fluid-Bed Fluoride Volatility Proc-
esses. Part 6. Preparation of Dense Uranium Dioxide Particles
from Uranium Hexafluoride in a Fluidized Bed, ANL-6902,

Dec. 1964.

5 Specifications for these pellets: O/U ratio, <2.05; sintel.
in hydrogen at 1700°C; impurities, <0.1%.

6§ C. E. Johnson and J. Fischer, J. Phys. Chem., 65, 1849
(1961).



the gas phase (26 v/o BrF;, 74 v/o0 nitrogen) was 181
torr and the linear velocity of the gas phase was about
0.7 cm/sec. The rate constants obtained are listed in
Table 11-9 and are shown in the plots of Figurc 11-8.
It is assumed that the products of the reaction are UFg
and O, together with elemental bromine. This assump-
tion is in agreement with the stoichiometry previously
discussed {ANL-7225, p. 84). From least squares fits
of the Arrhenius equation to the two sets of data, the
following equations were obtained:

ANL-UO,, log ' = 1.493 — 1630/T 1)
Numee-UQ,, log &' = 3.441 — 3060/T (2)

From these equations, activation energies of 7.5 and
14 keal/mole were calculated for the ANL and Numee
materials, respectively.

The activation energy of 7.5 keal/mole for the ANL-~
UO. suggests that the reaction is controlled by the for-
mation of UO,F, and depletion of TOsFy by fluori-
nation. The activation energy for the UO.F, reaction
was found previously to be 8.3 keal/mole (ANL-7225,
p. 83). In the case of the Numee-UO, , the value of 14
keal/mole suggests the presence of UF, as well as
TUO.F, on the surface of the reacting particles, since
previous work (ANL-7225, p. 80) showed that the
activation energy for the UF, reaction is 16.9 keal/mole.
Rampy® has shown that both TO.Fs and UF, are pro-
duced by the reaction of UFg with UQO,. Therefore,
if in the reaction of Numec-UOs, the product UFs
reacts with the UQO,, the solid surface would be an
equimolar mixture of UO.F, and UF,. For such an
equimolar mixture, an estimate of the activation
energy (0.5 X 83 + 0.5 X 16.9) results in a value of
12.6 keal/mole, in reasonable agreement with the value
of 14 keal/mole obtained experimentally. Reasonable
agreement of theoretical with experimental activation
energies had been previously obtained for 25 UO,Fs-14
UF, mixtures (ANL-7055, p. 119).

The difference in behavior of the two types of oxide
probably arises from different degrees of reactivity of
the two oxides. A high reactivity of ANL-UO2 may
result in rapid conversion of the surface of the solid
to UO.F,, so that interaction at the oxide surface with
UFg to form a mixture of UFy and UO,Fs would be
essentially absent. Sintered oxide (Numec-UQ,) is more
slowly fluorinated to UTO.F, and therefore some oxide
surface is available for contact with UFg to form UF,
and UO.F,. To obtain rates comparable to those ob-
tained for ANL-TUO,, higher temperatures are needed
Qr Numee-UQg; this can be ascribed to the lower re-

ctivity of the sintered TO, particles.
Experiments were also performed, using ANL-UO, ,

7 G. A. Rampy, USAEC Report GAT-265, June 5, 1959.
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TABLE 11-9. Rate ConsraNnts FOR THE UO.-BrRF; REACTION
BrF; partial pressure: 181 torr
Total pressure: 1 atm
Linear velocity: 0.7 cm/sec

k' X 10% (min™1)

Temp. (°C)
Exp. Calc.
A. ANL-UO,
224 19.3 18.7
225 23.8 18.9
298 16.8 19.8
230 18.7 20.4
241 25.9 23.8
242 25.4 24.2
253 23 3 28.1
254 22.3 28.5
255 25.3 28.9
262 30.2 31.6
274 33.5 36.7
277» ’ 31.2 38.1
2770 38.4 38.1
279 43.4 39.0
279 41.6 39.0
279 40.6 I 39.0
205 47.9 47.1
302 50.1 51.0
B. Numec-UO,

307 19.0 14.7
309 16.1 15.3
310 15.7 15.6
326 24.8 21.6
329 18.3 22.9
330 21.3 23.3
333 19.0 24.7
333 19.0 24.7
336 32.5 2.2
339 34.3 27.7
346 30.3 31.5
349 32.0 33.3
354 35.1 36.5
355 51.3 37.1
365 46.7 44.3
367 47.6 45.8

+ Linear velocity = 0.85 cm/sec.
b Linear velocity = 1.25 cm/sec.

1o determine the dependence of the reaction rate on the
BrF; partial pressure and the linear velocity of the gas
phase. The two experiments (at 277°C in Part A of
Table I1-9) were performed at lincar velocities of 0.85
and 1.25 em/see, respectively. Values of the rate con-
stant of 0.0312 and 0.0384 min—* which were obtained
for these experiments do not indicate a large effect of
the linear velocity of the gas phase on the value of the
rate constant. Other experiments were performed in
which the BrF; partial pressure in the gas phase was
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TABLE 11-10. DepeNpENcE oF THE Rare CoNstant, %/,
ON THE PARTIAL PRESSURE oF BrF;

Pop® E X 10° Exponent for TABLE II-11. RractioN RaTE CONSTANTS FOR THE
Temp. (°C) (t‘;}r") (min-Y) Bfl}* a P{)e?Sl)lre UVO0;-BrF; REACTION
n
erm BrF; partial pressure: 189 torr
] Total pressure: 1 atm
A. UO»-BrF; Reaction Linear velocity: 0.7 cm/sec
242 74 13.8 E X 108 (min™1)
250 74 15.5 Temp. (°C)
242 181 23.6 Exp. Cale.
250 181 27.2
242 369 43.0 222 13.7 17.6
250 369 60.1 0.84 296 7.7 18.7
_ 235 22.8 21.5
B. UO;-BrF; Reaction 236 22.8 21.8
251 26.6 27.1
252 90 12.9 252 31.6 27.5
253 90 12.9 263 36.6 32.0
251 189 26.6 264 28.1 32.4
252 189 31.6 265 28.6 32.8
251 277 41.8 276 39.1 37.9
251 277 41.8 1.05 278 40.4 38.9
299 50.2 50.3
a Total pressure, 1 atm. 300 51.6 50.9
b For equation k' = Ae E/BRTPr,
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.4 or 369 torr. The values of the rate constant obtained, TABLE II-12. Rare EQUATIONS FOR THE REACTIONS OF
along with those for reactions at 181 torr Br¥F; partial BrFs; wite Uranium CoMPOUNDS
pressure (from Table 11-9), are listed in Part A of Rale equation:® log k' = n log P — (4/T) + B

Table II-10. From these data a value of 0.84 was

X - " U¥F, UO,.F, Us0s U0 | UO;
derived for the coefficient, n, of the pressure term in the

equation ¥ = Ae~Z/FTPr Combining this value of n n 0.38 | 0.71 0.90 | 0.84 | 1.05

with the previous equation resulted in the following A 3600 | 1810 | 2000 | 1630 | 1680

equation representing the temperature and pressure de- B 4.286 0 —0.220|—0.270/-0.767
Activation Energy 16.9 8.3 9.2 7.5 7.7

pendence of the UO2-BrF; reaction:
log k' = 0.84 log P — 1630/T — 0.270

(keal /mole)

= P in torr, £/ in min™t,

where P is expressed in torr. b High reactivity ANL-UO, .
(2) UO:BrF; Reaction
The kineties of the UO;-BrF; reaction were studied 100
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7 l|8 |Ig 2|0 2] about 0.7 cm/sec. The results are listed in Table 11-11
’ ’ | 63 ’ ' and are shown in the plot of Figure 11-9. It is assumed

T oK that the products of the reaction are UF¢ and Oy, to-
%8 a1 ' gether with elemental bromine, The following equation

Fic. 11-9. Temperature Dependence of the Rate Constants representing the t‘emperature dependence of the rate
for the Reaction of BrFs with UQs. constant was obtained by a least squares fit of the Ar-
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rhenius equation to the data:
log &’ = 1.636 — (1680/T)

A value of 7.7 keal/mole was calculated for the acti-
vation energy of the UO;-BrF; reaction.

Several experiments were performed to determine
the dependence of the reaction rate on the BrF; partial
pressure. The data obtained at partial pressures of 90,
189, and 277 torr are listed in Part B of Table 11-10.
From these data a value of 1.05 for the coeflicient n
of the equation k& = Ae—#/BTP* was calculated. Com-
bining this value of n with the previous equation re-
sulted in the following equation representing the com-
bined temperature and pressure dependence of the
TO3-BrF; reaction:

3. Tellurium Fluoride

a. INTRODUCTION

The volatile fluorides of fission product tellurium
represent a troublesome eomponent in the process off-
gas streams from fluoride volatility processing of re-
actor fuel materials because of the relatively high
concentration of radioactive tellurium in the fuel and
the chemically inert character of the tellurium fluorides
formed in the process. The low maximum permissible
concentration, MPC, for airborne, fission product
tellurium,® which is 1 x 10—% uCi/ml for both 2™Te
and 1#07Te must be considered in the decontamina-
tion of process off-gas streams. Iittle information on
the chemistry of tellurium fluorides is available, and
consequently, a program on the chemistry of the tellu-
rium fluorides has been established to obtain informa-
tion on methods for the removal of traces of tellurium
fluorides from gas streams. The principal tellurium
fluoride species in the fluoride volatility process off-gas
is probably tellurium hexafluoride, and small quanti-
ties of ditellurium decafluoride, TesF1o, may also be
present.

Various inorganic and organic materials were evalu-
ated to determine their ability to sorb tellurium hexa-
fluoride under static conditions. The sorbents used in
this study included soda lime, activated alumina, Linde
types 13X and 10X Molecular Sieve, activated charcoal,
magnesium fluoride, copper (II) oxide, and metallic
copper, aluminum, nickel, and tellurium. The criteria
for the sorbent evaluation in this study were: (1) the

8 Maximum Permissible Body Burdens and Maximum Per-
missible Concentrations of Radionuclides in Air and in Water
for Occupational Exposure, U.S. Department of Commerce,
National Bureau of Standards Handbook 69, June 5, 1959,

log k¥ = 1.05 log P — 1680/T — 0.767 .
where P is in torr.

d. SUMMARY OF REACTIONS OF URANIUM
COMPOUNDS WITH BrF;

The experimental work on the kinetics of the re-
action of BrFy with UO, and UO; deseribed in this
report completes the study of the reaction of BrF; with
the uranium compounds UF,, UO.Fs, U0, UO0:,
and UO; . The constants for the equations representing
the combined temperature and pressure dependence of
the rate constant for the various reactions are listed in
Table I1-12. The temperature dependence of the vari-
ous reaction rate constants at a Br¥Fj partial pressure
of 250 torr is shown in the plots of Figure 11-10.

Chemistry (D. R. VissErs)

rate of TeFq sorption, (2) the capacity of sorbent for
TeFs, and (3) the quantity of TeF, retained on the
sorbent,.

b. EXPERIMENTIAL EQUIPMENT AND PROCE-
DURE

(1) Materials

The tellurium hexafluoride used in this study was
obtained from Allied Chemical Company and was
purified by fractional sublimation under vacuum to re-
move lower fluorides of tellurium such as TesFyq,
TeFy, and Te3F14,0, . The sorbents and chemical trap
materials used in this study are listed in Table I1-13.

(2) Experimental Equipment

The apparatus consisted of a 97-ml vertical, tubular
heated nickel reactor, a general purpose manifold to
which were attached a system of cold traps, a calibrated
TeFg feed cylinder, a vacuum system, and a Booth-
Cromer type pressure transmitter with a mercury ma-
nometer readout. The manifold, valves, reaction vessel,
and all auxiliary equipment exposed to the tellurium
hexafluoride were constructed of nickel. A chromel-
alumel type thermocouple located within the nickel
reactor served as the temperature indicator and regula-
tor signal for the furnace temperature controller.

(3) Procedure

A weighed sample of the sorbent was placed in the
reactor and after the system was heated to the desire
temperature and evacuated, a measured quantity b
tellurium hexafluoride was admitted to the system.
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TABLE 1I-13. REAGENTs TEsTED FOR TeF¢ REMOVAL

Material Source Designation S“{;ﬁj gfea
Activated alumina Alcoa F-1, —8+14 mesh 295
BPL activated charcoal Pittsburgh Coke and Chemical Company —12+430 mesh, BPL 2075
Activated cocoanut charcoal Sargents AC-11368 1790
Linde Molecular Sieve Union Carbide Corporation ¢ in., Type 13X 280
Linde Molecular Sieve Union Carbide Corporation U in., Type 10X 332
Magnesium fluoride Prepared at Oak Ridge National Laboratory 14-18 mesh 146
Sodium fluoride Harshaw Chemical Company Tablets, 14 in. by 1¢ in. <1
Soda lime Mallinckrodt Chemical Works 4-8 mesh 6.3
Copper metal turnings Mallinckrodt Chemical Works — <0.1
Nickel wool Brillo Manufacturing Company Coarse grade <0.1
Tellurium metal powder Sargents — <1
Aluminum turnings ANL 28, clean <0.1
Copper (II) oxide Allied Chemical Reagent wire <0.1

a Measured by B.E.T. method using nitrogen.

The sorption of tellurium hexafluoride was monitored
by observing the change of pressure in the system.
After sorption was completed, the excess tellurium
hexafluoride was collected in a cold trap cooled with
liquid nitrogen. The vessel containing the sorbent was
then evacuated, at a pressure of ~10—2 forr, through
a cold trap cooled by liquid nitrogen, to determine
whether the tellurium hexafluoride could be desorbed
from the solid. In some of the experiments, a second
reactor vessel heated to 100°C and containing about
10 g of sodium fluoride pellets was placed in series with
the principal reactor to collect any hydrogen fluoride
which may have been present. Hydrogen fluoride may
be introduced into the system by partial hydrolysis of
TeF6 .

The initial TeFg pressure listed for each of the studies
is the pressure of the TeFg at 25°C. The characteristics
of the Booth-Cromer and mercury manometer readout
limited the accuracy of the pressure measurement. Con-
sequently, the maximum sorption could not be reported
as 100 percent.

c. SORPTION STUDIES

The capacity of most gas sorbents is principally de-
termined by surface area, pore size distribution, and the
chemistry and geometry of the sorbent surface and
sorbing gas molecule. For comparative evaluations of
the respective sorbents, a sorbed TeFs molecule was
assumed to occupy the average nitrogen B.E.T. surface
area on the sorbent surface of 40 A2 The calculated
capacity of a sorbent with a surface of one square meter
would thus be 4.16 X 10—¢ mole, assuming conmiplete
coverage by a monolayer of sorbed molecules. The mo-

ular cross-sectional area of the nitrogen molecule was

ssumed to be 16.28 A2 for all of the B.E.T. surface area
measurements.

(1) Activated Alumina

A typical gas sorption isotherm at 25°C is shown in
Figure II-11 for the sorption of TeFg on activated
alumina. The isotherm indicates that about 50 percent
of the TeF¢ present was sorbed in 30 sec, while after 20
min only 76 percent of the TeFq was sorbed. These re-
sults indicate that the rate of TeFg sorption on acti-
vated alumina is high, until about 16 percent of the sur-
face is covered. Several tests were performed in which
the ratio of activated alumina to TeFg charge was in-
creased so that if the entire quantity of TeFg were
sorbed, it would occupy only 7.6 percent of the nitrogen-
determined surface area of the activated alumina. The
results of these tests confirmed the conclusion that the
rate of TeFs sorption is high at low surface coverage.
The studies with the higher ratio of activated alumina
to TeF¢ were then extended to higher temperatures. The
results of experiments with activated alumina (Table
I1-14) indicate that activated alumina is a good sorbent
for TeFg4 at temperatures below 300°C. After sorption
of TeFs on activated alumina, nitrogen B.E.T. surface
area measurements of the samples were made (Table
I1-15). Results indicate that only at 500°C does the
alumina lose a significant fraction of surface area. No
data have been obtained, however, which would indi-
cate whether activated alumina in the absence of TeFq
would show a similar reduction in surface area. De-
sorption of TeFg at a pressure of 1 X 102 torr was
slight, indicating that TeFg is retained strongly by
alumina.

(2) Activated Charcoal

BPL Activated Charcoal. The effects of loading of
the charcoal surface by TeFs on (1) the kinetics of TeFgq
sorption and (2) the retention of TeF¢ by charcoal were
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Fia. 1I-11. The Rate of Sorption of TeFg on Activated Alumina at 25°C.

TeF¢ charge:
Initial pressure:

4 X 1073 mole
100 torr

Activated alumina charge: 10 g
(TeF; monolayer capacity, 1.2 X 1073 mole/g)

TABLE II-14. Tue SorPTION RATE AND RETENTION OF
TerLLurioM HEXAFLUORIDE ON ACTIVATED ALUMINA
TeF s charge, 2 X 1073 mole; initial pressure, 200 torr
Activated alumina charge,® 22.2 ¢

Percent of the Initial TeFs Sorbed on

Activated Alumina

200°C | 300°C | 400°C | 500°C

Reaction
Time
(min)
25°C 100°C

0.5 >97 >99
1.0 >98 >99
2.0 >98 >99
5.0 >99 >99

10.0 >99 >99

15.0 >99 >99

20.0 >99 >99

99 >97 62 37
>99 >908 66 41
>99 >98 69 45
>99 >98 76 50
>99 >098 85 58
>99 >98 85 56
>99 >98 86 56

Temperature of
Sorption and Desorption
4]

Percent of the Initial
TeF; Desorbed from the
Alumina during Evacuation®

25
100
200
300
400

-5

T = =)
(o) v I

2 The calculated TeF; monolayer capacity of the activated
alumina was 1.2 X 1073 mole/g.

b The alumina samples were placed under vacuum (~1 X
1072 torr) for desorption for 1 to 2 hr.

investigated at 25°C. The results of this study are pre-
sented in Table I11-16. To determine the effect of tem-
perature on the TeFg sorption behavior, a series of sorp-
tion studies were carried out at 100, 200, 300, and 400°C.
The results, reported in Table 1I-17, indicate that at
25°C charcoal possesses good sorptive characteristics
for TeFg .

Activated Cocoanut Charcoal. To determine how the
type of charcoal affects the sorptive properties of the
charcoal for TeFg, a second type of activated charcoal
was evaluated briefly as a sorbent for TeFq . The char-
coal used for this study was activated cocoanut charcoal
with a monolayer capacity for TeFg of 743 X 108

TABLE II-15. B.E.T. SUrraAcE AREA MEASUREMENTS OF
ACTIVATED ALUMINA SAMPLES

Reaction time: 20 min

Description of Activated S ur]fga‘g&r ca %&f)\il;zfgce
Alumina (m2/g) with TeFs

Material as Received 205 —

Reacted at 100°C with TeFq 297 7.4
Reacted at 200°C with TeF 316 7.5
Reacted at 300°C with TeF, 303 7.4
Reacted at 400°C with TeF, 316 6.4
Reacted at 500°C with TeF; 155 ~4




TABLE II-16. Tuae SorpTioN RATE AND RETENTION OF
TeLLorivM HexXAaFLUORIDE ON BPL AcTivaTED
Cuarcoar ar 25°C

TeF g charge, 2 X 1073 mole; initial pressure, 200 lorr

Percent of the Initial TeFe
Reaction Time Sorbed on Activated Charcoal
(min)
1-g sample* | 5-g sample® 10-g sample®
0.5 69 98 >99
1.0 78 99 >99
2.0 86 >99 >99
5.0 93 >99 >99
10. 94 >99 >99
15.0 95 >99 >99
20.0 95 >99 >99
Soten Sample size | ferntof b B T
g during Evacuation®
1 36.5
5 1
10 1

= The ecalculated TeFs monolayer capacity of the BPL
activated charcoal was 8.6 X 1072 mole/g.

b The charcoal samples were placed under vacuum (~1 X
102 torr) for desorption for 114 hr.

TABLE 1I-17. Tuae Errect or TEMPERATURE ON THE SORP-
TION RATE AND RETENTION OF TELLURIUM HEXAFLUORIDE
oN BPL ActivaTeEp CHARCOAL
TeFq charge, 2 X 1073 mole; initial pressure, 200 torr
Charcoal charge,* § g
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mole/g. In this study 2 X 103 mole of TeF¢ at approx-
imately 200 torr was reacted with 5- and 10-g samples
of the activated cocoanut charcoal at 25°C. The results
of this study showed that only 97 percent of the tellu-
rium hexafluoride present had been sorbed on a 10-g
sample of cocoanut charcoal in twenty minutes. During
evacuation of the sample chamber for 80 min at 25°C,
31% of the initial TeF¢ was desorbed. Similar results
were obtained with the 5-g sample of cocoanut charcoal.
These results indicate that cocoanut charcoal does not
retain TeFq as well as BPL charcoal.

(3) Linde Molecular Sieves

Type 13X Molecular Sieve. The effect of TeFg sur-
face loading on the kinetics of TeFg sorption and TeF
retention by type 13X Molecular Sieve was investigated
at 25°C. The results of this study, presented in Table
II-18, indicate that TeFs is rapidly sorbed on the
Molecular Sieve. In another series of sorption studies,
the effect of temperature on TeF g sorption and retention
was observed at 100, 200, 300, and 400°C. At 300°C the
TeF, sorption was carried out on the 13X Molecular
Sieve, both in the presence and absence of the sodium
fluoride trap. The sorption studies at 300°C indicated
that no significant amount of hydrogen fluoride, derived
either from the TeFg feed or from interaction between
TeFs and the sorbent, is present during the sorption
step. The results of these studies indicate that the 13X

TABLE II-18. Tur SorprioN RATE AND RETENTION oOF
TeLLoriuvMm HexarLuoripeE oN LinpE 13X MOLECULAR
Sieve ar 25°C

TeF ¢ charge, 2 X 1073 mole; tnitial pressure, 200 torr

. Percent of the Initial TeFg Percent of the Initial TeFg
R’i‘aifr?eon Sorbed on Activated Charcoal Sample Reaction Time Sorbed on 13X Molecular Sieve Sample
: (min)

(min) 25°C 100°C 200°C | 300°C | 400°C 1-g sample* | 5-g sample* | 10-g sample®
0.5 98 98 27 4 0 0.5 79 99 >99
1.0 99 >98 29 7 0 1.0 84 >99 >99
2.0 >99 >99 32 7 0 2.0 91 >99 >99
5.0 >99 >99 ' 35 8 0 5.0 >99 >99 >99

10.0 >99 >99 i 38 8 0 10.0 >99 >99 >99

15.0 >99 >99 40 8 0 15.0 >99 >99 >99

20.0 >99 >99 42 8 0 20.0 >99 >99 >99

Percent of the Initial TeFj
Desorbed from the Charcoal
during Evacuation®

Temperature of
Sorption and Desorption
o

13X Molecular Sieve
Sample Size
(8

Percent of the Initial TeFs
Desorbed from the
Charcoal during Evacuation®

1
100 3.
5

25
7
i 35.7

]

|
|
1 ’ 36.5

5 1
10 1

® . ..

a2 The calculated TeF; monolayer capacity of the BPL
activated charcoal was 8.6 X 1078 mole/g.

b The charcoal samples were placed under vacuum (~1 X
10~2 torr) for desorption for about 1 hr.

s The calculated TeF monolayer capacity of the type 13X
Molecular Sieve was 1.16 X 10~% mole/g.

b The 13X Molecular Sieve samples were placed under vac-
uum for desorption for 1 hr.
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TABLE II1-19. Tue Errect or TEMPERATURE ON THE
SorprioN RaTeE AND RETENTION OF TELLURIUM
HexAFLUORIDE ox Linpe 13X
MOLECULAR SIEVE

Tel's charge, 2 X 1073 mole; initial pressure, 200 torr

Type 18X Molecular Steve charge,* § ¢

. Percent of the Initial TeFs
Reation Sorbed on 13X Molecular Sieve Sample
Time
(min) E N
25°C 100°C | 200°C 300°CP 400°C
0.5 99 >97 >91 76, 77 55
1.0 >99 >08 95 79, 79 62
2.0 >99 99 >98 84, 84 70
5.0 >99 >99 >99 92, 92 79
10.0 >99 >99 >99 95, 96 87
15.0 >99 >99 >99 96, 97 90
20.0 >99 >99 >99 96, 97 90

2 The calculated TeFs monolayer capacity of the type 13X
Molecular Sieve was 1.16 X 1073 mole/g.

b The second of the two numbers represents
sorbed in the presence of a sodium fluoride trap for hydrogen

fluoride.

percent TeF;

TABLE I1I-20. B.E.T. Surrace AREA MEASUREMENTS OF
Linpe 13X MOLECULAR SIEVE

Reaction time: 20 min

Descriptio.n of 13X Molecular Su rgx'c%&r ea ggvzfres él l;j;?gﬁ
Sieve Sample (m?/g) TeF,
Material as Received 280 —
Reacted at 100°C with TeFy 24.3 34
Reacted at 200°C with TeF, 25 34
Reacted at 300°C with TeFs 8 34
Reacted at 400°C with TeF, 13 31

Molecular Sieve is a fairly good sorbent for TeFq below
200°C (see Table I1-19). Less than 4% of the TeFg was
desorbed by evacuating the system to 10—2 torr for one
hour at temperatures up to 400°C.

Comparative nitrogen B.E.T. surface area measure-
ments on the 13X Molecular Sieve before and after
TeFg sorption are presented in Table 11-20. No data are
available, however, to indieate changes in surface area
of type 13X Molecular Sieve on heating in the absence
of TGFG .

10X Molecular Sieve. Sorption studies of TeFg on
type 10X Molecular Sieve were carried out by reacting
10- and 20-g samples of the sorbent at 25°C with 2 X
10—2 mole of TeF at a pressure of 200 torr. The results
of this study showed that both the rate of TeFq sorption
and the capacity of the sieve material for TeFg are com-
parable to those for type 13X Molecular Sieve. How-
ever, the retention of TeFg by type 10X Molecular Sieve
WAas Very poor.

The sorption properties of 14-18 mesh MgF, for TeF
were evaluated at 25 and 200°C, 1t was observed that
at 25°C the rate of TeFg sorption is rapid until about
10 percent of the surface is covered, while at 200°C the
TeFgq sorption rate is rapid until about 6.6 percent of the
surface is covered. None of the TeFs sorbed by the
MgF, was desorbed when the reaction product was
evacuated to 10~2 torr for 1 hr.

Soda lime was evaluated by reacting 2 X 10—3 mole
of TeFs with 20-g samples of 4-8 mesh soda lime at 25,
100, and 300°C. The results indicated that TeFg reacts
slowly with soda lime. Therefore, this material is not
a good chemical sorbent for tellurium hexafluoride.

(4) Magnesium Fluoride and Soda Lime

d. CHEMICAL TRAPS

Kinetic studies were carried out on a group of rea-
gents of low surface area which might react chemically
with TeFg to form nonvolatile products. The materials
evaluated in this series of tests were copper turnings,
nickel wool, copper (II) oxide, aluminum metal, and
metallic tellurium.

Copper turnings were reacted with TeFg at 400 and
500°C. The results, shown in Table 1I-21, indicate that
TeFq reacts rapidly with metallic eopper to form non-
volatile products. X-ray diffraction powder patterns
showed Cu,Te and CuFs to be the major reaction prod-
ucts.

Samples of nickel wool were reacted at 500°C with
TeFg. The nickel wool in one experiment was pre-
fluorinated with fluorine at 270°C while in the other ex-
periment it was not so treated. The data in Table 11-21
indicate that TeFg reacts slowly with nickel and that

TABLE 1I-21. Tas RractioN RaTE oF TELLURIUM
Hexarrvoripe wiTH CorpER TURNINGS
AND N1ckeL Woowu
TelF s charge, 2 X 1078 mole; initial pressure, 200 torr
Quantity of copper metal turnings or nickel wool
charged lo the system, 10 g

Copper Turnings Nickel Wool
Reaction
Time (m]n) TeFg TeFg TeFe TCFG
Reacted at| Reacted at | Reacted at]| Reacted at
400°C (9)| 500°C (%) | 500°C (%)| 500°C> (%)
0.5 74 98 11 1
1.0 82 99 16 4
2.0 89 >99 28 18
5.0 96 >99 78 80
10.0 97 >99 96 >98
15.0 97 >99 98 >08
20.0 97 >99 98 >98

2 Nickel wool prefluorinated with fluorine at 270°C.
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.the rate and extent of reaction are independent of pre-
treatment of the nickel surface. X-ray diffraction pat-
terns showed NiTe, NiTe;, and NiF, to be reaction
products.

Copper (II) oxide was found to be essentially nonre-
active at 400°C and 500°C with TeFs. Aluminum
metal did not react with TeFy at temperatures up to
500°C. Only a slight reaction was noted between TeFs
and tellurium metal powder at 370°C.

e. SPECTROPHOTOMETRIC STUDIES

Attempts were made to obtain the spectra of tellu-
rium hexafluoride between 2,000 and 10,000 A on a
Cary spectrophotometer. The results of this study in-
dicated that tellurium hexafluoride exhibits no absorp-
tion in either the ultraviolet or visible spectrum.

f. DISCUSSION

The results of this survey of materials as sorbents
for tellurium hexafluoride indicate that activated
alumina, BPL activated charcoal, Linde type 13X
Molecular Sieve, magnesium fluoride, and copper metal
may be suitable candidate materials for removing Te¥y
from process gas streams.

Although the rate of TeFs sorption on activated
alumina is high over a wide temperature range (25 to
300°C), the capacity of the sorbent for TeF is less than
the capacity of either BPL charcoal or type 13X Molec-
ular Sieve for TeFs. At temperatures above 100°C,
BPL activated charcoal and Linde type 13X Molecular

Sieve exhibit a marked decrease in sorption rate and
capacity. Therefore, these materials would be much
more restricted in application than activated alumina,

Of all sorbents studied, magnesium fluoride had the
best retention of sorbed TeFq . Owing to the low surface
area of MgF, , the material did not exhibit a high ecapac-
ity for TeFs. Nevertheless, MgF, is a promising ma-
terial for sorbing TeFg from gas streams containing
fluorine or BrF; since MgFs probably does not react
with these gases.

Copper turnings show excellent reaction kinetics to-
wards TeFg at 500°C and since the reaction products
are not volatile, the material appears to be a satisfac-
tory chemical for sorption of TeFq. The applicability
of copper turnings for sorption of TeFg from process
gas streams may be limited by the susceptibility of
copper to air oxidation and fluorination by fluorine,

g. FUTURE STUDIES

Tellurium hexafluoride sorption studies will be car-
ried out in the presence of fluorine, nitrogen, and oxygen
in a flow system. In these studies, TeFg concentrations
similar to those that will be encountered in the fluoride
volatility process off-gases will be employed in order to
obtain data suitable for recommending methods of off-
gas treatment. Analytical techniques to determine ppm
quantities of TeFs in air are currently being investi-
gated to permit the evaluation of low level flow studies.
The analytical procedures will also be used to evaluate
the performance of traps used in planned tracer studies.

4. Instrumental Analysis (W. SHINN, M. STEINDLER)

Instrumental methods of analysis are desirable for
use in the fluoride volatility processing of nuclear fuels
since such methods may avoid problems assoeiated with
the sampling of process streams and also avoid diffi-
culties involved in chemical analyses. A successful in-
strumental method may also be used as a means of con-
trolling certain phases of the process. An experimental
program is under way to develop techniques for remote
plutonium analysis based on the counting of neutrons
derived from (a,n)-type reactions.

A neutron detector for estimating the quantity of
plutonium fluorides in laboratory vessels has been con-
structed. The detector has a sample holder, 5 in. in dia.
by 12 in. long, mounted centrally along the axis of a 55-
gal drum which contains water for moderation of the
fast neutrons emitted from the plutonium fluoride sam-
qzes. Three proportional counters, each 1 in. in dia. by

in. long, containing 10 atm of helium-3 are immersed
in the water moderator, and are equally spaced around

the sample holder with a distance of 2 in. between cach
counter and the sample holder.

The water-moderated detector has been calibrated
with several compact PuF, sources ranging in weight
from 0.3602 to 134.5 g. Coincidence corrections, as large
as one-third of the gross counting rate of the largest
source, are required since the resolving time the detec-
tor is 7.35 usec as determined by a two-source method.?
Four PuF, sources produced a corrected counting rate
proportional to the mass of PuF, present, and gave a
specific neutron counting rate of 20,800 = 400 counts/
(min) (g PuFy). A 0.0124-g PuF, source yielded poor
counting statistics owing to the varied and high back-
ground of the laboratory. Although quantities of PuF,
as small as a few milligrams can be accurately measured
in small vessels by a detector in a location with a low
neutron background, this restriction may prevent ap-

9 &. Friedlander and J. W. Kennedy, Nuclear and Radio-
chemistry, John Wiley and Sons, N. Y., 1955.



72 11. Fluidization and Volatility Processes

plication of this instrument to analyses of very small
quantities of plutonium in process use.

A sample of PuFg has been counted in the neutron
detector and its weight calculated by assuming that the
ratio of neutron activity of the hexafluoride to that of
the tetrafluoride is 1.37, the ratio for the corresponding
uranium compounds.!® This procedure predicted 94.6 g
which is in excellent agreement with the sample weight
of 1009 g.

Accuracy better than about 5 percent is dependent
upon a sample being within two inches of the center of
the sample holder—a volume smaller than that of many

10 R. H. Stevens and R. C. Smith, USAEC Report K-1586,
1964.

vessels in which plutonium fluoride determinations are
to be performed. In addition, accuracy depends upon
knowledge of the sample specific neutron activity, which
may be influenced either by alpha activity of the sample
or the presence of other materials with the sample. The
extent to which fluorides such as NaF or other materials
affect neutron activity will be investigated during de-
terminations of laboratory samples for which the plu-
tonium content is known.

Although the detector in its present form does not
appear to be suitable for continuous monitoring of proc-
ess gas streams or for determining plutonium fluoride
deposits in fixed equipment, the extent of its limitations
is being investigated.

5. Neptunium Fluoride Chemistry (T. GErpiNg, L. E. TREVORROW)

Neptunium-237 is a valuable constituent of spent
power reactor fuels since it can be transmuted to plu-
tonium-238, which has potential use as an isotopic
power source. Therefore, it is necessary to consider
means for recovering neptunium in the fluoride volatil-
ity processing of reactor fuels. An experimental program
is under way to evaluate the behavior of neptunium in
the various steps of the volatility process. Previous work
(ANL-7125, pp. 73-74) has concerned the study of the
rate of reaction of NpF, with gaseous fluorine. This
report describes a study of the reaction of NpF; with
gaseous BrFs to determine the behavior of neptunium
when oxidized nuclear fuel is treated with BrF's . Initial
experiments showed that a volatile neptunium com-
pound is formed in the reaction. Additional experiments
were carried out to measure the rate of the reaction and
to establish the identity of the products.

The rate experiments were carried out in a tube reac-
tor heated by a eylindrical furnace. After the system
was heated to the reaction temperature in an atmos-
phere of flowing nitrogen, a BrFz-nitrogen mixture at 1
atm was passed over 0.5 to 1 g of powdered NpF, con-
tained in a nickel boat. All of the experiments were
carried out using a mixture of 33 v/o BrF; and 67 v/o
N, . The NpF, was prepared by reacting NpO. with a
mixture of HF and oxygen at 500°C. In most experi-
ments the reaction products and excess BrFs were col-
lected in a soda-lime trap for disposal. Several experi-
ments were performed in which the reaction products
were collected in a cold trap and subsequently vaporized
into a spectrometer cell for examination. The boat con-
taining the powdered NpF, was weighed before and
after each experiment to determine the weight loss.

The rate data obtained were tested for conformation
to the diminishing sphere rate law:

(1 — F)s =1 — k1,

where &’ is the rate constant, F is the fraction of the
solid reacted, and ¢ is the reaction time. If values of
(1 — F)1% are plotted versus values of ¢, the result
should be a straight line with a slope which is the rate
constant k', Figure I1-12 shows the experimental results
plotted in this form. Results obtained at 300, 325, and
350°C yielded straight lines, but the results from two
sets of experiments at 400°C produced nonlinear plots.
Since the results obtained at temperatures between 300
and 350°C appear to conform to the diminishing sphere
rate law, the slopes of the lines shown in Figure 1I-12
have been used to calculate the rate constants, %/,
listed in Table 11-22. These constants may be compared
with the rate constants calculated for the same tem-
peratures and pressures from an equation previously
determined for the UF4-BrFs reaction (ANL-7225, pp.
80-82). The rates of the NpF+BrF; reaction are sig-
nificantly lower than the rates of the UF+BrF; reaction.,
A valid comparison of the rate of the UF,-BrF; reaction
with the rate of the NpF,-BrF; reaction, however, re-
quires either values for 7o and p, or the assumption that

the ratio
( Toypu ) =1
TonpPNp
where ry = radius of initial spherical particle
p = bulk density of solid,
since the observed rate constants, &', are related to true
rate constants, k, by k' = k/repo . In addition, the sur-
face reactivity must be identical for a meaningful com-
parison of reaction rates.
The rate constants for the reaction of Np¥, wit
BrF; at 300, 325, and 350°C follow the Arrhenius equa-
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Fia. I1-12. Rate of the Reaction of Np¥F, with BrF; Expressed by the Diminishing Sphere Rate Law, (1 — F)18 = 1 — k't

tion, In k' = —E/RT 4+ A, as shown in Figure II-13.
The activation energy obtained from the slope of the
line is 26 keal/mole. In comparison, the activation
energy of the UF-BrFs reaction is 16.9 kecal/mole.

Solid materials remaining in the boat after partial
reaction with BrFy were analyzed to determine whether
the solid phase is converted to a solid neptunium fluoride
intermediate (Table I1-23) between NpF, and NpFs.
The results of chemical analyses are listed in Table
I1-23. X-ray diffraction analyses of the solid remaining
after treatment of NpF, with BrF; at temperatures
between 325 and 500°C indicated that the only solid
present was NpF,. From this result and the chemical
analyses listed in Table II-23, it is concluded that no
stable solid neptunium fluoride intermediate is formed
in the reaction of NpF, with BrFs.

It has been shown (ANL-7225, pp. 79-81) that prod-
ucts of the reaetion of UF, with Brks are elemental
bromine and UFs. Attempts to establish, by spectro-
photometric methods, the identity of the products
formed in the reaction of NpF, with BrF; have yielded
ambiguous results. It has been difficult to determine by
visual observation whether bromine is among the prod-
ucts of the reaction of NpF, with BrF'; . In some cases a
reddish color suggesting the presence of bromine has

.in observed when the products were condensed in a
orothene tube at —78°C, but the color disappeared
on warming the contents of the tube to room tempera-

TABLE 11-22. RaTe or Reaction or NpF,
wita BrF;

Gas composition: 33 v/o BrF;-67 v/o N

Total reaction pressure: 760 mm

Apparatus: Boat reactor
Rate Constant?
Temp. (°C)
# NpF; (min™?) k' UFs (min™?)
300 0.017 X 1072 5.8 X 1072
325 0.044 X 1072 11 X 107
350 0.096 X 1072 19 X 1072

= Calculated from diminishing sphere model.
b Calculated for a BrF; partial pressure of 250 mm from the
equation presented in ANL-7225, p. 80.

ture. Subsequent experiments showed that NpFe
reacts with bromine at room temperature. When NpF
was condensed onto solid bromine at —78°C in a
Fluorothene test tube and the mixture was allowed to
warm to room temperature (30°C), a reaction producing
a solid, nonvolatile material was observed. When excess
bromine was present, the reaction occurred rapidly, even
at temperatures lower than 30°C. Thus, if NpFs and
bromine are the products of the reaction of NpF, with
BrF; at 300 to 350°C and if the products are collected
together at —78°C, a reaction will occur upon increas-
ing the temperature.
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TABLE I1-23. Anarysis or SoLip RESIDUE FROM REACTION
or NpF, wita BrFs (33 v/o 1v N»)

Chemical Analysis of TABLE 11-22.—Continued
. Residue
Reaction Pe{fl‘fg;lof CarcvrLaTep CoMPOSITIONS OF NEPTUNIUM FLUORIDES
Exp. No. Tgmp NpF,
S Reacted NF F ‘?;ggn Compound Np F Atom Ratio,

(w/o) (w/o) F/Nf) P (w/o) (w/o) F/Np
1810F-25 300 15.2 71.2 | 23.2 | 4.06 NpF. 75.7 24.3 4.00
1521F-98 325 76 73.6% | 23.6% | 4.0 Npif'rr 74.6 25.4 4.25
1810F-17 400 15.6 72.7 | 24.0 | 4.12 Np:Fy 73.5 26.5 4.50 .
1810F-20 400 83.5 72.6 | 23.4 | 4.02 NpFs 71.4 28.6 5.00
1521F-93 400 89 742 230 3.82 - :

a Average resulting from duplicate analyses.
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The reaction between NpkF, and Brl; has been briefly
examined, The reaction takes place readily at ~400°C
to produce a volatile neptunium fluoride, presumably
NpFs. In one experiment, a mixture of 4 v/o BrF; in
nitrogen was passed over Npl, at 400°C for 45 min and
42 % of the NpFy was removed from the system. In a

second experiment, NpI's was contacted with a mixture
of 1 v/o BrF; in nitrogen at 402°C for 15 min, and 36 %
of the NpF; was removed.

Further work will involve a study of the reactions of
interhalogens with neptunium compounds and reactions
involving neptunium hexafluoride.

6. Corrosion of Nickel and Nickel Alloys by Fluorides (W. H. Gu~nTHER, M. J. STEINDLER)

In the fluoride volatility processing of power reactor
fucl materials, both bromine pentafluoride and fluorine
are used as fluorinating agents for the recovery of
uranium and plutonium. Bromine pentafluoride is used
for the selective fluorination of uranium to UFg, and in
this step several fission product elements are also con-
verted to volatile fluorides and are collected with the
UF, product in a separate vessel. Purification and de-
contamination of the UFs is carried out by distillation
techniques. It has been suggested that a liquid heel of
antimony pentafluoride be added to the still pot of the
distillation column used to purify the UFs. This heel
will retain niobium and ruthenium pentafluorides and
thereby allow recovery of the UF,. However, BrF;
could perform the same function, and if sufficient BrF,
is present in the still pot of the distillation column, the
addition of antimony pentafluoride would be unneces-
sary.

The corrosion of various nickel alloys by equimolar
mixtures of UFg-SbF; and UF4-BrFs at about 100°C
was briefly studied to evaluate these alloys as materials
of construction. The experiments were carried out in a
heavy-walled (about Y4-in.) cylindrical Monel vessel
of welded construction about 2 in. in diameter and 8 in.
long. The vessel was closed at the top by a flange. Two
Teflon-gasketed Y4-in. Swagelok fittings, welded to the
flange, allowed the nickel coupon holder and a thermo-
couple well to be raised or lowered during an experi-
ment. The reaction vessel was heated by a 2Ve-in. dia.
clectrie resistance tube furnace, and the temperature of
the fluoride mixture was determined by a Chromel-
Alumel thermocouple located in the thermocouple well.
The coupon holder was capable of supporting 24 cou-
pons during the reaction. Two coupons each of nickel-
200, Monel, and Duranickel-301, and one coupon each
of nickel-200 containing areas of nickel-200 weld or
nickel-61 weld were exposed in each of the following
three locations: the vapor phase, the gas-liquid inter-
face, and the liquid phase. The UFg-ShT'; reaction mix-
ture contained 245 ¢ UFg and 151 g SbF; . The pressure

05°C was about 2400 torr. The UF¢-BrF; mixture
contained 235 g UFg, 100 g BrF; , 0.4 ¢ NbF; , and 0.23
g SbF; . The system pressure at 104°C was about 3100
torr. Trace amounts of NbF; and ShF; were added to

duplicate more closely the fluoride mixture expected in
the distillation column.

Visual observation of the coupons after exposure to
UFe-SbF; revealed them to be free of any appreciable
corrosion scale although the surface of the coupons was
coated with an oily liquid (possibly SbF; or its hydrol-
ysis products). After exposure, the coupons were im-
mersed in hot water and dried prior to weighing. A
weight loss of all the coupons was observed. To assure
complete removal of any corrosion scale which may
have formed on the coupon surface, the eoupons were
descaled in an equimolar KNO3-NaNO; bath for Ve hr
at 500°C. The descaling process generally resulted in
only small additional weight losses, indicating that if
a scale had formed, most of that scale had been re-
moved during exposure to the molten fluoride mixture.

The coupons exposed to the UFg-BrF; mixture
showed no visible evidence of reaction except at the gas-
liquid interface where a slight darkening of the metals
had occurred. Corrosion rates were calculated from the
weight gain of the coupons after exposure (assuming
that only NiF, formed uniformly on the coupon sur-
faee), and from the weight loss of the coupons follow-
ing descaling in an equimolar KNO3-NaNO; bath for
Ve hr at 500°C.

Corrosion rates, as mils of metal reacted per hour of

TABLE II-24. CorrosioN Rates or NickgL aNp NICKEL
Arvoys BY aN EQuiMorar MixTurk oF UF-SbF;

Temperature: 105 &+ 5°C

Pressure: 2400 == 100 torr
Time: 7.5 hr
Corrosion Rate* (mil/hr)
Coupon Location Nickel- i | Dura- | Nickel- | Nickel-
200 Monel | nickel- 200 61
301 Weld Weld
|

!
Vapor Phase nil l nil 1 0.001 nil | 0.001
Interface 0.004 | 0.001 0.002 | 0.004 | 0.002
Liquid Phase 0.005 ’ 0.001 | 0.004 | 0.006 | 0.006

a Corrosion rate caleculated from the weight loss of the cou-
pon following desealing in an equimolar KNQOs-NaNQ; bath
at 500°C for 14 hr, assuming complete removal of all scale.
Corrosion rates are expressed in mils of metal reacted per hour
of exposure. Rates reported as nil are less than 0.001 mil/hr.
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TABLE 1I-25. CorrosioN RaTes oF NickEL AND NICKEL ALLOYs BY AN EqQuimorar MixturE or UF4-BrF,

Temperature: 104 &+ 5°C

Pressure: 3100 + 100 torr
Time: 6.8 hr
1 Corrosion Rate# (mil/hr)
Coupon Location
i Nickel-200 Monel Duranickel-301 Nickel-200 Weld Nickel-61 Weld
Vapor Phase nil (nil) 0.001 (nil) 0.001 (nil) nil (nil) b (0.001)
Interface nil (nil) 0.001 (nil) 0.001 (nil) 0.001 (nil) 0.001 (nil)
Liquid Phase nil (nil) ni} (nil) nil  (nil) l b (nil) b (0.001)

= Corrosion rates calculated from the weight gain of the coupons assuming that only NiF,; formed uniformly on the coupon sur-
face. The numbers in parentheses were caleulated from the weight loss of the coupons following descaling in an equimolar KNOs-
NaNO; bath at 500°C for 14 hr, assuming complete removal of ail scale. Corrosion rates are expressed in mils of metal reacted per

hour of exposure. Rates reported as nil are less than 0.001 mil /hr.

b Weight gain data not obtained; before descaling, a weight loss was observed for these coupons.

exposure, for the two experiments are tabulated in
Tables 11-24 and 11-25. In general, the rates of corro-
sion of the coupons exposed to the UFgs-SbF; mixture
were lowest in the vapor phase and highest in the liquid
phase. Monel showed the best overall resistance to this
fluoride mixture. The coupons containing areas of
nickel weld corroded at rates similar to the nickel-200
coupons and showed no evidence of increased attack
at the welds. All coupons exposed to the UFq-BrFg
mixture showed little evidence of corrosion. Micro-

scopic examination of all the coupons revealed that
little or no intergranular penetration had occurred.

The results of these experiments indicate that Monel
would probably be the best choice as the material of
construction for the still pot and the distillation column
exposed to UFg-SbF; mixtures at temperatures to 100°
C. In the presence of UF4-BrF3 mixtures at 100°C, all
metals examined showed excellent corrosion resistance
and no intergranular attack was determined by the
usual microscopic techniques.

7. Development of an Equation to Predict Thermal Decomposition of PuF; in Process
Gas Mixtures of PuF, and F, (L. E. TrREVORROW, M. STEINDLER)

In the fluoride volatility processing of nuclear reactor
fuels, the sequence of operations performed in a fluid-
ized-bed reactor includes fuel decladding, uranium
recovery, and plutonium recovery. The plutonium-
bearing fraction of the partially processed fuel (plu-
tonium present in the form of PuF,) is contacted with
fluorine gas at 250 to 550°C, forming PuFs . The mole
ratio of PuFs to fluorine in the gaseous mixture flowing
from the reactor has an upper limit determined by the
equilibrium constant, K., , of the reaction:

PuF,(s) + Fa(g) <=2 Puls(g). (1)

The gas stream from the reactor is rapidly cooled in a
gas-cooler section to lower the role of thermal decom-
position and then the gas is filtered by metallic filters.

The equilibrium constant, moles Puls/moles ),
decreases with decreasing temperature,l- 1 and at some

1 A, E. Florin, I. R. Tannenbaum, and J. ¥. Lemons, J.
Inorg. Nuel. Chem., 2, 368 (1956).

2 L. E. Trevorrow, W. A. Shinn, and R. K. Steunenberg, J.
Phys. Chem., 65, 398 (1961).

point in the cooling section the PuF¢/F, ratio in the
gaseous effluent exceeds the equilibrium constant, re-
sulting in some decomposition. Thus, although the
PuFs becomes thermodynamically less stable as the gas
mixture cools, the rate of approach to equilibrium (rate
of decomposition) also becomes lower.

The problem of thermal decomposition in the cooling
section of a pilot-scale facility has prompted a detailed
review of all experimental information previously ob-
tained on the rate of thermal decomposition of Pul .
The data were reviewed with the specific purpose of
predicting the amount of thermal decomposition of
PuFs which would occur in the cooling section of a
pilot-seale reprocessing facility. Any prediction, how-
ever, must be considered as an estimate only since the
data were obtained in laboratory-scale experiments
under conditions which do not completely represent
those maintained in plant operation. In none of the
laboratory experiments were all variables affecting t
rate of decomposition completely determined.
results of various types of experiments that have pro-
vided information on the rate of thermal decomposition
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of PuFs have been previously reported (ANL-6379, pp.
157-159; ANL-6333, pp. 142-148).

In the most extensive series of experiments (ANL-
6379, pp. 157-159), the rate of thermal decomposition
of Puls was studied by heating Pul's vapor in a closed
vessel. The results obtained in these experiments can
be expressed by a rate equation of concurrent first and
zero orders with respect to plutonium hexafluoride
pressure:

—dp/dt = ko + kip, (2)
which, in integrated form is
p = poe " A+ (ho/k)e™ — (ko/ky), ()

where pj 1s the initial pressure and p the partial pressure
after reaction time ¢. The rate constants, expressed in
the form of the Arrhenius equation, are

3469 X 10°

g Kp = . 2 T
log ky = 7124 — " (4)
4.292 X 10 -
IOg ]\,1 = 7260 W . (O)

The experimental activation energies were 15.9 =4 1.5
keal/mole for the zero-order reaction, and 19.6 4 0.7
keal/mole for the first-order reaction.

Since the reaction rates have been expressed as the
rate of change of pressure, the rate constant for the
zero-order reaction is dependent on the surface-to-
volume ratio, i.e., ks = ko (s/v). Measurements of
absolute surface areas were not obtained; consequently,
the values for ky derived from the experimental results
must be considered to apply only for the ratio of surface
area to volume used in these experiments.

Prior to this review, equations 2 through 5 were the
only available analytical expressions of the rate of
thermal decomposition of Puls. Although these equa-
tions satisfactorily express the rate of decomposition of
Pul's in its initial stage, they ignore the back reaction,
and are therefore not suitable to express the decomposi-
tion rate of Pulf¢ in mixtures with fluorine at the low
ratiogs of Pulis/T, encountered in the effluent from a
fluidized-bed reactor. Since in earlier experiments
(ANL-6333, pp. 142-148) the thermal decomposition of
Pul's was studied in the presence of fluorine, the results
of these experiments have been used to arrive at an ex-
pression of the rate of thermal decomposition that is
more appropriate for estimating the thermal decompo-
sition of Pul%, in a PulFe-fuorine mixture issuing from a

idized-bed reactor.

he following assumptions were employed in the
derivation of the new equation:

1. The rate of decomposition is proportional to the

difference between the mole ratio of PuFs and fluorine
at equilibrium (i.e., K.,) and the mole ratio as it exists
in the gas phase.

2. The rate of decomposition increases as a function
of the geometric surface-to-volume ratio of the ap-
paratus.

3. There will be no decomposition if the PuFg/F,
ratio is less than K., (i.e., the system contains Pul,).

4. Significant elemental fluorine is present in the
system. If, then

Rate = f(R* — K.,),

where Rt is the Pul'e/I'; ratio at time ¢ and K., is the
equilibrium ratio at the temperature of the system, we
assume

R, = A+ (Ry — Ko)e ™ (6)

where R, is the Pul'e/I'; ratio at ¢ = 0. Considering the
boundary condition, ie., at ¢ — «, R, — K., the
equation becomes

Rt = Keq + (RG _ Keq)e—kt (7)

Rt _ Keq T
In <m) = ~Jt (8)

It will be assumed that the dependence of the rate
on the surface-to-volume ratio (s/v) is of the form

ko= 4 (Z’) (9)

Rt - qu ? S

If the fraction of PuFs decomposed is denoted by F,

or

PuFs decomposed

F= Pul introduced ’ (an
then
1—-F
R
v = £ {1 + ROF:I
or (12)
F = M .
Rl + R

The results of experiments which involved measure-
ments of the decomposition of Puls in the presence of
fluorine (ANL-6333, pp. 142-148) were evaluated (1)
to derive values for the rate constant, I/, (eq. 10) and
(2) to obtain values for A" as a function of temper-
ature. It was assumed that the rate constant A’
obeys the Arrhenius relation and that the variation of
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k' with T(°K) can be expressed as

loghk’ = 4/T + B. (13)
, 3169
log &/ = TR + 5364 (14)

E* = 14.5 keal/mole.

It must be emphasized that the quality of the ex-
perimental data does not warrant highly precise con-
stants for the above equations. Further, it is probably
significant that the activation energy, E*, falls near
the E*s derived for k; (19.6 kcal/mole) and k, (15.9
keal/mole) for decomposition of PuFs in the absence
of fluorine. The above equation (10), therefore, should
be treated as an empirically derived description of the
decomposition of Puls in the presence of fluorine and
some Pul, .

These thermodynamic values can be used to calcu-
late the percentage of the PuF, that would decompose
in a hypothetical pilot-scale cooler. The temperature of
the gaseous mixture of Pul's and fluorine will decrease
as the mixture proceeds along the length of the cooler.
If the cooler is considered to consist of a large number
of equal segments, each of length dL, having tempera-
tures Ty, T’y - - - then

Total % Puls decomposed
= (decomposition rate at T1)
(residence time at T) +
(decomposition rate at T')
(residence time at 7's) + - - - (15)

L dr
= decomposition rate at T (linear flow rate)

-+ decomposition rate at T

dL n
linear flow rate o (16)
o
"~ linear flow rate

[decomposition rate at ThdL

+ decomposition rate at TodL + - -] (17)

1 L
~ linear flow rate -[0
decomposition rate at 7.,dL (18)

The integral can be evaluated if temperature can be
expressed as a function of length along the cooler,

T =L (19)

An example of the thermal decomposition of Pul,
in a pilot-scale cooler was calculated using equations
10, 14, and 18. The cooler was assumed to have an ID
of 8 in,, a length of 4.5 ft, and internal fins to give an
internal geometric surface/volume ratio of 0.56 cm™.
The temperature of the gas at the inlet was assumed to
be 500°C, and the cooler wall was assumed to be main-
tained at the constant temperature of 30°C. The gas
flow rate was assumed to be 45 ft/min, and the inlet
Pul/¥, ratio was assumed to be 0.01.® A temperature
profile for such a cooler was estimated by D. L. Breton
of ORGDP,* who assumed that the temperature of the
cooler is related to the length of the cooler by the equa-
tion:

Tgas - T“all - 6CL, (20)

Tgas inlet T Twall

where L is the distance from the gas inlet. The gas tem-
perature in the cooler was assumed to decrease from
500°C at the inlet to 100°C at the outlet. The total
decomposition in the gas cooler, using the above condi-
tions, is 3.3 %, with three-fourths of the total decom-
position occurring in the hottest one-fifth of the gas
cooler. If the thermal decomposition of PuFs in a
pilot-scale cooler is calculated using rate equation 3,
which ignores the retardation of the decomposition
rate by fluorine, the percent Pulg decomposed is un-
realistic, being very much greater than 100 %.

13 The linear flow rate of 45 ft/min (0.75 ft/sec) is a reason-
able operating value for a pilot-scale fluidized-bed reactor,
The value of 0.01 is the equilibrium ratio of PuFs/F. at 500°C.
This ratio would be obtained at a fluorination efficiency of
100¢; with one atm of fluorine.

4D, L. Breton, ORGDP, private communication, August
1966.
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. B. ENGINEERING-SCALE INVESTIGATIONS OF FLUID-BED FLUORIDE
VOLATILITY PROCESSES

1. Recovery of Uranium and Plutonium from Uranium Dioxide Fuels in the Engi-
neering-Scale Alpha Facility (N. Levirz, G. J. Vocer, E. L. Carus, D. GROSVENOR,
J. Bispor,t L. Korrer,® W. A. Murruy, R. KinzLer, B. KviLen, D. Ravug,

M. DeerwesTER, W. KREMSNER, J. GERARD)

Process studies aimed at demonstrating the main
steps of a fluid-bed fluoride volatility reprocessing
scheme for U0,-PuO, fuels have continued in the en-
gineering-scale alpha facility. The primary objectives
of the experiments are to investigate the possible diffi-
culties in handling PuFs on an engineering scale and to
determine the feasibility of fluoride volatility process
flowsheets. Currently, nonirradiated, synthetic fuel
materials containing simulated fission product (F.P.)
elements are being employed. Later, experiments may
be made with oxide fuel having low levels of radio-
active fission produet elements,

An Interhalogen Reference Flowsheet (see Fig. 11-1
of this report and p. 101 of ANL-7055) is now under
development. Head-end steps in the flowsheet include:

1. Decladding.

2. Oxidation-disintegration of the oxide pellets to

U305-PuO, fines in a fluidized bed of alumina.

3. Separation of the uranium as UFg by reaction

with BrF;.

4. Recovery of the plutonium as PuF by reaction

with fluorine.

Experiments simulating the plutonium recovery step
{step 4) are now being conducted in the alpha facility
pending installation of an interhalogen supply and
disposal system. Powdered PuF, in alumina, in some
cases with added fission product fluorides, is being used
to represent the bed which remains after the inter-
halogen fluorination step (step 3).

The alpha facility, which includes two large alpha
boxes, one containing the process equipment and the
other containing the off-gas scrubbers and auxiliary
equipment, has been described in a topical report.t?
Included in the report is a description of the two pilot
plants installed in the larger alpha box, one for fluori-
nation studies and the other for studies on the fluid-
bed conversion of uranium-plutonium hexafluorides to
oxides. Work on the conversion of hexafluorides to

He Tndustrial trainee from Allied Chemiecal Co.
15 Consultant from Purdue University.
16 Co-op student from Purdue University.
, G. J. Vogel, E. L. Carls, and W. J. Mecham, Engineering
evelopment of Fluid-Bed Fluoride Volatility Processes,
Part 5. Description of a Pilot-Scale Facility for Uranium Di-
oxide Processing Studies, ANIL-6901, December 1964.

oxides has been deferred until the fluorination studies
are further advanced. A third unit, a distillation col-
umn intended for studies on mixed UF¢-PuF systems,
has been constructed in a mock-up area and shake-
down tests with Freon-113 have been performed (see
ANL-7225, pp. 108-110). Transfer of this equipment
into the alpha facility has been postponed indefinitely.

An automatic data logger is being tested for relia-
bility in the eurrent pilot plant program. The unit,
built by the Minneapolis-Honeywell Company, is ca-
pable of monitoring 200 variables: 175 thermocouple
signals, 19 pneumatic signals, and 6 mv signals. Com-
puter programs designed to accommodate the punched
tape output from the data logger are being prepared to
facilitate data reduction.

In the current series of experiments, a neutron sur-
vey meter has been used to detect the presence of plu-
tonium fluorides in process lines and vessels.

The shakedown program of studies in the alpha fa-
cility comprised three fluorination experiments (runs
Pu-1, -2, and -3) and three thermal decomposition ex-
periments (runs DUP-4, -5, and -6) using plutonium
oxide-uranium oxide-fission produet feed material
{pellets). Conditions and results of these experiments
were discussed in the previous semiannual report,
ANL-7225, pp. 103-108. Briefly, the fluorination stud-
ies showed that the two-zone oxidation-fluorination
scheme used in this earlier work was satisfactory for
removing uranium and plutonium from the alumina
bed. (Laboratory experiments have shown that the de-
gired high plutonium removal (near 99%) can be
achieved if the bed is reused several times.) Satisfac-
tory uranium removal is achieved even with a single
use of the bed.

In this two-zone reaction scheme, the fuel pellets
reside in the lower portion of the reactor with the alu-
mina grain filling the interstices (a packed-fluidized
bed zone) . The fuel is pulverized by reaction with oxy-
gen; the resulting fine U30g-PuO: material is trans-
ported by the fluidizing gas into the unhindered flu-
idized-bed zone above the fuel where fluorine is
admitted, converting the oxides to their corresponding
volatile hexafluorides. The hexafluorides are collected
together by cold-trapping. Bed sampling during the
final period of fluidization indieated that about 97%
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of the plutonium and over 99.9% of the uranium was
removed from the alumina with a 3-time use of the
bed (runs Pu-1, -2, -3). However, samples from the
final discharged bed reflected only about a 90% over-
all removal of the plutonium from the reactor. Each of
the individual fluorination experiments also showed
this disparity in the plutonium content of samples
taken from the bed during fluidization and samples
taken from the same bed after it was dumped at the
end of a run. This problem is discussed in a following
subsection. A material balance for these first experi-
ments with plutonium-bearing material has been com-
pleted and is presented below.

The separation of plutonium from a mixture of UFg
and PuFs by thermal decomposition of PuFg to Pul,
in a fluid-bed system proved quite successiul; a sep-
aration of 99.9% of the plutonium from a mixed ura-
nium-plutonium hexafluoride stream containing ap-
proximately 0.4 w/o plutonium was achieved at 300°C.
Further laboratory-scale work on thermal decomposi-
tion is tentatively scheduled.

a. PLUTONIUM CLEANUP RUNS Pu-3a, -4, AND
-5

Neutron surveys of the pilot plant equipment made
upon completion of the initial set of oxide fluorina-
tion experiments indicated that some plutonium re-
mained in virtually all of the equipment. Deposition

of plutonium was attributed to alpha or thermal de’
composition of the PuFg, or to reaction of the PuFy
with either the materials of construction (mainly
nickel) or other system contaminants. A significant
quantity of plutonium also remained in the final alu-
mina bed from run Pu-3. In order to recover this plu-
tonium and gain some understanding of the causes of
plutonium heldup, a series of fluorination cleanup
operations was conducted. All equipment including
transfer lines was heated to 300°C, and 100% fluorine
was circulated through the system. The bed was re-
fluorinated at temperatures to 550°C to effect further
plutonium removal. The length of time a given item of
the equipment was at temperature is shown in Table
1I-26. Exposure at temperature varied from about 10
to 57 hr, principally owing to heater circuit failure for
certain components,

The PuFg produced in each item of the equipment
was collected separately by sorbing it on NaF in indi-
vidual traps installed just downstream of each piece
of equipment. The locations of these traps and the
quantities of PuF, recovered from each region, deter-
mined by analyses of the NaF traps, are shown in Fig-
ure 1I-14 and tabulated in Table I1-27.

Neutron surveys of the equipment indicated that the
bulk of the plutonium was generally recovered in a
few hours, and that little plutonium remained in the
system after the cleanup experiments. This was con-

TABLE [I-26. Prurontvm-Creante Runs (Pu-4, Pu-5).” SuMmMaRY oF FLUORINATION TIMES AND APPROXIMATE
2y
Averace EQuiPMENT TEMPERATURES

Period 1 Period 2 Period 3

5 10 15 20 25 30 35 40 45 50 55 57
Time (hr) 1 ] | [ 1 | 1 i i 1
Temp of Equipment (°C)
Fluorinator 440 t BT — } 445 ]
Primary filters for fluorinator 260 i BT t 200 !
Secondary filter for fluorinator 210 } BT~—r+t 200 {
Cold-trap A —~300 } ~350 t ~350 {
Cold-trap B —~300 : ~350 t ~350 —

Hexafiuoride transfer tine'

.. DECREASING
<1004-190 B T*285+350~ 150+ 350 —T0 (50—

<1004+185 ~+B T+ 245 4330+ 310~ 355 ~——325 —

Hexafluoride receiver No. 1
Hexafluoride Receiver No. 4

60
DECREASING

Hexafluoride Receiver No. 5 1404280 -+265+

Inlet line of thermal decomposer (converter)

The main fluorinator reaction zone confaining the alumina bed was heated to 550°C for 15 hr during the cleanup of the bed (Run Pu-3a) prior %
Run Pu-4. The primary filters were heated to about 300°C for the last 6 hr of Run Pu-3a.

"~ At ambient temperature of alpha box; equipment not heated.

TFluorinated during a separate cleanup period, Period 4 {see Table 1-27),

330 {

<100+~ 1858 T ~3<i004+——— 50 ———+—180—}
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Fig. I1-14. Plutonium Cleanup Fluormation Experiments.

firmed by physical examination of the fluorinator,
analysis of wall scrapings, and leach tests on a seec-
tioned hexafluoride product receiver.

On the basis of the cleanup results, the quantities of
plutonium that had deposited in the equipment in the
course of the initial campaign may be categorized as
small, intermediate, or large as follows:

a) Small (~1 g or less)—lines and secondary fil-
ter probably as a result of reaction with the nickel
equipment.

b) Intermediate (several grams)—produect re-
ceivers, primary filters,

¢) Large (decagrams)-——cold traps (see discus-
sion below).

In the work performed to date, it appears that the
extent of plutonium removal from the fluorinator is
affected by elutriation of fine particles, containing
plutonium, from the bed. A characteristic of most
fluid-bed systems is elutriation of fines from the bed
and deposition of fines on all surfaces not “washed” by
the fluid bed. A layer of material is also deposited on
the sintered metal filters used to filter the gas leaving
the reactor. Also, a fraction of the fines remain sus-

nded in the gas phase. Some of the solids deposited

he filters are returned to the bed during periods of
er blowback. However, material on other surfaces
tends to remain static and to be dislodged only by

TABLE 11-27. Pruroxrtum Derosiis REcCOVERED In CLEANTP

Fruvorinatron Ruas

Plutonium Recovered (g)

Period | Period | Period TOt.aldfO{
1 of 2 of 3 of periods

< through
8 hr 25hr | 24 hr 3,57 hr

Fluorinator including pm- | 1 8 0.1 0.3 2 2a
mary filters
Secondary filter for fluorina-

0.3 0.1

H
H
tor, and line 2 % f
Cold-trap AP 4.0 | 114 ; 0.2/ 1 24 3
Cold-trap B® 68 I 15 1 )
Hexafluoride transter line — % — } — e
Hexafluoride receivers (total 93 I 9.3
of three) !
Inlet line of thermal de- 02 P — 02
composer | ! s
Subtotal ! 1 36 0
Hexafluoride transfer line ‘ 0.9
(49 5-hr Period 4) N
Total 36.9

* An additional 8.1 g was recovered from the filters during
the last 6 hr of cleanup run Pu-3a (conducted on the alumina
bed from run Pu-3).

b Cold-trap A was first in line for runs Pu-1 and Pu-2 and
served as a back-up to cold-trap B for run Pu-3. Cold-trap
B was first in line for run Pu-3 and served as a back-up to cold-
trap A for the first two runs (Pu-1 and -2).
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sharp mechanical vibration. Cessation of gas flow al-
lows a fraction of the fines to return to the bed. Since
some of the fines are in a cooler portion of the reactor
during most of the fluorination period, the plutonium
in the fines is not readily fluorinated to PuF, . Because
a fraction of the fines are returned to the bed after
fluorination, the concentration of plutonium in the
final bed is higher than in grab samples from the flu-
idized bed.

One possible solution to the problem is to maintain
the entire reactor at elevated temperatures for a suf-
ficient time to insure complete fluorination of this ma-
terial. Filter life, although expected to be affected by
this treatment, should not be shortened prohibitively.
The cleanup treatment of the filter sections resulted
in the recovery of about 8.1 g of plutonium, or about
8% of the input.

Since the cleanup treatment at temperatures of
300°C was successful in all cases except for the cold-
traps, which are discussed below, it appears that the

TABLE 1I-28. Operatming ConprtioNs, Runs Pu-6, Pu-10,
ANp Pu-11

Run Run Run
Pu-6 Pu-10 Pu-11

Charge:
Wt. of Al,O; (48-100 mesh) be- | 6751 4848= 6758
fore pretreatment with F, (g)

PuF, (g) 134.2 138.0 135.4
UF; (g) 0 41.5 0
CsF (g) 0 41.8 39.2
Gas Flow:
Total sefm (90 v/o Fs in Nj) ~0.20) ~1.25 | ~0.29
Make-up F; (sefm) 0.1 0.1 0.1

Superficial fluidizing gas velocity |0.2-0.28/0.86-1.2110.2-0.28
for temperature range 300- g
550°C (ft/sec) X i

Hours at staled bed lemperature

200°C

225°C

250°C

275°C

300°C

325°C

350°C

375°C

400°C

425°C

450°C

500°C

550°C 2
Hours at stated filter temperature

~125°C 27.5

Increasing to ~300°C - 4.5

300°C 17.5

3.0

OO b e e b = DO OO
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a The final bed from run Pu-6 was reused as the starting
bed for this run.

plutonium deposited in these process vessels and 1ine’
was very reactive and readily recoverable.

Cold-Trap Cleanup. The recovery of plutonium from
the cold-traps required the most vigorous treatment.
After 8 hr of fluorination at ~300°C, neutron probe
surveys indicated that a significant amount of plu-
tonium remained in the traps. Therefore, subsequent
cleanup was carried out at temperatures above 300°C.
In the second cleanup period, the traps were heated
to ~350°C. As indicated in Table I1-27, this proce-
dure was effective in recovering the plutonium from the
cold-traps. Spectrographic analysis of the contents of
the NaF traps showed that considerable molybdenum
had also been recovered from the cold-traps along
with the plutonium. Interaction, during the oxide flu-
orinations, of the plutonium in the cold-trap with a
molybdenum compound (possibly a relatively high
boiling oxyfluoride) is now suggested as a reason for
the low yields (~50%) of plutonium from the cold-
trap to the product receiver prior to cleanup. The pos-
sibility of reaction of PuFs with molybdenum com-
pounds or other interfering volatile fission products
should be considerably reduced in the new interhalogen
scheme, since the bulk of these fission products are ex-
pected to be removed with the uranium during fluori-
nation with BrF;. Further data on molybdenum be-
havior in these experiments is being obtained.

b. FLUORINATION OF PuF, AND TRANSFER
EXPERIMENTS WITH PuF,

A new program of fluorination studies was under-
taken to develop basic information on the behavior of
PuFy in the fluorination pilot plant. The experiments
were intended to simulate the plutonium fluorination
step of the interhalogen reference flowsheet. Known
quantities of plutonium as Pu¥, or PuF; were em-
ployed, thereby avoiding the uncertainty regarding
plutonium input encountered with PuQO.-UQ, pellets.

Three fluorination experiments (runs Pu-6, -10, and
-11) were completed employing similar conditions as
to quantities of plutonium used, alumina charge, and
high (~90 v/o0) fluorine concentrations (see Table
II-28). The charge in each case consisted of about 100
g of plutonium as PuF, and about 6.5 kg of 48-100
mesh prefluorinated alumina, Alecoa T-61 type. Fluo-
rine was used on a recyele basis throughout these ex-
periments. Near the end of each experiment the tem-
perature in the filter zone was raised from the normal
125°C to 300°C to effect recovery of plutonium re-
tained by the fines in this cooler region. This period j
designated the cleanup fluorination period. The m

differences in conditions between experiments are in-
dicated below:
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‘Run Pu-6: low fluidizing gas velocity, ~0.25 {t/sec;
temperature range of fluorination 200 to 550°C;
50-hr duration; collection of the PuF¢ by direct
sorption on NaF.

Run Pu-10: 42 ¢ UF, + 42 ¢ CsF added to the bed
in addition to the PuF,; relatively high fluidizing
gas velocity of ~1.0 ft/sec; bed temperature, 300~
550°C; 20-hr duration; collection of the PuFg (and
UFs) by cold-trapping in the main ecold-traps
followed by vapor transfer of the product to a
small (weighable) cold-trap.

Run Pu-11: charge composition and product col-
lection system similar to that for run Pu-10, other
conditions as in run Pu-6.

Experiments were evaluated mainly on the basis of

overall plutonium recovery and material balance.

In addition, two hexafluoride transfer experiments
were completed, one with UFg alone and the other
with PuFe alone to show that relatively small amounts
of hexafluoride ean be manipulated in engineering-
scale equipment. Transfer was carried out between a
supply vessel and a large inverted U-shaped cold-trap.

(1) Results and Discussion

Fluorination Experiments with PuF,. The results
obtained in the first PuF, fluorination experiment (run
Pu-6) were considered highly satisfactory. Approxi-
mately 99% of the plutonium was fluorinated to PuFg
and collected in the NaF sorption traps. The residual
concentration of plutonium in the alumina bed was
0.005 w/o0, represenfing about 0.25 g plutonium. The
overall plutonium material balance was 99.3%.

In the two experiments (runs Pu-10 and -11) made
with added CsF, the overall plutonium removal from
the alumina was somewhat less than had been obtained
in the PuFy experiment with no CsF added. The final
concentrations of plutonium in the bed were approxi-
mately 0.08 w/0. It may be necessary to employ higher
ratiog of fluorine to plutenium to effect high plutonium
recovery when CsF is present. Studies on the inter-
action of CsF and plutonium fluorides are being pur-
sued in the laboratory program.

Inspection of the fluid-bed reactor after run Pu-11
revealed that the two sintered metal filters in the dis-
engaging zone of the reactor were severely corroded.
Apparently, the filters failed during the cleanup flu-
orination period of run Pu-10 when temperatures in
the vieinity of the filters exceeded 375°C. Both filters
showed evidence of a nickel-fluorine reaction. The fil-
ters used in these experiments were fabricated from

i ercd Monel powder. A temperature of 300°C is now
‘sidcred the practical operating limit for such filters
in a high-fluorine environment. However, more data

TABLE 11-29. DisrrisuTion or PuF, 1n Sopivm
Fruorioe Traprs

(Runs Pu-3a, -4, -5, and part of -6)

Superficial Trap i Percent of Pu Found in
Gas Tempera- Total Pu | Given Portion of Trap
Trap | Velocity ture Content
No. through R o | of Trap . .
trap ange (g) Inlet | Middle! Exit
Gt/miny | (O third | third | third
|
1 2 90-96 2.1 99.5 0.2 0.3
2 2 90-96 2.4 93.9 0.4 5.7
3 2 90-96 3.0 94.7 | <0.1 5.3
4 2 124-160 4.0 98.2 0.6 1.2
5 2 50-53 6.7 63.1 | 34.5 2.4
6 6 107-130 17 .4 96.3 3.7 <0.1
7 7 80-150 97.4 | 96.8 3.1 0.1
8b 7 100-136 0.8 | 829 7.3 9.8

+ Range determined from two or three skin temperature
measurements.
b In series with Trap 7.

on filter behavior and lifetime in such systems is
needed.

PuFg Sorption on NaF. Sorption of PuFg on NaF
at temperatures of 100 to 125°C proved to be a highly
efficient method for collection of the PuFg product.
Performance data on the sorption system are sum-
marized in Table I1-29. As indicated in the table, most
of the plutonium was sorbed in the inlet third of the
NaF bed. At 100°C, the sorption efficiency of the bed
for PuFs was high, while at 50°C the efficiency was
much lower, Sorption efficiency was not affected by
gas velocity or the quantity of PuFs , within the ranges
used in these tests. Although the sorption reaction is
not reversible and plutonium cannot be readily recov-
ered from the NaF bed, this method for collecting the
plutonium generated in the fluorination of fuel mate-
rials is much more convenient, for experiment work,
than condensation of PuFg in refrigerated traps since
it offers a simple manner for obtaining material bal-
ances.

Transfer Experiments. The first UFg transfer ex-
periment served as a shakedown of the equipment train
for the next PuFg transfer experiment. In the UFg
transfer experiment, 160.2 g of U¥g was vacuum trans-
ferred from a supply vessel into a large cold-trap
(~1 cu ft) maintained at —52°C. The UF4 was then
transferred to a small nickel receiver (800 ml) using
nitrogen as a carrier gas. In this operation, the cold
trap was heated to 75°C and the UFg was swept from
the trap in the nitrogen gas stream. The receiver ves-
sel was maintained at temperatures between —38 and
~57°C. A small NaF trap was used to collect any UFs
which passed through the receiver vessel.

Experiments were evaluated on the basis of weight
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gain of the receiver and backup NaF trap after trans-
fer. Approximately 123 g UF; was collected in the re-
ceiver and 35.2 g in the NaF trap; collectively, these
numbers represent a UFg material balance of about
99% in the transfer operation.

During the PuFg transfer experiment, performed
under the same conditions, 89.4 g Pulf¢ was vacuum-
transferred to the large cold-trap. In the second trans-
fer, 74.0 g PuFy was collected in the receiver vessel
and 13.4 g PuF in the NaF trap. The PuFg material
balance, taking into account alpha decomposition of
PuFg at a rate of 2% per day for 8 hr, was 98.4% for
the transfer experiment. These results are considered
quite satisfactory and demonstrate that relatively
small quantities of PuFe can be quantitatively trans-

ported in engineering-scale equipment provided th,
the equipment has been properly conditioned (pre-
fluorinated). Additional transfer data are being ob-
tained in the current fluorination program.

(2) Future Work

Studies aimed at demonstrating reliability in the
transport of PuFg in the engineering-scale alpha fa-
cility will be continued. Interhalogen flowsheet studies
on oxide pellet materials will commence. Further at-
tempts will be made to exploit neutron detectors as
plutonium fluoride monitors, Continued use will be
made of the antomatic data logger to establish its re-
liability. Additional time will be spent on the prep-
aration of computer programs for data reduction.

2. Process Development Studies for Uranium Dioxide Fuels (D. Ramaswawmi, J. GABOR,
D. Raug, J. Stranp, J. HEPPERLY)

Engineering-scale studies are being performed in
1%%-in. dia. and 8-in. dia. fluid-bed reactor facilities
to determine the effects of important process variables
on the fluorination of UO, fuels by bromine penta-
fluoride. These studies are being made with uranium-
bearing fuels only, rather than with uranium-pluto-
nium fuels, because the safety precautions required
for handling plutonium materials would greatly com-
plicate the operations.

a. EXPLORATORY TESTS ON FLUORINATION
WITH BrF; IN A BENCH-SCALE FLUID-BED
REACTOR SYSTEM

Fxploratory tests on the fluorination of UsOg with
BrF; have continued in the 1V6-in. dia. fluid-bed re-
actior. The objectives of the current tests were to de-
termine: (1) the effect of addition of a small conecen-
tration of elemental fluorine to the Br¥y reagent on
the fluorination of UzOs and (2) the effect of a small

TABLE 1I-30. Rux CoxpiTiONs aND AMOUNT OF URANIUM FruoriNaTED: THE Fruorinarmion or U;O;
wiTH Mixrures or BrF; axp F,

Column diameter: 114 in.

Bed charge:

270 g of UO pelletss

170 g of nominal 48 to 100 mesh aluminaP

Pellet-bed depth: 1 in.

Fluidized-bed depth: 7 in. (static height)

Diluent gas: Nitrogen
BrR-16 BrR-17 BrR-18 BrR-19 BrR-20 BrR-21
§
Oxidation |
Time (hr) 3.0 3.0 3.0 3.0 3.0 30
Superficial gas veloeitye (ft/sec) 0.5 0.5 0.54 . 0.54 0.54 0.5¢
Oxygen coneentration (v/o) 30 30 30 ‘ 30 ‘ 30 30
Temperature (°C) 410 410 460 460 460 450
Fluorination | ] X
Time (hr) 0.58 | 2. 2.0 2.0 20 | 2.0
Superficial gas velocitye (fi/sec) 0.43 ' 0. 0.56 0.55 0.55 0.47
Br¥; concentration (v/o) 149.2 2. 2.2 0 0 2.6
Fluorine concentration (v/o) 5.7 12.5 12.5 12.8 12.8 0
Temperature (°C) 210-290 200 200 200 200 200
Total BrF; feed (g) 880 160 180 0 0 180
U0, fluorinated to UF; (g) 242 | 228 221 0 | 1 17

2 280 ¢ UO, charged in run BrR-16.

b Type T-61, tabular alumina, manufactured by Aluminum Company of America.

° At operating temperatures and 1 atm pressure.
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concentration of BrFj; in elemental fluorine on the
fluorination of UsOs at low temperatures (~200°C).

(1) Equipment and Procedure

The initial run in the current series of tests (run
BrR-16) was made in equipment described previously
(ANL-7225, p. 113). The subsequent runs were made
with the equipment modified by the installation of
sintered metal filters, furnished with an automatic
blowback device, in the reactor disengaging section.
Previously, the off-gas from the reactor was filtered
by a packed bed of —14428 mesh alumina,

For each run, ~270 g of UO. pellets and 470 g of
nominal 48- to 100-mesh alumina were charged to the
reactor. The pellets were supported on a bed of coarse-
grain alumina particles. This bed also served as a dis-

n «7\\\\%/

N

98

108-9780

tributor for the fluidizing gas. The runs were conducted
in two steps: (1) oxidation of UO. pellets to Uz0s
fines with 30 v/0 oxygen in nitrogen for 3 hr at 410 to
460°C and (2) fluorination of the U305 to UF¢ with
BrF; and fluorine. Operating conditions for the runs are
presented in Table 11-30.

(2) Results and Discussion

The use of a mixture of 12.5 v/o fluorine and 2 v/o
BrFj in nitrogen at 200°C (runs BrR-17 and -18) re-
sulted in the fluorination of approximately 225 g UO,
in each run. In comparison, 12.8 v/o fluorine at 200°C
in the absence of BrF5 was ineffectual as a fluorinating
agent. Similarly, in the absence of fluorine the use
of 2.6 v/o BrFs in nitrogen fluorinated 17 g of UO.
to UFg (run BrR-21).

\

£\

‘%)\ re ,‘ > ‘7/‘

| FLUID-BED REACTOR

2 PREHEATER

3 FLUORINE SUPPLY

4 OXYGEN SUPPLY

5 BROMINE PENTAFLUORIDE SUPPLY

6 BROMINE TRIFLUORIDE SUPPLY

7 HYDROGEN FLUORIDE SUPPLY

8 NITROGEN SUPPLY

9 SURGE TANK

10 ASB OFF-GAS ANALYSIS SYSTEM

| HURANIUM HEXAFLUORIDE CONDENSER
i2 URANIUM HEXAFLUORIDE DISPOSAL SYSTEM
13 OFF-GAS SCRUBBER

14 INSTRUMENT PANEL

Frc. 11-15. Bromine Interhalogen Fluorination (BIF) Facility.
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These results suggest that the rate of fluorination
of U305 fines by fluorine is affected more by the addi-
tion of small amounts of BrF; to the fluorine stream
than would be expected if the effects were additive. The
behavior might be explained by postulating that the
bromine produced by reaction of BrFy with UzOg is re-
fluorinated by elemental fluorine to BrK¥; which, in
turn, reacts further with UsOg to form UFg .

(3) Future Work

Bench-scale work with the 1V%-in, dia. reactor has
been suspended, and process studies have been initiated
in a 3-in, dia. pilot-scale facility.

b. DEVELOPMENT STUDIES ON FLUORINA-
TION WITH BrF; IN AN ENGINEERING-
SCALE FLUID-BED REACTOR FACILITY

Development studies have been initiated in an en-
gineering-scale fluid-bed reactor facility to investigate
the use of BrF; as a fluorinating agent for UO, fuels.
Since the direct reaction of sintered U0y does not pro-
ceed readily with BrFj alone or in mixtures with oxy-
gen at temperatures up to 400°C, the oxide fuel is
pulverized to UsOs fines by reaction with oxygen prior
to fluorination.

The objectives of the current work are to determine
(1) the feasibility of fluorinating a deep bed of UzOs

TABLE II-31. OPERATING _ONDITIONS FOR RUNS
BRF5-1 anp BRF5-2

BRF5-1 BRFS5-2
Charge (kg)
UO. (fragmented, —0.5 4 0.132 2.2 4.4
in.)
Fluid bed of sintered alumina* | 2.9 (—60 5.8 (—100
mesh) mesh)
Fuel-support bed of sintered 3.7 3.7

alumina® (—14 in., +8 mesh)
Blowback
Blowback frequency for each of

Once every

Once every

the four filters 32 min 32 min
Blowback duration, sec 8 8
Ozxtidation Siep
v/o oxygen in nitrogen ~20 ~20
Temperature (°C) 450 450
Gas velocity (ft/sec) ~1.5 ~1.5
Time (hr) 6 11
Fluortnation Step (BrF's)
v/o BrF; in nitrogen ~12 ~12
Temperature (°C) 300-325 250-275
Gas velocity (ft/see) ~0.8 ~0.8
Time (hr) 2 3
Quantity of BrF; (kg) 3.8 5.9

= Type T-61, manufactured by Alcoa.

fines, (2) the production rates of UFg, (3) the utiliza-
tion efficiencies of BrFs, and (4) the reliability of the
equipment components in the engineering-scale facility.

(1) Equipment

The engineering-scale facility basically consists of
(1) a reagent feed system, (2) a fluidized-bed reactor,
(3) an off-gas analysis system, and (4) an off-gas
disposal system. An isometric sketch of the equipment
enclosed in ventilated cells is shown in Figure I1-15.

The fluidized-bed reactor vessel is the same as that
used in the previous studies (ANL-7225, p. 116) and
is 3 in. in dia. and 54 in. long. The fluid-bed reactor was
cooled by natural air convection. Most of the other
equipment hag been newly installed.

(2) Operating Conditions

Operating conditions for the first two runs performed
in the facility, runs BRF5-1 and BRF5-2, are sum-
marized in Table 11-31. For run BRF5-1, the fluid-bed
material consisted of 2.9 kg of —60 mesh alumina gran-
ules, while for run BRF5-2, a finer grade (—100 mesh)
of alumina was used. The UQO, charge for each run
was in the form of —0.540.132 in. fragments. The
charge for run BRF5-1 was 2.2 kg of fragments; for
run BRF5-2, the charge was doubled to 4.4 kg UO,
fragments. Oxidation of the UQ, fragments to UsOg
was carried out at 450°C using 20 v/o0 oxygen in nitro-
gen. The resultant U0 fines were fluorinated to UFg
at a fluidizing-gas velocity of ~0.8 ft/sec with ~12
v/0 BrF; in nitrogen. The fluid-bed temperature during
fluorination was about 300 to 325°C for run BRF5-1
and about 250 to 275°C for run BRF5-2.

(3) Resulis and Diseussion

In both runs (BRF5-1 and BRF5-2), the oxidation
and the fluorination proceeded without any operational
problems. In run BRF5-2, after oxidation, the entire
fluid-bed reactor section (4.5 ft) contained the mix-
ture of UzOz fines and alumina. Fluorination of this
4.5-1t deep fluidized bed did not pose any problems un-
der the conditions used for this run.

The average rates of UFg production were 65 and 86
Ib UFg/(hr) (sq ft reactor cross section) for runs
BR¥5-1 and BRF5-2, respectively. Since the bulk of
the uranium was fluorinated during the initial two-
thirds of the fluorination period, during run BRF5-2
rates approaching 130 1b U¥g/ (hr) (sq ft reactor cross
section) were probably achieved in that period. This
value of U¥g production rate is significantly hig
than that achieved by two-zone oxidation-fluorina
of the UO; fuels [~80 Ib UFs/(hr) (sq ft); see ANL-
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QQS, p. 70] and by the fluorination of UsOs fines with
fluorine [80 1b U¥¢/(hr) (sq {t); see ANL-7225, p.
117].

The utilization efficiency of BrF; during the initial
period of fluorination in run BRF5-2 was also prob-
ably higher than the average utilization efficiency of
approximately 60% sustained over the entire fluorina-
tion time. These results are considered highly satis-
factory for process application.

All equipment in the faeility operated smoothly in
both runs. The alumina beds were fluidizable through-
out the runs, and at the end of the runs the alumina
beds drained freely from the reactor. There were no
cakes or agglomerates in either bed. All the pro-
cedures for handling the BrF; in various quantities,

ranging from several kilograms to several grams,
worked well.

(4) Future /Work AN

Work to determine the effects of important process
variables (fluid-bed temperature, BrFs concentration,
fluidizing-gas velocity, UOp mass, and alumina particle
size) on the operating characteristies of the equipment,
the UF production rates, BrF; utilization cfficiencies,
and off-gas composition during the fluorination will
be continued. The finned fluid-bed reactor section will
be replaced with a new section equipped with an air-
water cooling system for more effective heat transfer.
The new reactor section will provide more precise con-
trol of cooling and heating of the fluidized bed.

3. Cleanup of Cell Exhaust Air Contaminated with Plutonium Hexafluoride
(R. Kessie, D. Ramaswami, L. MAREK)

The toxicity and volatility of PuFg requires that a
very high degree of air cleanup be provided in the
event of an accidental release of PuFg in an enclosure.
Previous work which has been reported in detail’® in-
dicates that at a normal moisture concentration in the
atmosphere the hydrolysis reaction occurs within the
gas phase to produce a fine aerosol (PuO.F, particles
of <0.1-p diameter), but at low moisture concentra-
tions reaction occurs upon solid surfaces exposed to the
reactants. The collection of the solid aerosol by two
high-efficiency filters in series at 40% of rated flow
will Iimit the proportion of plutonium penetrating the
filter to less than one ppm of that released. The kinet-
iecs of the surface reaction has been measured in
packed beds of glass spheres, and the data have been
used to compute filter penetration. The prediction in-
dicates that less than 1 ppm of the released plutonium
will penetrate the filter at moisture levels in excess
of 0.25 mm Hg. The experimental confirmation of the
predicted surface reaction in high-efficiency filters is
an objective of the present experiments.

The present series of experiments is being made to
determine how each type of reaction (gas-phase and
surface reaction) affects filter penetration and to
measure plutonium particulate penetration through a
series of two filters.

The apparatus used in these experiments is shown in
Figure I1-16. A dise of filter media is mounted between
two glass funnels to form a filter unit. Each unit is

Q R. W. Kessie and ID. Ramaswami, Removal of Plutonium
*afluoride from Cell Exhaust Air by Hydrolysis and Filtra-
tion, ANL-7066, December 1965.

tested for DOP (dioctylphthalate) penetration prior
to use (see ANL-7125, pp. 96-97). Four units are as-
sembled in a series before the entire assembly is
placed in the glovebox. Four filters are required to
measure accurately low-level plutonium penetration of
the second filter., The function of the third filter is to
contain material penetrating the second filter; the
fourth filter serves to preclude back-contamination of
the third filter. A stream of PuFg in dry air is mixed
with a moist air stream in a Plexiglas chamber.

Eighteen experimental runs with PuFy have been
completed. However, analyses of the filters are difficult
owing to the small quantity (10— mg Pu) of plu-
tonium on the filters, and results of these experiments
are not available at present.

A second objective of this program is to obtain a nu-
merical computer solution of differential equations de-
seribing the mechanisms occurring in filtration which
can be used to study the effect of the many variables on
the filtration of aerosols. This would be helpful in un-
derstanding and planning experiments, particularly
where the experiments are difficult and time-consuming,
The first parametric study of interest is establishing
the effect of particle diameter and gas velocity on the
particle penetration of filters at a fixed level of the
variables: fiber diameter, fiber spacing, gas viscosity,
gas density, gas mean free path, and particle density.
The fixed conditions will be those corresponding to
the experimental conditions.

Although the computer program has not been com-
pleted, sufficient work has been accomplished to indi-
cate that the initial objective should be achieved in
several months. The following is an example of the ap-



88 II. Fluidization and Volatility Processes

TO MOTOR AND TACHOMETER

T —— MAGNET
\ Exomsg S STL STIRRER
PuFs IN L ’ 'M_«CONTROLLED
DRY AIR g . MOIST AIR
h 1£IN FJ@‘
A
— &
, : PLEXIGLAS
T7 15 1IN~
aln
4I ‘
E 1
I
A
1IN ——
R i TYGON
k) 0 CONNECTOR
12N Lah
8 & 32 [

SIS s

2y
2%

GLASS POWDER

108-9836

FUNNELS
33N
| — FILTER
]
v \
- —~ TAPE SEAL
|
— 100 mm ——
— ,.7:..__,//_ .

Fia. I1-16. Equipment for the Study of Plutonium Filtration and Surface Reaction in Filters.

proach used: For the flow field, the Navier-Stokes
equations are solved using boundary conditions that
include the effect of slip velocity at the fiber surface.
These equations are solved using an alternate relaxa-
tion and filling technique. The solution is obtained for
2048 points within a hypothetical fiber cell to 0.1%
aceuracy in a 15-sec computer period. The momentum

and drag equations for the particle are solved and,
finally, solutions are obtained for the diffusion equa-
tions. The momentum and drag equations are such
that other particle forees can be readily added. The ef-
fects of other particle forces have been tested, in a
preliminary way, with central (particle and fiber)
electrostatic forces.

4. Bench-scale Fluid-bed Studies with Irradiated Fuels (A. CHILENSKAS,
G. Porrs, J. Kincinas, N. Sarror)

A program demonstrating the fluid-bed volatility
process with irradiated fuel materials is in progress.
Experiments are being conducted in a 1V%-in. dia.
fluid-bed reactor installed in the senior cave facility of
the Chemical Engineering Division. Present work is
directed to the determination of the distribution of the
actinides and fission produets in the process streams in
each of the steps of the oxygen-bromine pentafluoride-

19 Guest Scientist from Atomic Fuel Corporation, Japan.

fluorine process. The fuel charge used was highly irra-
diated UOs pellets, and the bed material was alumina.

a. THE DISTRIBUTION OF THE ACTINIDES
AND FISSION PRODUCTS FOLLOWING T
0.-BrF;-F, PROCESSING OF IRRADIA
U0,

A series of three runs has been completed using a
processing scheme consisting of oxidation of UO: to
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tThe stack gas passes through an AEC high-efficiency filter and a charcoal filter before it is sampled and discharged to the environment.
Tt The uranium traps consisted of two beds of soda lime in series, each 1.75 kg, operated at 105-200°C followed by a bed of activated alumina, 0.9 kg, operated

at about 60°C.

@The atmospheric concentrations at ground leve! below the senior cave stacks are calculated from the stack gas analysis, allowing a ditution factor of 10 from
the stack discharge to the ground level. The RCG value represents the percent of the recommended limiting concentration of the radioisotope as proposed in
Radioactivity Concentrations Guide, AEC Manual, Chapter 0524, Standards for Radiation Protection, (approved Aug. 12, 1963). Copies can be obtained from

AEC Headquarters, Division of Operational Safety, Washington, D.C.
308-485

Fia. I1-17. Processing of a Nouirradiated UQ, Charge Using an Oxygen-Bromine Pentafluoride-Fluorine Scheme in Contaminated

Equipment. Run IN-BRF-1.

T30s at 405 to 475°C, uranium volatilization with
BrF; at 305 to 315°C, and plutonium volatilization
with fluorine at 300 to 560°C. The first of these (run
IN-BRF-1) was made using a nonirradiated charge of
UOs; to establish experimental procedures and to de-
termine the levels of activity in the various samples
which result from processing in equipment contami-
nated with radioactive material. The other two runs
(BRF-1 and -2) were made with irradiated TO, pellets

ich had been declad mechanically.

he apparatus and procedures employed in these
tests were similar to those used in the processing of ir-
radiated uranium alloy fuels (see ANL-7055, p. 156).
Prior to the start of these tests, the equipment was

-

modified slightly by the installation of a sintered nickel
filter in a separate chamber above the fluid bed. This
filter replaced the packed-bed filter previously used.

(1) Run IN-BRF-1

The processing conditions and the distribution of
actinides and fission products following the processing
of 106 g of nonirradiated UQ; is shown in Figure I1-17.
The plutonium and fission product values shown in the
figure are attributed to pickup of these materials from
the contaminated equipment. It should be noted that
the gamma activity movement to the stack gas was
negligible during the first two steps of the process,
while considerable ruthenium movement (90% of the
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“Sintered nickel, 10-micron pore, grade G, Pall Trinity Micro Corp.
* Membrane fitter, 0 4-micron pore, Metricel VF-6 (flucrinated vinyl), Gelman Corp.

The stack gas passed through an AEC high-efficiency filter and a charcoal filter before it was sampled and discharged to the environment.
The atmospheric concentrations at ground level are calculated from the stack gas analysis, ailowing a dilution factor of 10 from the stack to the ground level. The RCG value
represents the percent of the recommended limiting concentration of the radioisotope as proposed in Radicactivity Concentration Guide, AEC Manual, Chapter 0524, Standards for
Radiation *Protection (approved Aug 12, 1963). Copies of the manual can be obtained from AEC Headquarters, Division of Operational Safety, Washington, D.C.

®The uranium traps consisted of two beds in series, the first containing soda time and the second containing a mixture of soda lime and activated alumina.

°®Run BRF-1 only.
308-483

Fia. 11-18. Processing of Irradiated UO, Charge Using an 0,-BrFs-F; Process Scheme. Average Values for Runs BRF-1 and -2.

recommended limiting value)?® was noted during the
final step. In general, the levels of activities found in
the process beds at the end of the run were such that no
significant sample contamination from equipment was
indicated.

(2) Runs BRF-1 and -2

The feed material for each run was 108 g of declad
U0, irradiated to 40,000 MWd/metric ton. Each

20 Radioactivity concentration Guide, AEC Manual, Chap-
ter 0524, Standards for Radiation Protection (approved Aug.
12, 1963). Copies can be obtained from AEC Headquarters,
Division of Operational Safety, Washington, D.C.

charge was obtained from the same core loading of the
Yankee reactor. The charges for the runs had cooled
approximately one year prior to processing. The proe-
ess conditions and average fission product distributions
following each process step are shown in Figure I1-18.
The Oxidation Step. Only a small amount of activity
volatilized during the conversion of the UO, to Us04.
The prineipal volatile activity was krypton-85; ab
17% of the total krypton activity was released dur
this step. It should be noted that the irradiated charges
had been declad prior to processing and that the kryp-
ton released upon cladding removal is not known. Other
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.Volatile species detected after oxidation were trace®
amounts of cesium, niobium, and ruthenium. Analysis
of the stack gas showed that, in addition to krypton,
108Ru was present at a concentration that was about
0.6% of the recommended upper limit,.?°

The Uranmum Volatilization Step. During uranium
volatilization by reaction with BrF; , the principal ac-
tivities which also volatilized and collected with the
uranium in the soda lime and activated alumina traps
were 61% of the ruthenium, 76% of the molybdenum,
and trace amounts of cerium, cesium, zirconium, and
niobium. During this step, 83% of the krypton vola-
tilized. Analyses have not been completed for other
fission produets, such as neptunium, technetium, and
tellurium, which probably form volatile species during
the Br¥F; fluorination step. In run BRF-1, 0.025% of
the plutonium in the oxide fuel accompanied the
uranium and collected in the soda lime trap.

In addition to krypton, small amounts of 1*¢Ru and
125mTe were detected in the stack gas.

The Plutonwm Volatilization Step. The volatiliza-
tion of the plutonium from the reactor was accom-
plished by the use of fluorine at temperatures from 300
to 560°C. About 0.8% of the gross beta and gamma
was volatilized during this step. The major ganmma
active isotopes found with the plutonium in the NalF
trap were ruthenium and nicbium (about 3.5% of the
ruthenium and 1.8% of the niobium). Small amounts
of cesiumn, cerium, and zirconium (less than 0.1%} col-
lected in the activated alumina trap downstream of the
NaF trap. Analyses have not been completed for the
other possible product contaminants. The process off-
gas contaminants were found to be mainly ruthenium
and tellurium. About 3% of the recommended limiting
value?® for %*Ru and a small amount of #wTe were
found in the stack effluent.

Reactor Bed Residues. The average values for re-

2L A trace is considered a detectable amount of an element
constituting less than 10749, of the amount present in the
charge.

TABLE 11-32. Comparisox or INacTive aAND AcTivE RUNs
N wHICH O:-BrFs-Fy Processing Scueme Was Usep

Tnactive Active | Active
Run Run Run
IN-BRF-1 BRF-1 BRF-2
Charge
Uranium (g) 93 91 91
Plutonium (mg) 0 1220 1190
v (Ci) 0 105 93
Uranium Product
Uranium (g) 81.8 70.5 g 64.5
Plutonium (g) 0.03 0.4 [ NLA
v (Ci) 0.003 12.2 8.4
Plutontum Product
Tranium (mg) 1370 ) I 300
Plutonium (mg) 0.013 | 750 | 755
v (C1) 12.3 X 1078 1.3 0.5
Reactor Bed
Uranium (g) 0.097 0.012 0.028
Plutonium (mg) 0 17 | 15
\

v (Ci) | 0.045r 22.6 44

= Not analyzed.

tention of actinides and fission products in the final
alumina beds were 0.02% of the uranium, 2.0% of the
plutonium, 34.4% of the gross gamma, 35.6% of the
gross beta, 87% of the cerium, 54% of the strontium,
399% of the cesium, 52% of the zirconium, 1.5% of the
niobium, and <1.7% of the molybdenum. Analyses
have not been completed for other activities.

The Activity Contribution to Runs BRF-1 and -2
from Residual Actwnity in the Equipment from Pre-
vious Hot Runs, A comparison of the results for the
inactive run (IN-BRF-1) with the results for the two
runs with irradiated charges (BRF-1 and -2) is shown
in Table 11-32. An examination of these values shows
that the gamma activity of the samples obtained after
processing with a nonirradiated charge is very small
when compared to that obtained after processing an
active charge. Therefore, the contribution of activity
from residual deposits within the equipment can be
neglected.

5. Disposal of Gaseous Fluoride Volatility Reagents (J. T. Hormes, C. B. SCHOFFSTOLL)

A beneh-seale fluidized-bed faeility has been used to
study the reaction of fluorine with various reactive
solids as a means of disposal of fluorine, which is an
important reagent in the fluoride volatility flowsheets.
The use of a fluidized bed of reactive solids was chosen

r the following reasons:
‘ a) Owing to the good heat transfer achicved in
fluidized beds, it is possible to carry out highly exo-
thermie gas-solid reactions under nearly isothermal

conditions and thereby prevent sintering, which often
occurs in packed-bed reactors.

b) The reactive solids can be chosen such that the
products of the reaction are solids and nontoxie
gases. A solid product is important for ultimate
waste disposal if the gaseous reagents contain vola-
tile fission product compounds which also reaet with
the solids.

The current work has been mainly devoted to the
disposal of fluorine, using fluidized beds of activated
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TABLE 1I-33. INDEPENDENT VARIABLES STUDIED IN THE
DisposaL oF FLUORINE IN A Fruipizep Bep OF
ACTIVATED ALUMINA

Low High
Bed Temperature 300°C 400°C
Bed Depth-to-Diameter Ratio, 3 6
L/D
Particle Size, D, 48-100 mesh | 28-48 mesh
(183 p)= (399 p)=
Gas Velocity, V 1.25 Vus® 1.65 Vius®
Flourine Concentration 5v/o 10 v/o

= Mean particle size.
¢ Minimum fluidization velocity.

alumina (A.A.). The work will be extended to evaluate
the use of other solids for fluorine disposal and then,
using appropriate solids, for the disposal of other gase-
ous reagents such as the bromine fluorides, and possi-
bly fission product compounds.

The experimental facility and operating procedure
were described previously (ANL-7225, pp. 126-127).
A small serubber containing potassium iodide solution
was used to determine the concentration of fluorine in
the off-gas from the fluidized bed reactor. An evalua-
tion of the serubber, over the range 5 to 2600 ppm
fluorine in nitrogen, indicated that the scrubbing effi-
ciency was essentially constant over this concentration
range. Hach experiment was terminated when the
fluorine concentration in the off-gas exceeded 1000 to
2000 ppm. The capacity of the activated alumina was
determined by chemical analysis of the fluoride con-
centration in the final fluidized bed. Capacity was de-
fined as the grams of fluorine reacted per gram of
activated alumina charged to the reactor. The theoreti-
cal maximum capacity is 0.950 g fluorine/g A.A., as-
suming the following reaction:

After a series of shakedown runs were made to check
out the equipment and procedure, a factorially de-
signed set of experiments was used to determine the
effect of the five independent variables considered most
likely to affect the capacity of activated alumina?? for
fluorine. The variables were: temperature (7)), particle
size (D,), bed depth-to-diameter ratio (L/D), fluorine
concentration (v/o0), and gas velocity (V). For the
bed depth to diameter ratio, only the bed depth was
varied since the diameter was fixed at 2.07 in. Each
variable was studied at the two levels shown in Table
11-83. This set of experiments determined the effects
of all the variables, the first order interactions (e.g., T,
D, interaction), and experimental error, but did not

22 (Grade F-1 Alcoa activated alumina.

give any information on the effects of higher order in’
teractions (e.g., T, D, , L/D interaction). Higher than
first order interactions are rather uncommon in physi-
cal situations.

a. RESULTS AND DISCUSSION

No operational difficulties were encountered in any
runs. The product beds were always free-flowing and no
significant pressure buildups due to deposition of fines
on the sintered metal filters were noted. The automatic
filter blowback system was not used during any of
the runs.

The predried activated alumina is the monohydrate
of aluminum oxide (Al.O; -H20) and therefore some
HF was produced by the reaction of the H,O and
fluorine. The HF was not completely sorbed by unre-
acted activated alumina, and small concentrations of
HF were observed in the off-gas from the fluid-bed re-
actor. The HF concentration was highest during early
portions of the run, but never exceeded the concen-
tration of fluorine in the off-gas.

(1) Resulis of Factorially Designed Series of Ex-
periments

The factorial experimental design is shown on Table
11-34. Also included are the experimental values of
capacity at breakthrough as defined in the following
manner: (1) the point at which the fluorine concentra-

TABLE 11-34. FractioNaL FactoriaL DEsiGN For FLUID-
Bep Disrosal oF FLUORINE WITH ACTIVATED ALUMINA

(AA)
Capacity at
Breakthrough
(g F2/g AA)
Run |D, () L/D |4 %M Fz\rin
un em N,
> (® XV | G0 | gy | At200 | g%
pp?:] F remofval
ofl-gas ﬁu(())rine
5 399 6 1.65 400 5 0.627 0.553
2 399 6 1.65 300 10 0.294 0.283
1 399 6 1.25 400 10 0.660 | 0.630
8 399 6 1.25 300 5 0.344 0.294
4 399 3 1.65 400 10 0.206 | 0.183
7 399 3 7 1.65 300 5 0.153 0.141
3 399 3 1.25 400 5 0.429 0.258
6 399 3 1.25 300 10 0.187 0.174
12 | 183 6 1.65 400 10 0.740 | 0.737
11 183 6 1.65 300 5 0.388 | 0.357
16 183 6 125 400 5 0.797 | 0.797
13 183 6 1.25 300 10 0.412 | 0.410
10 183 3 1.65 400 5 0.642 | 0.58
15 183 3 1.65 300 10 0.251 0,23‘
14 183 3 1.25 400 10 0.676 0.658
9 183 3 1.25 300 5 0.293 0.257
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.lABLE 11-35. Errecr oF INDEPENDENT VARIABLES ON
CAPACITY OF ACTIVATED ALUMINA FOR FLUORINE

Effect or Capacity

(g F2/g AA.)
Change in Variable At 200 At
ppm Fe | <99.99,
in Fa
off-gas | removal
Temperature: 300°C to 400°C 0.307 0.280
L/D:3to 6 0.178 0.196

—0.162 | —0.190
Not significant

Particle Size: 48-100 mesh to 28-48 mesh
Gas Velocity: 1.25 V,.; to 1.65 Vs
Fluorine Concentration: 5 v/o to 10 v/o f

Mean Capacity at}
Breakthrough
(g Fa/g AA)

0.443 0.410

tion in the off-gas reached 200 ppm, and (2) the point
at which less than 99.9% of the fluorine was removed
by the activated alumina. The experiments were made
in a random sequence, as shown by the run numbers.

The results of an analysis of variance of the data at
both breakthrough points (200 ppm and 99.9% re-
moval) showed that, for the range of the variables
studied, bed temperature, A.A. particle size, and bed
depth-to-diameter ratio were the only variables which
had significant effects on the capacity. Furthermore,
these variables were significant at the 99 % confidence
level. The effects of a change in gas velocity, a change
in fluorine concentration, and all first order interactions
of the variables were not significant in the ranges
studied.

The magnitudes of the effects (g Fy/g A.A.) of each
variable are shown in Table 11-35. It can be seen that
temperature has the largest effect, while bed depth-to-
bed diameter ratio and particle size have smaller effects.
Changes in gas velocity and fluorine concentration over
the ranges studied do not produce significant effects.

The standard deviation for breakthrough at 200 ppm
was go = 0.061 g fluorine/g A.A. and at 99.9 % fluorine
removal was ¢¢ = 0.058 g fluorine/g A.A. This means
that the observed effects on Table II-35 have 95%
confidence limits of about (2} ¢o/2 = =£0.06 g fluorine/g
AA., and that the capacity data of Table II-34 have
959 confidence limits of about (2) oo = 4012 g
fluorine/g A.A.

The results can be presented as follows:

apacity (g Fa/g AA.) at 200 ppm Breakthrough
= 0443 + 0.00307(7 — (23)
+ 0.0593(L/D — 4.5) — 0.000750(D, — 291)

Capacity (g Fa/g AA) at 99.9% Removal Break-
through

= 0.410 + 0.00280(T — 623)
+ 0.0653(L/D — 4.5) — 0.00088(D, — 291)

where T is in °K, and D, is in microns.

These equations represent the best (least square)
linear interpolation over the range of variables studied
(Table II-33). The equations should not be used to
extrapolate outside of the ranges, and it should not be
assumed that the effects of velocity and concentration
are not insignificant outside the ranges studied. It can
easily be seen that, within the range studied, the maxi-
mum capacity can be obtained at T = 400°C, D, = 183
microns, L/D = 6, any concentration of fluorine from
5-10 v/o, and any gas velocity from 1.25 to 1.65 V.,
(compare capacity for run 16 to capacity for other runs
in Table 1I-34).

(2) Mechanism

It is likely that the reaction of activated alumina
with fluorine can be characterized by a continuous re-
action model sinee A.A. has a porous structure and a
high surface area (260 to 290 m?2/g). The model is
shown schematically in Figure 11-19. As the reaction
proceeds, the reaction rate becomes pore-diffusion
limited due to partial plugging of the pores by reaction
produet. The product, AlF;, is less dense than the re-
actant, A.A., and would therefore tend to fill the pores.
There 1s an indication that diffusion through the gas
film surrounding the particle does not limit the reac-
tion rate since gas velocity does not appear to have a
significant effect on capacity. This model is consistent
with the observed effects of all five independent vari-
ables.

(3) Experiments at Extreme Conditions

A series of additional runs were made to determine
the effect on capacity of operating with conditions out-
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side the range of those used in the factorial design
experiment, Since there are practical limitations on the
use of smaller particles of activated alumina and on
the use of deeper beds (because of the size of the re-
actor), these variables were not investigated further.

In order to increase the capacity of the bed for
fluorine to values greater than those achieved in the
planned set of runs, an experiment was conduected at
450°C. This run gave a eapacity of 0.803 g fluorine/g
A.A., which can be compared with 0.797 g fluorine/g
AA., for run 16, which used the same conditions ex-
cept for a temperature of 400°C. The difference be-
tween the capacities was too small to be statistically
significant. It is not surprising that the increase was
small since capacities are near the maximum theoreti-
cal value of 0.95 g fluorine/g A A.

Additional runs were made at a higher gas veloeity
(3.0 Vius) and at higher eoncentrations of fluorine (30
and 75 v/0) to extend the range of these variables. The
higher gas velocity produced a significant but small
decrease in the ecapacity, which is not surprising since
high gas velocities often give rise to poor gas-solids
contacting, There were no significant effeets of 30 or
75 v/o fluorine on the capacity, which is consistent with
the previous results obtained using 5 and 10 v/o
fluorine.

(4) Comparison of Fluid Beds with Packed Beds

It is interesting to compare the throughput capa-
bilities for the fluid-bed reactor system with that for
a packed-bed reactor. Throughput is defined as the
feed rate of fluorine in pounds of fluorine per hour per
sq ft of reactor cross section. With 183-micron (48-100
mesh) activated alumina and a fluorine concentration
of 75 v/0 in a fluid-bed reactor, the fluorine throughput
rate is about 40 1b/ (hr) (sq ft). Throughput rates up
to 140 1b/(hr) (sq ft) can be obtained with 28-48
mesh alumina but result in lower capacities. Data ob-
tained earlier for packed beds of activated alumina
gave maximum throughputs of about 3 1b/ (hr) (sq ft).
Above this throughput rate, sintering of the packed bed
oceurred. It is obvious that if a free-flowing reaction
product is desired, the fluid-bed technique will allow
much higher fluorine throughput rates. The experiments

TABLE I1-36. ExPERIMENTAL CONDITIONS FOR THE IDISPOSAL
or FrvomiNne 1IN A Frompizep-Bep Facruiry Using
Na:CO; or CaCO;

Temperature \ 400°C

L/D | 6

Particle Size { —60-+100 mesh
Fluorine Concentration 10 v/o

Gas Velocity 1.65 Vo

with packed beds of A.A. gave maximum capacities at.
breakthrough of about 0.85 g fluorine/g A.A. for runs
where bed temperatures were over 1000°C and sinter-
ing occurred. The capacities achieved in fluidized beds
(up to 0.8 g fluorine/g A.A.) were only slightly lower
than the packed-bed capacities.

(5) Nature of Solid Reaction Products

The solid reaction products appear to be suitable for
waste disposal. The beds were free-flowing at the con-
clusion of all of the runs, There is no significant change
in particle size caused by the forination of a less dense
reaction product, or by attrition due to the turbulence
of the fluid bed. The bulk density of the product from
run 16 was 1.22 g/ce untapped, and 1.36 g/cc tapped.

(6) Other Solid Reagents

Two other solid reagents, soda ash (NaysCOjz) and
limestone (CaCOsz}, both of which are less expensive
than activated alumina, were tested for fluorine dis-
posal in the same facility using the conditions shown in
Table 1I-36. Qualitatively, the results of single ex-
periments with each of the solids were similar to the re-
sults obtained with activated alumina. The capacity
of soda ash was 0.32 g fluorine/g, and the capacity of
the limestone was 0.045 g fluorine/g. These capacities
correspond to about 90% and 129% of the theoretical
maximum capacities for soda ash and limestone, re-
spectively. It appears that the rate of reaction with
limestone becomes diffusion-controlled and that break-
through occurs before the particle is significantly re-
acted. The product (NaF) of the soda ash reaction ap-
parently does not hinder the reaction since the reaction
product is more dense than the reactant and thus would
not tend to produce a resistance to mass transfer. Since
sodium fluoride is known to be an effective sorber for
certain volatile fluoride compounds, the NaF product
from the soda ash reaction may be effective for the re-
moval of volatile fission products associated with the
fluorine gas stream.

b. CONCLUSIONS

A fluidized-bed process eapable of high fluorine dis-
posal rates has been developed using activated alumina
as the reacting solid. The reaction is characterized by
an initial period when the fluoride concentration in the
reactor off-gas is less than 50 ppm and by a break-
through period when the conecentration rises rapidly.
The results of a factorially designed set of experiments
indicated that increasing the bed temperature from 300
to 400°C, increasing the bed depth-to-diameter ratj
from 3 to 6, and decreasing the particle size from 3
to 183 microns were all effective in increasing the



capacity of the activated alumina for fluorine removal
to near the theoretical maximum value. There were no
significant effects of varying the fluorine concentration
between 5 and 75 v/o or of changing the gas velocity
from 1.25 Vs to 1.65 V,,,r . A higher value of gas veloe-
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ity (3.0 V,y) decreased slightly the capacity of acti-
vated alumina for fluorine.

Solid reactants which are less expensive than acti-
vated alumina also are being evaluated. Soda ash is es-
pecially promising,

C. BASIC STUDIES OF FLUIDIZED-BED BEHAVIOR RELATED TO PROCESS
OPERATIONS (D. Ramaswawmi)

1. Basic Mechanisms of Fluidization (J. D. Gasor, R. E. CArLsoN®)

The effects of walls on the characteristics of particle
movement within a fluidized bed are important to the
understanding and control of fluidized-bed reactors.
For most reactors, heat is either introduced or removed
through wall surfaces. Reactor walls also affect the
characteristics of gas and particle mixing within fluid-
bed reactors. Therefore, knowledge of particle behavior
at the walls of a reactor is of practical importance to
the design of fluid-bed systems.

Currently, experimental studies are being conducted
to determine the effect of column width on fluidized
particle movement in a two-dimensional column, ie.,
a column of rectangular cross section for which the
thickness js so small that a rising bubble is in simul-
taneous contact with both opposite walls. The results of
the current experimental studies have been compared
with the previously presented theoretical treatment
(ANL-7225, pp. 128-130) for a cylinder (representing
a circular bubble) rising through an ideal fluid between
parallel walls.

a. EXPERIMENTAL APPARATUS

The trajectories of fluidized particles in a two-dimen-
sional fluidized bed, resulting from the passage of a
single gas bubble through the bed, have been observed
photographically and have been compared with the
theoretical predictions. Two glass columns (one 7.3 ecm
wide, the other 15.0 cm wide, and both 0.95 ecm thick
and 51 em high) were used. Glass beads, 0.27, 0.39, and
0.46 mm in diameter, with black tracer particles, con-
stituted the bed material. The glass beads were sup-
ported on a porous metal distributor plate and were
fluidized by a gas flow slightly greater than the in-
cipient fluidization velocity. A controlled volume of

itrogen was then injected into the bed through a tube
the center of the distributor plate. The experimental

23 Co-op student from Northwestern University.

bubble diameter-to-column width ratios (a/d ratios)
were varied by regulating the injected nitrogen volume
(bubble size) and by using one or the other of the
column widths (7.3 or 15.0 cm).

Motion pictures were taken with a Fastax camera
using 16 mm Kktachrome (ASA 32) film at 250 to 400
frames per second. The particle trajectories were deter-
mined with the aid of a Vanguard Motion Analyzer.

b. RESULTS

The experimentally observed trajectories are eom-
pared with the theoretical trajectories for an a/d
ratio of 0.63 in Figure I1-20. The 7.3-em wide column
and 0.39-mm beads were used for the experimental
measurements shown in the figure. The amount of par-
ticle movement increases with proximity to the center
of the bubble. The particle movement is primarily
downward except for particles near the center of
the bubble. The rising bubble initially pushes the lat-
ter particles upward but rapidly catches up to them.
These particles then fall through the bubble into the
lens-shaped wake at the bottom of the bubble. The par-
ticles are then carried upward in the wake a short dis-
tance before being deposited in the bed. This motion
is unlike the looping motion indicated by theory for
particles near the center of the bubble path. The theory
also predicts a greater downward movement near the
walls than was experimentally observed. It should be
noted that without consideration of the walls (that is,
if a bubble was assumed to be rising through an in-
finite medium), previously developed theories would
predict a net upward displacement of particles,

The point in time when the center of the bubble was
at the same vertical position as a particle is noted as
time O in Figure 1I-20. Thus, when the center of the
bubble was at —14 on the X axis (direetion of bubble
rise}, the particle was at the position indicated by the
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—~V4 cross-line. The theory predicts that a particle
would be essentially moved from its initial position to
its final position as the bubble moves from —1 to +1
along the center line. Experimentally, it was found that
particle movement was virtually completed as the bub-
ble moved from —3%; to +3%4.

Figure 1I-21 shows the effect of a/d ratio on the
particle drift. The initial position of the particles is
shown by the solid horizontal line. The theoretical drift
profile (left side of the figure) of the particles, in rela-
tion to their original positions along the horizontal line,
can be compared with the observed drift profile (right
side of the figure) for 0.27-mm diameter particles in
the 7.3-cm wide column. The drifts for three different
bubble sizes resulting in a/d ratios of 0.41, 0.46, and
0.66 are shown.

The data indicate inereased particle movement with
increased bubble size. The largest observed bubbles
had the greatest effect on the particles near the wall,
and there was no movement of the particles at the wall
for the smallest bubble. This is in contrast to the theo-
retical prediction, based on an ideal fluid, that the
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influence of the bubble would extend to the particles at
the wall.

It was also concluded from other tests that:

1. Particle movement is primarily in the vertical
direction with negligible horizontal movement.

2. The extent of influence by the bubble on particle
movement decreases with an increase in particle
size.

3. Theory implies that only the a/d ratio would in-
fluence the extent of particle motion relative to
the bubble; experimental results indicate that
both the a/d ratio and the absolute bubble size
are significant parameters.

¢. FUTURE WORK

Theoretical work will be extended to the case of a
chain of rising bubbles and an array of bubbles. Vis-
cosity effects will also be considered.

Future experimental studies will be made to relate
particle movement with heat transfer at a wall. A theo-
retical model appropriate to the planned experiments
will also be developed.

2. Mechanism of Heat Transfer Between a Fluidized Bed and the Reactor Wall
(R. D. Parer* L. B. Koprper®? J. T. HoLMES)

Models proposed to predict coefficients of heat trans-
fer from a gas-fluidized bed to the reactor wall gen-
erally require a knowledge of the residence time of
fluidized particles at the wall. During the current work,
attention has been directed toward improvement of
these models and toward experimental verification of
the predicted coefficients.

An experimental apparatus (described previously,
ANL-7225, pp. 130-131) has been erected and sue-
cessfully operated to measure both heat transfer coef-
fieients and residence times at the same section of the
fluid-bed column wall, Some modifications have been
made. In particular, it was found that the previously
construeted heater had a large heat loss to the sur-
roundings. This rendered the heat transfer coeficients
inaccurate. To circumvent this difficulty, a more elab-
orate “adiabatic” heater was fabricated, and has been
operated very successfully (see Figure I1-22). By in-
stalling “guard” heaters around the main heater, it was
possible to attain nearly adiabatic conditions and neg-
ligible heat losses to the surroundings. Thermocouples
were mounted in the main and guard heater plates so
that their temperatures could be monitored. By adjust-

g the current to the guard heaters, the temperature of
he guard heater enclosure was made to correspond
very closely with the main heater temperaturc. Thus,

2 Graduate student from Purdue University.
25 Consultant from Purdue University.

there was almost no heat loss from the main heater to
the surroundings. Data obtained with this heater were
very reproducible.

A 35-mm Arriflex motion picture camera driven by a
synchronous motor is being used in the particle resi-
dence time studies (see ANL-7125, pp. 105-106). The
synchronous operation assures a constant time differ-
ence between successive frames—important in the sub-
sequent analysis to determine the mean residence time.
(Details of the analysis have been published else-
where.?®)

Preliminary data for residence times and heat trans-
fer coefficients have been obtained for Y&-in. acetate
spheres fluidized in air. The bed was stirred by a paddle
type stirrer to eliminate bubbles. The data indicate
that heat transfer coefficients increase as the resi-
dence time is decreased:

Air Velocity, based Heat Transfer Mean Residence

on empty column, Coefficient, Time,
ft/sec Btu/(hr) (sq ft) (°F) sec
3.53 18.4 9.2
4.05 24.6 2.4

The mean error in the heat transfer data was about

2%.

Work is continuing on small-particle systems. In

26 T, B, Koppel, R. D. Patel, and J. T. Holmes, “Statistical
Models for Surface Renewal in Heat and Mass Transfer. Parts
I and I17’. AIChE J. 12, 941-955 (1966).
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particular, two systems of ~30-mesh and ~45-mesh
black glass beads and white glass beads are being n-
vestigated These paiticles are more nearly typical of
material usually used m a fluidized bed Data are also

bemng obtained for various metal shot particles fluidized
m air Particle tagging fo1 residence time studies of
these systems will be attempted using fluorescent dyes
and ultiaviolet lighting
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Materials Chemistry and Thermodynamics!

A. HIGH TEMPERATURE MATERIALS DEVELOPMENT (R. K. EpwARrDS,
H. M. Feper, M. ApER)

This program is directed toward the development of
nuclear reactor materials that will be subjected to high
temperatures. Its objective is to collect basic data on
the vaporization and chemical stability of potential
fuels, ie., the oxides, carbides, nitrides, phosphides,
and sulfides of uranium, plutonium, and thorium, and
their solid solutions; and on the reactions of these ma-
terials with other substances. The collected data will be
useful for guidance in materials selection; it will also
serve to advance knowledge of nonstoichiometry in
solids, an important high-temperature phenomenon.
Experimentation is ecarried out quantitatively so as to
yield thermodynamic and phase-diagram information.
Various complementary methods of investigation are
used, according to the requirements of the particular
problem.

Studies of the equilibria between vapor and con-

1 A summary of this section is given on pages 9 to 12.

densed phases of the uranium-urania system, and of
the oxidation-reduction equilibria in this system have
been concluded. Analogous studies are projected for
the U-Pu-O system at U/Pu ratios of interest to fast-
reactor fuel use. Some of the specific problems include
determinations of (1) the oxygen partial pressures and
total vapor pressures by a transpiration method, (2)
the phase boundaries of the (U, Pu)O,,, phase, (3)
the equilibria among the gaseous species (Pu, PuO,
PuO., and O), and (4) the congruently effusing com-
position of plutonia. Similar studies on the U-Pu-C
system are under consideration. Some mass speetro-
metric experimentation is being done on the Re-O sys-
tem in view of the possible use of rhenium as a con-
tainer material in the U-Pu-O studies. Investigation
of the U-UP system by mass spectrometric effusion
has been initiated because the available information is
uncertain and incomplete.

1. Condensed Phase Studies (A. E. Marmin, F. C. MRAZEK)

a. THE URANIUM-URANIA SYSTEM

Final evaluation of the phase-diagram data for the
uranium-urania system has been made (ANL-7225,
pp. 132-133) and a manuscript has been prepared
for journal publication.

b. THE URANIUM-PLUTONIUM-CARBON SYS-.
TEM

A study of selected portions of the uranium-plu-
tonium-carbon system is projected. The primary ob-
jective is to establish composition-temperature rela-
tions for the phase(s) present in fast-reactor fuels of
aterest. Definition of the composition-temperature
elations is necessary to guide technological develop-
ments and also thermodynamic and physical-property
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studies. A continuing survey of the pertinent literature
is in progress. Plans for the modification of facilities
for this and for other plutonium studies are fairly well
advanced. Sample-pressing, arc-melting, and induc-
tion-heating facilities are to be installed in a glovebox
having a high-purity inert-gas atmosphere. Metallo-
graphic examinations will be conducted in other glove-
box facilities available within the Division.
Meanwhile, to gain experience with the special tech-
niques required in working with this system, some sim-
ple experiments on the uranium-carbon system have
been carried out. Uranium alloys containing 4.5 to
7.6 w/o carbon were prepared in a Zak arc melter
equipped with a water-cooled copper hearth and a
carbon upper electrode. No difficulties were encoun-
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tered. Other alloys were prepared from liquid uranium
held in graphite crucibles for about one hour. Two
alloys thus prepared at 1590 and 1770°C were analyzed
and found to contain 0.36 and 0.60 w/o carbon, re-
spectively. These concentrations are in the range re-
ported?-® for the solubility of carbon in liquid uranium.
In a similar but longer experiment, a relatively thick
uranium ecarbide layer formed between the ecrucible
and the uranium melt after 22 hours at 1771°C. A
comparison of the inner diameter of the crucible be-
fore and after the experiment showed that most of the
carbide had formed on the uranium side of the original
graphite-uranium interface, 1t was obvious that more
carbon had diffused across the interface toward the

2 A. 1. Snow, CT-954 (1943).

3T. H. Carter, CT-609 (1943).

+ M. W. Mallett, A. F. Gerds, and H. R. Nelson, J. Electro-
chem. Soc. 99, 197 (1952).

5 E. K. Storms, Thermodynamics, Proceedings of the Sympo-
stum on Thermodynamics with Emphasis on Nuclear Materials
and Atomic Transport in Solids, Vol. I, International Atomic
Energy Agency, Vienna, 1966, p. 309.

6 P. Guinet, . Vaugoyeau, and P. L. Blum, Comptes Rend.
261, 1312 (1965).

uranium than had uranium in the opposite direction.‘
These observations agree with those of other workers?
who studied the growth of the carbide layer between
uranium and carbon at 800 to 1100°C, using markers
to identify the location of the original interface.

Thermal analysis is likely to be a particularly use-
ful technique for studying U-Pu-C phase relations.
For this purpose, a Leeds and Northrup Model 8640
recording optical pyrometer was obtained for use in
both ordinary and differential thermal analysis (DTA).
The response time of the instrument was found to be
satisfactory: the thermal halts associated with the
freezing and melting of 4 grams of alumina (m.p.
2050°C) and of 8 grams of platinum (m.p. 1773°C)
were easily detected by ordinary thermal analysis both
on cooling and heating at 30 to 60 degrees per min-
ute. The progress of the DTA will be automatically
recorded as a single curve on an x-y recorder. Although
the recording optical pyrometer has not been tested in
the DTA mode, there is little doubt that it will operate
satisfactorily.

7N.S.A. 18, 19984 (1964).

2. Vaporization Studies

a. DETERMINATION OF COMPOSITIONAL
CHANGES BY MASS-SPECTROMETRIC EF-
FUSION (“TRAVERSE METHOD”) (J. W.
ReErsuvs, G. E. GUNDERSEN)

In previous reports® ® thermodynamic arguments
were used to develop equations relating the changing,
relative partial pressures of two vapor species to the
composition of a vaporizing binary condensed phase of
variable composition. A new experimental technique
based on these equations was described. As predicted,
it was found possible to evaluate the changing com-
position of urania from continuous observations of the
ion currents of the two major gaseous species, UO and
U0z . A manuseript deseribing this work is in prepara-
tion for journal publication.

b. VAPORIZATION OF URANIUM MONOPHOS-
PHIDE (J. W. Resuus, G. E. GUNDERSEN)

Investigations are being made of the high-tempera-
ture properties of uranium monophosphide, a poten-
tially useful component of nuclear fuels, because the
existing information (including the U-UP phase dia-
gram) is uncertain as well as incomplete. In this study
the basic quantities being determined are the tempera-

s ANT-6925, pp. 168-170.
s ANT-7225, pp. 135-136.

ture dependences of the partial pressures of vapor
species in equilibrium with uranium monophosphide.
The experimental technique involves vaporization of
uranium monophosphide within an effusion cell, and
analysis of the effusing species by means of a Bendix
TOF mass spectrometer. Tungsten was chosen as the
container material when it was found (by X-ray diffrac-
tion analysis of residues) to be Inert to uranium mono-
phosphide up to 2150°C, the maximum temperature of
the present experiments. Ionizing electron energies of
15 eV were used in order to avoid fragmentation ef-
fects which were observed at higher energies. The
compositions of uranium phosphide samples were
determined by chemical analysis.”

Between 1800 and 2150°C, the primary species
vaporizing from uranium monophosphide were found
to be U(g), P(g), and P2(g), as previously reported by
Gingerich and Lee.!* Also in agreement with them, the
hypothetical species UP(g) was not observed. Although
Pu(g) was observed, its presence was attributed to the
vaporization, at relatively low temperatures, of phos-
phorus which had condensed on the heat shields above
the effusion cell. A correction was applied for the effect

10 G, W. C. Milner, D. H. Rowe, and G. Phillips, “The Anal’
ysis of Uranium Phosphides,” AERE-R-4906, April, 1965.

K. A. Gingerich and P. K. Lee, J. Chem. Phys. 40, 3520
(1964).
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of this secondary vaporization on the observed partial
pressure of Pa(g). Minor amounts of UO(g) and UOs(g)
due to slight oxygen contamination (0.27 %) of the
uranium monophosphide were also detected during the
mitial heating. The intensities of these species decreased
steadily and, generally, became less than 14, that of
the U(g) after one hour at temperature.

The preliminary mass spectrometric experiments gave
evidence that stoichiometric UP changes composition
during vaporization. Continuous effusion from a start-
ing composition UPq gop0 03 2t 2010°C yielded a much
higher concentration of P plus Ps than U in the vapor,
thereby indicating that the monophosphide phase was
becoming hypostoichiometric with respect to phos-
phorus (i.e., UP,_,). Confirmation of the changing
vaporization behavior and composition of the residual
solid was obtained by an effusion experiment in which
over 30% of a sample of initially stoichiometric UP
was vaporized at ~2120°C. The rate of loss in weight
of the sample was observed to increase steadily over
successive time periods. Moreover, metallographic
analysis of the quenched residue from this experiment
revealed the presence of uranium as a minor phase
located at monophosphide grain boundaries. IFrom ap-
pearance alone, it could not be decided whether uranium
existed as a second phase at the temperature of the
experiment, or, alternatively, had precipitated from
hypostoichiometric uranium monophosphide on cooling.
X-ray diffraction analysis of the residue showed that
the lattice parameter of the UP was unchanged from
its original value of @, = 5.589 A.

Baskin and Dusek, on the basis of lattice parameter
and metallographic analyses, reported that uranium
monophosphide formed a hypostoichiometric phase
which appeared to vaporize congruently at about
2000°C. Gingerich and Lee? concluded that uranium
monophosphide vaporizes congruently between 1477
and 1977°C; however, from extrapolation of their data
they inferred that incongruent vaporization would occur
at temperatures above 2127°C. Our results, thus far,
give no indication of congruent, vaporization of mono-
phasie uranium monophosphide. Instead, they suggest
that UP, on vaporization, becomes progressively hypo-
stoichiometric until a two-phase mixture, UP;_, (s,
sat’d with U)® 4 U, sat’d with UP;_,), forms.

Preliminary equations for the partial pressures of U,
P, and P, over hypostoichiometric UP (possibly the
two-phase mixtures) were derived by correlating the

64, Metallurgy Division,” ANL-7000, 1964, p. 87.

13 M. Bowman, Los Alamos Scientifie Laboratory, reports
that the hypostoichiometrie range may extend down to UPy g
at 1900°C (private communication).

‘ 12y, Baskin and J. T. Dusek, “Annual Progress Report for

TABLE III-1. Normarizep Mass SPECTROMETRIC MEAs-
UREMENTS OF U, P, anp P; aBovE HYPOSTOICHIOMETRIC
Urantvm MONOPHOSPHIDE

Temperature Range: 2073 to 2423°K

. Temperature Depen- AH
Species dence, Log I,7* l (kcal/mole)
U 13.4189 — 26,268/7T 120.2 + 0.3
P 15.6915 — 31,494/T 1441 £ 1.5
Py [ 17.7506 — 37,351/T ﬂ 170.9 + 4.2

= All ion currents, I, , in the same arbitrary units. The equa-
tions reproduce the values of It T, IpT, and Ip,T' to within 1.4,
4.0, and 7.79%,, respectively (959 confidence level).

data from two types of effusion experiments, mass
spectrometric and weight loss.

The temperature dependences (1800 to 2150°C) of
the Ut, P+, and P§ ion currents were obtained in three
series of measurements for which the starting materials
were: (1) 0.1 g of powdered UPy.g010.02, preheated for
5 hr at 2000°C; (2) 75 mg of uranium plus 300 mg of a
sintered UP disk, preheated 6.7 hr at ~1972°C; and (3)
the residue from series 2 plus 36 mg of uranium, pre-
heated 2 hr at ~2040°C. Because the ion currents were
found to be reversible with temperature, we may con-
clude that cither a monophasic material of constant
composition was present, or that equilibrium between
U) and UP;_,(s) was always maintained. Further-
more, because of the agreement of the initial ion-current
curves for all three series, it is believed that all three
came to the same phase composition(s) by vaporization
during the preheat periods. The residues from these
runs have not been analyzed; however, the residue from
a similar run, which gave similar ion-current curves,
was found to have a P/U atom ratio of 0.95 & 0.02.
The ion-current data (log /.7 vs. 1/T) for each species
was least squared and the three series were combined
by normalizing (for different instrumental conditions)
at 1961°C, the approximate midrange temperature.
The combined equations and derived partial molar
enthalpies of vaporization are given in Table IIT-1.

The partial pressure of an effusing species, p,, is
related to the ion current, 7, , by the equation

1T = Con,P, (1)

where T is the absolute temperature, €' is a constant
characteristic of the electronics and geometry of the
mass spectrometer, o, is the ionization cross section,
and v, is the multiplier efficiency. Otvos-Stevenson!t
cross sections were used in the caleulations (o = 53.7,
op = 13.8, op, = 27.6). Multiplier efficiencies were
estimated on the assumption® that ions of equal

4 J. W. Otvos and D. P. Stevenson, J. Am. Chem. Soc. 78,

546 (1956).
15 W. Ploch and W Walcher, Rev. Sci. Instr. 22, 1028 (1951).



102 I11. Materials Chemistry and Thermodynamics

DEGREES CENTIGRADE
2150 2100 2050 2000 1950 1900 1850 1800
AT T ] I I T I ]

LOG PRESSURE {atm)

PSS SRR U SRR S S WA NS T S O S N N SO S

4 42 43 44 45 46 47 48 49
104/71,°k"!
308-416

Fre. III-1. Vapor Pressures over Hypostoichiometric Ura-
nium Monophosphide wvs. Reciprocal Temperature (2073 to
2423°K).

velocity have equal multiplier efficiencies, i.e., vi/v: =
(M o/ M1)V?2, where M is molecular weight. The constant
C may be determined by combining the results of ex-
periments in which total mass loss is measured with
results of experiments in which the ratios of species in
the vapor are measured.

Total weight loss during effusion at about 2000°C
was measured for samples comparable to those used in
the temperature-dependence experiments. After nor-
malizing the weight losses to the same effusion condi-
tions (time, temperature, orifice diameter), they were
found to agree within 10 %. The actual weight loss was
then used to calculate the constant C in eq. 1. By ap-
propriate substitutions, the partial pressures them-
selves were ultimately derived.

The combined weight-loss and mass spectrometric
measurements led to the tentative partial-pressure
equations (2073 to 2423°K):

log py (atm) = 5.8905 — 26,268/T; (2)
log pe (atm) = 8.2842 — 31,494/T; (3)
log pe, (atm) = 10.1451 — 37,351/T. 4)

The combined uncertainties (95 % confidence level) of

these pressures are £4.5, 47.1, and £10.8 %, respec-
tively. Figure ITI-1 shows a plot of these equations and
includes, for comparison, the total pressures (Pr) from
the mass-spectrometric effusion experiments of Gin-
gerich and Lee," and from a summation of the partial
pressures reported above. The disagreement with
Gingerich and Lee was not unexpected inasmuch as
they had reported P(g)/P.(g) ratios which were clearly
nonequilibrium values. Furthermore, they found UO
to be a major species during effusion, which indicates
appreciable oxygen contamination of their samples, and
interaction between uranium monophosphide and their
tantalum effusion cells.

The internal consistency of the present results was
found to be good. The second-law Gibbs free energy,
enthalpy, and entropy of dissociation of Py(g), calcu-
lated from eq. 3 and 4 at 2234°K, the approximate
midrange temperature of the experiments, were 15.6
keal/mole, 117.3 keal/mole, and 29.4 eu, respectively.
These values are in good agreement with corresponding
values, 55.1 kcal/mole, 119.2 keal/mole, and 28.7 eu,
calculated from spectroscopic data.l®

A preliminary value for the enthalpy of formation of
uranium monophosphide [AHf°(UP, ¢)], which thus far
is unreported, was estimated using the present results.
From eq. 2 and 3 and enthalpy-of-formation data'® for
U(g) and P(g), the value AHf2054 (UP, ¢) = —99 £ 4
keal/mole was derived for the reaction

Ul) + 12 Pag) = UP(0).

By extrapolation of the mean heat capacity for uranium
monophosphide, 13.8 cal/deg/mole” for the range 800
to 1200°C, the value AHf3s (UP, ¢) = —77 &+ 5
keal/mole was obtained for the reaction

Ule) + P(a-white) = TP(e).

Future experiments will be carried out with the
mixtures which are definitely biphasic—U(() + UP,_,
and UPy, + UsP,_,—so that the vaporization be-
havior of uranium monophosphide can be bracketed.

e. CONTAINER MATERIALS FOR PLUTONIA-
CONTAINING SYSTEMS (J. E. Barties, G. E.
(GUNDERSEN)

The question of what container or crucible material
to use in projected thermodynamic studies of the Pu-O
and U-Pu-O systems is of primary importance because
of the possible interaction between samples and their
containers. Refractory metals possess desirable proper-
ties for the high-temperature work contemplated. For

16 . R. Stull and G. C. Sinke, Thermodynamic Properiies
the Elements, Advances in Chemistry Series, No. 18, American
Chemical Society, Washington, D. C., 1956.

7 J. E. Brugger et al, ANL-7225, p. 154.
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example, temperature gradients are minimized relative
to refractory oxide crueibles, the conductivity of metals
enables direct heating of crucibles by induction or by
eleetron bombardment (as in our mass spectrometer),
and the fabrication of parts (such as condenser tubes
for transpiration experiments) is facilitated. Estimates
of the stability to oxidation of the refractory metals
(m.p. °C) tungsten (~3410), rhenium (~3180), tan-
talum (~3000), molybdenum (~2620) and iridium
(~2450) indicated that rhenium might show the most
satisfactory combination of properties. The fragmentary
thermodynamic data available also indicated that
rhenium might be more suitable than tungsten, even
though the latter had been used quite successfully in
the urania studies. The considerably higher oxygen
pressures expected over plutonia-containing systems
could cause oxidation of tungsten to volatile oxides.
Some simple experiments were made to determine the
relative stabilities of rhenium and tungsten.

(1) Relative Stabilities of Rhenium and Tungsten to
Oxidation. Urania of composition UQOs.oe5 (the use of
hyperstoichiometric urania simulates the higher oxygen
pressures that would prevail if plutonia were present)
was heated in a Bendix TOF mass spectrometer to
about 1800°C under three sets of conditions:

1. Tungsten effusion cell containing mixed TOq.gs5

and rhenium powders;

2. Rhenium effusion cell containing mixed UOs;. g5

and tungsten powders;

3. Rhenium effusion cell containing U0, 095 powder.
In experiments 1 and 2, only tungsten-containing vapor
species were observed, which signifies the greater sta-
bility of rhenium to oxidation. First detectable at
1150°C, the effusing species were those normally
found™ ™ during vaporization of solid WO, and WO; ,
namely, the parent vapor species W,Of , W;07 , and
W0 , and their associated fragments. In experiment 3
the effusing species, beginning at 980°C, were ReO7 |
ReO7 , Re;0F , Re:0¢ , and Rex07 .

The results of experiment 3 indicate that even
rhenium crucibles, though more stable toward oxidation,
will probably react with plutonia-containing phases.
Hence, the equilibria among rhenium oxide specie®
becomes relevant in order to know whether the extent
of the reaction is tolerable. Because such information
is virtually nonexistent a limited study of vapor
equilibria in the rhenium-oxygen system was under-
taken. Accordingly, the vaporization of rhenium di-
oxide (ReQ), which gives rise to numerous oxide

Q B R. J. Ackermann and E. G. Rauh, J. Phys. Chem. 67,
506 (1963).

13 J. E. Battles, Technical Documentary Report No. ML-
TDR-64-272, August, 1964.

TABLE 11I-2. APPROXIMATE APPEARANCE POTENTIALS OF
Sercies VaroriziNng FroM Sonidb ReQ, at 850°C

eVa
Re,OF 13.1
Re,OF 16.3
Re,0F ~20
ReOf 15.6
ReOF ~19

= Correction of —1.0 eV applied; based on appearance po-
tential of H,Ot = 12.83 eV.

species, is being examined mass spectrometrically. The
results obtained thus far are discussed below.

(2) Vapor Species Over ReOs. Rhenium dioxide was
heated to about 850°C in a platinum effusion cell in the
Bendix TOF mass spectrometer. The effusing species
that were observed at an ionizing electron energy of 25
eV were ReOj , ReOF , Res0f , Re:0f , and Re,OF .
The corrected appearance potentials of these ions are
listed in Table II1-2. At an ionizing electron energy of
17 eV, the only species observed were Re.0f , ReO7 ,
and Re,Of , with relative ion intensities 90:10:1. At
the conclusion of the experiment, X-ray diffraction
analysis showed the solid residue in the crucible to be
mainly rhenium metal. This result, together with the
observation that the vapor phase was predominantly
Res0r, suggests that at 850°C vaporization is accom-
panied by disproportionation according to the equation

7 ReOs(c) — 2 Res04(g) + 3 Re(e).

Further experiments will be carried out to obtain
values of the enthalpies and entropies of formation of
the gaseous rhenium oxides. In addition, iridium, al-
though lower melting than rhenium, will be examined
as a possible container material because of its greater
resistance to oxidation.

d. THE CONGRUENTLY VAPORIZING COMPO-
SITION OF URANIA (P. M. DanIeLSoN)

A previous report?* on the congruently vaporizing
compositions of urania revealed the necessity for the
unambiguous establishment of these compositions as a
function of temperature. Accordingly, experiments were
made in which approximately 50% of large samples of
urania were vaporized from a tungsten Kunudsen ef-
fusion cell into an ultrahigh vacuum. The compositions
of the residues were determined by combustion anal-
ysis. Thus, the experiments were conducted in a man-
ner intended to keep the results free from the prin-
cipal weaknesses of previous studies, namely, (1)

insufficient amounts of sample vaporized, and (2) vae-

20 ANL-7125, p. 122.
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TABLE III-3. ComposiTions oF CONGRUENTLY VAPORIZING

URANIA
Composition, O/U Atom
Ratio
Run Temp. (£10°C)
Initial Residual
(£0.01) (40.004)

42 2290 2.09 1.940

G2 2290 1.89 1.948

72 2200 1.92 1.970

8 2230 1.92 1.967

92 2200 1.93 1.971
102 2140 1.90 1.985
11= 2026 1.91 1.996
122 2245 1.90 1.962
13 2072 2.09 2.000
16 2238 2.09 1.996
17 2241 2.09 1.978
18 2183 2.09 1.992
19 2172 2.08 1.978
21 2257 1.99 1.960
22 2254 2.09 1.984
24 2275 2.09 1.995
25 2080 2.02 1.990
26° 2377 1.98 1.949
27 2366 1.93 1.955
28P 2368 1.87 1.934
29b 2331 1.87 1.954
30r 2332 1.93 1.958
31b 2351 1.95 1.958

= Reported previously (ANL-7225, p. 137).
b Subject to correction because of unresolved possible error
in analysis.

uum environments which might have buffered the
urania at compositions which did not vaporize con-
gruently. The experimental procedures were discussed
in a previous report.?!

The accumulated data are given in Table I11-3, and
are plotted as a funetion of temperature in Figure
ITI-2. The congruently vaporizing compositions were
approached from both higher and lower initial O/U
ratios, signifying that constant compositions were at-
tained. The results show that the composition of con-
gruently vaporizing urania is not only hypostoichio-
metric over the temperature range investigated (2026-
2377°C), but that it becomes increasingly hypostoichio-
metric as temperature is increased. Runs 13, 16, 17, 18,
22, and 24 are not included in the figure since the data
indicated that the initial O/U ratios were probably too
high to allow the samples to reach the congruently
vaporizing compositions during the period of the runs.
Additional heating of these samples would have left
residues too small for accurate combustion analysis.

A control run with a sealed tungsten crucible was
made to determine whether or not reduction of urania

2 ANL-7225, pp. 136-137.

occurs owing to diffusion of oxygen into tungsten, ant’
whether or not tungsten inelusions were present in the
residue owing to reaction or dissolution while at tem-
perature. (The presence of 0.1% of oxidizable tungsten
in a 0.5-g sample of the residue can cause a positive
error of ~0.004 in the O/U analysis.) A tungsten
crucible containing a sintered pellet of UOs 460+0.004
was sealed under vacuum by electron-beam-welding of
a tungsten cover. The crucible was leak tested and
found to be gas tight. It was heated at 2154°C under
conditions simulating those of the previous runs,
cooled, and then opened. Combustion of the residue to
U305 showed that, within experimental error, the O/U
ratio had not changed. The product from the combus-
tion analysis was analyzed by X-ray fluorescence and
found to contain <0.005 w/o tungsten. A portion of
the urania pellet was also examined metallographically
for tungsten, and the results did not differ markedly
from the X-ray fluorescence analysis. The results of
this experiment indicate that interaction between tung-
sten and urania was probably negligible and that the
data given in Figure I11-2 are valid.

Some additional runs will be conducted to clarify the
deviations from the line in Figure II11-2, such as the
results of runs 4 and 6.

e. TOTAL VAPOR PRESSURE OF URANIUM.
BEARING SPECIES AND PARTIAL PRES.-
SURE OF OXYGEN OVER URANIA (M.
TereExBAUM, P. D. HuxT)

Measurements of the total pressure of uranium-
bearing species over urania by the transpiration
method and the simultaneous determination of the par-
tial pressures of oxygen have been completed and the
results presented in the previous report.?? The meas-
urements were conducted with Ho-HoO gas mixtures
which served, by equilibration, to fix the oxygen partial
pressures and thereby to control the compositions of
the solid phases. It is believed that the currently avail-
able data can be fitted by an improved model in terms
of vacancies, interstitials, and their energies of forma-
tion and interaction. Two manuseripts covering this
work are being prepared for journal publication.

f. TRANSPIRATION STUDIES OF THE U-Pu-O
AND U-Pu-C SYSTEMS (P. E. Bracksury, 8. F.
Baxaszex, P. D. Huxrt)

A review and an evaluation of the literature on the
uranium-plutonium-oxygen system has been com-
pleted and one for the uranium-plutonium-carbon sys-
tem is in progress. The objective has been to delinea
for these systems questionable or unknown areas of

2 ANT.-7225, pp. 137-139.
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Tie. 11I-2. Composition of Congruently Vaporizing Urania vs. Temperature. (Numbers at data points indicate run numbers.)

high-temperature thermodynamic study which remain
to be investigated.

At the present time it is evident that measurements
of the activities of the anionic components in these
ternary systems will be helpful in guiding expected
fuel technology developments. Accordingly, transpira-
tion studies are projected for both ternary systems
within composition ranges which will be relevant to
fuel use. The equipment for these studies is being as-

mbled. Blueprints are being prepared for the glove-
‘x facility which will be required for safe handling
of plutonium.

While this equipment is being built, an existing

transpiration apparatus (previously used for the urania
studies in Part e) will be modified for a limited study
of the U-C system so that some intended new pro-
cedures (such as gas recirculation) can be tested with-
out the encumbrances of handling plutonium. Rhenium,
which has a low solubility for carbon and does not form
carbides, will be substituted for tungsten in the hot
zone. A rhenium condenser tube is being welded in the
shop, and a sample container will be machined from
rhenium rod now on order. A rhenium furnace tube
is on hand. Carbon activities will be determined by
passing high-purity hydrogen over uranium carbides
and measuring the partial pressures of the carbon-con-
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taining gases produced. It is planned to recirculate
the gas continuously during the experiment until
equilibrium is reached. Three methods for analyzing
the carbon-containing gases, principally methane and
acetylene, have been considered: infrared spectroscopy,
mags spectrometry, and gas chromatography.

At 2000°K the methane concentration in equilibrium
with U + UC and 1 atm of hydrogen is about 10—¢
atm, or 1 ppm. The MSA? infrared detector is unsuit-
able for measuring this concentration of methane since
it has a maximum sensitivity of 20 ppm. If the total
pressure is increased to 10 atm, the equilibrium pres-
sure of methane becomes 10—% atm, a concentration
which could be detected with adequate precision by in-
frared spectroscopy. However, the problems of work-
ing at 10 atm and above 2000°K prompted us to reject
infrared detection.

23 Mine Safety Appliances Co., Pittsburgh, Pa.

B. CHEMISTRY OF FAST REACTOR

INTRODUCTION

The program on the chemistry of fast reactor fuels
was initiated in July, 1966. A group was formed whose
chief objective is to determine the chemical behavior
of fast reactor fuels upon irradiation in order to form
a basis for the development of new fuel with increased
burnup capability. A major effort has involved the
design of a recirculating helium atmosphere enclosure
along with many other modifications for onec cell of
the Chemistry Division cave complex. It was de-
cided that a cave containing an inert atmosphere
would be required for this work. The inert atmosphere
will permit prolonged study of fuel specimens and re-
examination of specimens after storage. Carbide fuels
are especially subject to atmospherie attack. The M-4
cell in the Chemistry Division cave facilities has be-
come available for use in this program, and design work
has been completed for installation of an inert atmos-
phere box and sealed manipulators in this cave. Work
on the modification of the cave facilities is scheduled
to begin in January 1967.

Another major task has been the evaluation of a
group of large complex instruments for application to
this program and the generation of detailed specifica-
tions for bidding. This has been completed for a spark
source mass spectrometer, a solid-state alpha, gamma

Mass spectrometrie analysis has also been rejecte’
because of the cost of obtaining an instrument which
will detect with adequate precision concentrations of
methane as low as 0.1 ppm.

At present it is planned to analyze the transpiration
gases by gas chromatography. An available gas chro-
matograph equipped with a flame ionizer is being tested
to determine its sensitivity for methane. The instru-
ment has been modified for introduction of small sam-
ples of hydrogen-methane mixtures. Test samples are
being prepared by the analytical group.

g. VAPOR DEPOSITION OF TUNGSTEN (J. E.
Barrirs, G. E. GUNDERSEN)

A method has been developed for cladding tungsten-
urania cermets with tungsten by vapor deposition from
tungsten hexafluoride. A manuscript describing the
work is being prepared for an ANL topical report.

FUELS (C. E. CrotTHAMEL, P. A. NELSON)

and X-ray analyzer system, a metallograph, and a
shielded electron probe analyzer system.

In addition, the capability for microsampling of ir-
radiated fuel has been developed in the group. And
thig capability has been extended beyond the standard
techniques with the evaporation of microsamples by an
optically restricted laser beam. This will augment the
electron probe and microdrilling techniques which
were already being used. Laser beam mierosampling is
expected to make especially important contributions to
the applicability of the spark source mass spectrometer
and the solid-state radiation detector systems in ob-
serving the irradiated fuel microstructure. Radio-
graphic techniques and solid state fission and alpha
particle track detectors also are being evaluated for
their applicability to this program in the elucidation
of microstructure detail and also the more widely
distributed concentration gradients of alpha active
or fissile atoms.

Fast reactor ceramic fuels undergo chemical changes
during irradiation which may significantly affect (1)
the compatibility of the fuel and jacket, (2) the phys-
ical properties of the fuel, (3) the extent of the fuel
swelling and, thus, (4) the useful life of the fuel. T
relative combined affinities of the fission elements fo
the anionic elements in the fuel are different from those
of the uranium and plutonium from which they were
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bred; hence, the oxidizing potential (or carburizing
potential, as the case may be) of the fuel will change
with burnup. In addition, the fission elements and
anionic elements migrate during irradiation under the
influence of the large temperature gradients. The neu-
tron flux and energy spectrum vary as a function of
loeation in the reactor causing variations both in the
distribution of and total rates of fissioning and neutron
capture throughout a fuel element. This complex be-
havior will be studied by analyzing highly radioactive
fuel specimens by both standard and special techniques
some of which have been indicated above. All ceramie
fuels of interest for the fast reactor program at Ar-
gonne, and especially those eeramic fuels irradiated in
EBR-II which are prototypes of fuel elements for
full-scale fast reactors, will be studied in this program;

Pu-U carbides, oxides, and nitrides will be studied as
well as other ceramic fuels.

It is desired to develop methods of analysis which
will determine both the chemical and isotopie fuel
composition as a function of the axial and radial loca-
tions within the fuel. In order to determine irregulari-
ties in composition at grain boundaries (especially
changes in fission product and impurity element con-
tent), it will be necessary to utilize microanalysis tech-
niques which will deal with areas of 1 to 100 sq. mi-
crons.

Techniques for cutting, grinding, and polishing fuel
specimens by means which ean be applied in a shielded
high-purity helium atmospherc were developed and
demonstrated in an air atmosphere. Tests of these tech-
niques and equipment now have been initiated in a
high-purity helium atmosphere.

1. Chemical Studies of Irradiated Ceramic Fuels (N. CueLrew, M. Apams, C. C. HONESTY)

A program is being initiated for the study of ir-
radiated ceramic fuels, particularly uranium-plutonium
carbides. The effects to be studied are primarily con-
cerned with the chemical behavior of uranium, plu-
tonium, carbon, and fission products. Initially, meas-
urements of diffusion and gross stoichiometry changes
will be attempted. These studies will require the use
of a cave for the sample preparations and special
analytical instruments.

Fuel-evaluation facility. A cave facility has been
designed for the metallographie preparation, examina-
tion, and sampling of ceramic fuel specimens. Exam-
ination of the problems associated with handling and
transporting irradiated fuel, reactive with air and
moisture, indicated that this cave should be an inert
atmosphere facility and that instruments for chemical
analysis of prepared material should be located near
the cave. If this is not possible, it would appear neces-
sary to establish good sample communication with the
instrument complex. A pneumatic tube system is being
considered for operation between the Chemistry Divi-
sion cave and the Chemical Engineering Division in-
strument complex. Present plans call for the adapta-
tion of one cell (cell M-4) in the Chemistry Division
cave for handling the fuel specimens available for
study. Major adaptations to the cell will include the
installation of a steel enclosure for the metallographie
preparation and sampling procedures in inert atmos-

here and providing suitable facilities adjacent to the
éx for fuel transfer and preliminary wet chemical

reatment of fuel samples. The metallographic prepara-
tion-sampling enclosure will contain hermetically
sealed Model “J” (extended reach) manipulators,

three viewing windows, and necessary transfer ports.
Areas allocated to fuel transfer and wet chemical
operations will each contain one viewing window and
a pair of Model “8” manipulators.

At one of the window positions of the inert atmos-
phere enclosure a periscope unit will be installed with
optical relays for use with a low power microscope to
be used with microsampling equipment. For correla-
tions of structure with properties found during subse-
quent work, a high quality shielded metallograph will
be required. Specifications for this instrument have
been prepared and sent out for bidding. This instru-
ment will be located outside the cave proper. It will
be connected to the helium atmosphere cave through
a sample transport hole in the cave wall.

Sampling with a microdril. In the chemical study
of ceramic fuels information on fission product and
uranium-plutonium distribution in irradiated speci-
mens is important. Microdrilling of defined areas of
the fuel specimen appeared to be one of the simpler
methods for obtaining analytical samples from which
distribution data for selected elements could be ob-
tained. Analyses of cerium, cesitum, ruthenium, zir-
conium, yttrium, strontium, uranium, and plutonium
could likely be carried out on individual samples
weighing as little as 250 pg. A drilling machine adapted
for remote sampling of irradiated ceramic fuels has
been designed, constructed and tested.

The drill modified for remote use was a Dumore
series-27 microdrill (The Dumore Co., Racine, Wis.)
equipped with a motor control which would vary the
rotation speed of the electrically driven drill between
0 and 17,000 rpm. The commercial unit contained a
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308-125
Fre III-3. Microdrill Adapted for Remote Use.

conventional sample table with provisions for hori-
zontal (z-y) and vertical (z) motions. The z travel
was accomplished by use of a counterbalance system
for the sample table which required relatively delicate
adjustment for in-cell operation. The counterbalance
mechanism was modified so that the rate of advance
of the specimen into the rotating drill could be sensi-
tively controlled by turning a knob located near the
front of the microdrill. Dial gages were provided to
measure the amount of all drill table movements to
within one mil. Other modifications to the production
drill included adapting all control knobs to facilitate
their operation with a manipulator, and adding a mini-
ature vise arrangement to the table to permit elamping
of Bakelite molds in which the fuel specimens will be
mounted (Figure 111-3).

Because of the hardness and abrasive nature of
ceramic fuels, the drills selected for the initial tests
were those typically used for production drilling of
hardened tool steels. The spade-type drills employed
were fabricated of “Carboloy 883" (reported composi-
tion WC 6% Co) with shank diameters of 28 to 40

mils. Since positioning of these small drills in the
miecrodrill chuck would be difficult by remote opera-
tion, the drills were first mounted in a Vs-in. OD
brass rod with the use of epoxy resin. The miniature
drills were inserted in holes centrally drilled in the rod
so that approximately Y4 in. of the cutting end pro-
truded.

Radially sectioned specimens of dense UO. used in
the drilling tests were first mounted in Bakelite molds
with epoxy resin then ground and polished. The tests
have provided information on drill life, hole diameters
produced by various drills, weight of sample per mil
of drill depth, and the capability of the modified micro-
drill for following a predefined sampling pattern in fuel
material.

The tests demonstrated that a ratio of hole depth
to drill diameter of at least two could be achieved for
10, 20, and 29 mil drills. Although only one drill broke
after about 240 mils of depth travel in the TUO., dull-
ing of the cutting edge of the flute was evident after
each initial test of the drill. Upon extraction of the
drill from the work, the powder sample produced was
retained on the surface of the specimen as a mound
built up around the circumference of the hole. Except
for holes in which the ratio of hole depth to drill diam-
eter was as large as three, the holes were regular and
within two mils of the nominal drill diameter,

The weight of sclected powder samples obtained
with drilling was determined with the use of a Cahn
microbalance. The weight ratios of samples produced
with 10, 20, and 29 mil drills were, respectively,
1:3.3:9.1 at constant hole depth. The similarity of
these ratios with those calculated for the cross sec-
tional area of 10, 20, and 29 mil dia. holes (1:4:8.4,
respectively) suggests that in sampling by microdrill-
ing the weight of powder sample can be predicted with
reasonable accuracy from the drill diameter and the
measured hole depth.

Testing of photographic system. A Questar telescope-
camera system has been tested as a means of obtaining
a magnified image of samples during such operations as
microdrilling. Samples can be maintained in focus for
viewing as close as 7 ft. At the lowest magnification,
40X, the visual image at this magnification is ap-
parently about 5 to 6 times its real size, The photo-
graphic system as used at present has a focal length
of 1800 mm and an effective aperture of {/18. Focal
length can be changed by simply changing the camera
coupling length, the minimum being 1600 mm. Extend-
ing the focal length beyond this 1600-1800 mm region
gives higher magnification but the effective apertu
is decreased to the extent that exposure time, focus,
and light become serious problems.

A geries of pictures were taken in the senior cave
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Qrough the cell windows. As long as the axis of the
optieal system was perpendicular to the windew, reso-
lution was excellent. At increasing angles, resolution
decreased rapidly. Beyond about 15° the system would
not be usable. A monochromatic light source should
allow some improvement. This has not yet been tested.

The system was tested during microdrilling experi-
ments in the open. By proper placement of a small
mirror above and behind the specimen, an excellent
view of the surface could be obtained during drilling
from a distance of about 10 ft. The image was superior
to that obtained by the operator at the machine.
Rounding of the sharp edges of a 10 mil spade drill was
evident, after a UO, specimen was drilled to a depth
of 25 mils.

Preparation of fuel specimens for optical microscopy.
For slicing samples from fuel rods, a compact cut-off
wheel was designed and constructed. Cutting was with
a 4-in. dia. abrasive wheel which was mounted to a
gear reduction assembly driven by a fractional horge-
power electric motor. Wheel rotation was at about 175
rpm. The cylindrical specimens to be sectioned were
held in an “L” shaped vise bed with small setscrews.
The vise assembly was hinged so that in operation the
movement of a feed handle (designed for remote opera-
tion) would carry the work specimen against the abra-
sive wheel which rotated in a fixed position. This de-
vice is illustrated in Figure 1I11-4.

Typically, commercially available high speed cut-
off machines usually require use of liquid coolant to

produce smooth surfaces and prevent distortion of

metallographic structure of the specimen. The coolant
used in the preliminary tests was a mixture of hydro-
genated terphenyls (a Monsanto product referred to
as HB-40), chosen because of low volatility (~1.5
mm Hg at 100°C) and extended liquid range (—25°C
to about 350°C). In operation of the cut-off device the
amount of wheel coclant spattering was minimized by
permitting the wheel to rotate through a slit in a cellu-
lose sponge which was placed in a pan and saturated
with the coolant.

Sections removed from the parent specimen have
varied between 0.06 and 0.25 in. Thinner sections could
be cut if desired.

The cutting rates of ceramie materials with the ma-
chine equipped with either an alumina or diamond
wheel appeared to be adequate (roughly 5 to 10 min
per slice for fuels with cross-sectional areas of about
0.5 em?) for cave operation. Particular advantages of

ing the diamond wheel instead of the alumina wheel
dave operations would be first, its negligible wear
would reduce the number of remote wheel changes nec-
essary, and second, the rate of work feed for the ma-
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Fra I1T-4. Cut-Off Wheel Adapted for Remote Use in Ineit
Atmosphere Cave.

chine would not have to be as delicately controlled to
prevent binding of the wheel and specimen.

Specimens of simulated ceramic fuel were mounted
in holders fabricated from Bakelite (dia., 1.25 in.;
height, ~0.75 in.) which were machined to accept the
individual specimens. To prevent fracturing of poorly
consolidated grains of the ceramic during subsequent
grinding and polishing operations, the specimens were
mounted in the Bakelite by vacuum impregnation with
a liquid epoxide which cured overnight at room tem-
perature.

Grinding and polishing of UC, UC-5% US and U0,
was carried out on low-speed rotating wheels (163
rpm) surfaced with selected abrasive material. Buehler
“Automet” equipment was used for the grinding step.
In “Automet” operation, up to 5 specimens in 1V4-in,
mounts are locked securely in a specimen holder for
simultaneous grinding. A erank arrangement permits
adjustable pressure to be applied between the specimen
surface and grinding wheel while the specimen holder
is automatically rotated counter to the rotation of the
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grinding wheel. Buehler “Whirlimet” apparatus was
employed in the polishing step. In operation of this
apparatus up to three specimens are placed in a carrier
with openings. Clamping of the specimen to the carrier
is not necessary. Pressure between the sample and
polishing wheel is adjusted by placing appropriate
weights over the specimen. As in “Automet” operation,
the specimen carrier is automatically rotated in a direc-
tion opposite to that of the polishing wheel.

Both “Automet” and “Whirlimet” units have been
used in alpha-gamma facilities containing air or nitro-
gen atmospheres. For our contemplated operation of
these units in high purity helium of the Fuel Evalua-
tion Facility, it is important that the procedures to be
followed will involve minimal contamination of the
helium with liquid media but at the time not seriously
hinder optical microscopy of the ceramic specimens
which is a necessary preliminary step of the chemical
studies. A test of the grinding-polishing operations has
recently been completed in which only HB-40 and
benzene were used as a specimen lubricant. Both are
believed compatible with the helium atmosphere when
used sparingly.

The specimens were ground on SiC paper with 240,
320, and 600 grit sizes. Liquid lubricant plus solid ma-
terial resulting from the grinding operations was col-
lected as a sludge on the inner surface of a bowl which
housed the grinding wheel. With the use of the above
technique, a liquid disposal system for the grinding
equipment was not required.

Polishing of the specimens was carried out on Poli-
tex-Pan-W paper (Geoscience Inst. Corp., New York)
impregnated with 6 micron Hyprez Diamond Com-
pound (Engis Equipment Co., Morton Grove, I1l.).
There was no evidence of liquid spattering or accumu-
lation on areas other than those of the sample surface
in contact with the polishing wheel. A final specimen
cleaning step by ultrasonic methods with benzene sol-
vent and air drying resulted in some staining of the
specimen surface. Vacuum drying of the specimen will
be tested as a method of preventing staining.

A three-module glovebox has been adapted for test-
ing of the above-described metallurgical and sampling
techniques under pure helium. Several of the pieces of
equipment under development for remote use are
presently installed in this box. They include cutting,
polishing, and mounting devices, an ultrasonic cleaning
bath and a simple metallurgical microscope with elec-
trically driven stage and an optical relay for remote
viewing,.

Laser system for mass spectrometry. A mass spec-
trometer is being ordered as one of the primary analy-
tical tools for this project. Sensitivity of this instru-
ment is sufficiently high to allow detection of most

elements into the region of a few parts per billion ’
samples of a fraction of a microgram. A double focusing
machine commonly used with a spark source was spec-
ified because of the high resolution and sensitivity re-
quirements. Rather than use the mass spectrometer
with a spark source, however, a laser system is being
evaluated. This would have several advantages for our
purpose. A lagser can be focused optically on the precise
spot to be analyzed. It is not deflected by electrostatic
fields. Also, the spectrum should be less complex than in
spark source excitation work because fewer multiply
charged ions should be produced.

A small ruby laser with an optical system suitable
for attaching it to a microscope has been obtained. It
has been assembled and tested on specimens of UO2.
A single pulse vaporizes a hole in a polished specimen
at a precisely determined location. The present laser
optical system produces holes from a single light pulse
of the order of 4 to 15 microns in diameter and 3 to
10 microns deep. For reference, a hemispherical crater
in UO, 10 microns in diameter would contain about 3
nanograms. This represents 6 X 102 molecules of ura-
nium dioxide. Because of the low source geometry, the
utilization of vaporized material is low, perhaps one in
107 ions reaches the photoplate. It is possible that fu-
ture development work will produce a substantial im-
provement in the low source geometry. However, only
about 5000 ions are required to make a visible line.
Thus, a single pulse of the laser will produce sufficient
material to record lines for the major components. If
trace elements are to be analyzed it will be necessary
to strike the same area several times, In Figure I111-5
several laser-vaporized craters produced in a UQO,
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Fro. II1-5. Craters Formed by a Microscope Laser Syste

in a Polished UO: Specimen. From left to right, one, two, and

four pulses of the laser were directed at the same spot.
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!atrix are shown. These resulted from one, two, or four
flashes in the same spot. The diameter of the holes,

2. Electron Microprobe Application to

It is expeected that the electron probe analyzer will
play a key role in the chemical studies of irradiated
fuel. Of all the techniques of microanalysis only the
lager beam evaporation can approach the 1-micron
sample diameters than can be studied with the electron
probe. The minimum laser sampling diameter cur-
rently appears to be about 5 mierons. A shielded probe
will be required ultimately for the examination of high-~
burnup fuel and for the examination of larger fuel
samples. This unit has been requested; however, in the
interim, it was considered necessary to investigate the
limitations in the analysis of irradiated samples using
the unshielded Applied Research Laboratories (ARL)
EMX electron probe microanalyzer currently in the
Chemical Engineering Division. This program has just
begun and the first sample selected was a UO, fuel pin,
13 percent enriched in 2%%U, irradiated to approxi-
mately 1.0 a/o0 burnup in the Materials Test Reactor.
Reactor exposure was from May 23, 1965, to Nov. 29,
1965. The mounted sample! as received was 0.050 in.
in diameter and 0.007 in. thick and had an activity
level of 40 mR/hr/12 in. gamma and 300 mR/hr/12
in, beta-gamma. When the sample was inserted into
the instrument and placed into the analysis position,
no radiation was detected at the surface of the instru-
ment (less than 0.1 mR beta-gamma}.

Precautions were taken also to contain any loose
activity by the vacuum evaporation of a layer of nickel
(100 A thick) on the sample itself and coating of the
sample mount with plastie varnish. Swiping of the
surface of the sample before and after examination in
the electron probe indicated the absence of any loose
activity.

Metallographic examination of the sample showed
that a white shiny phase existed in some of the fissures
and also appeared as small globules less than 1 to 20
microns in diameter dispersed throughout the UO,.
This material has been shown to be stainless steel. An
optical image of a portion of the sample at 250X is
shown in Figure I1I-6.

The elemental distribution of a portion of Figure
I11-6 is shown in Figure III-7 at 900X. An optical
image of the area is shown in Figure III-7a; Figures
III-7b through 7e are scanning images obtained with

Wmounted sample was furnished by C. Dickerman and

. Stewart of the Reactor Physics Division. The sample volume
was reduced to the practical minimum especially for insertion
into the unshielded probe.

about 12 microns, was not significantly increased, but
the holes were deepened.

Irradiated Test Fuel (N. Stavrica, C. SEILs)

the electron probe microanalyzer. The brightness in the
specimen current image (Figure III-7b) is inversely
proportional to the mean atomic number of the ele-
ments present, ie., UOy appears dark gray, stainless
steel appears light gray and voids appear as white
areas. The relative brightness in the X-ray images
for iron (Figure I1I-7¢), nickel (Figure I1I-7d}, chro-
mium (Figure ITI-7e), and uranium (Figure ITI-7f) is
directly proportional to concentration.

Segregation of chromium can be readily seen in Fig-
ure III-7e. The concentration of chromium in this
image varied from 3 to 4 w/o in the main portion of
the inclusion to almost 100 w/o in the clusters. The
average concentrations of iron and nickel in the inclu-
sion were 78 and 18 w/o, respectively.

Twelve small inclusions varying from less than 1
micron to 20 microns in diameter were also examined.
All were identified as stainless steel. One of the parti-

308-397

Fr1c. I11-6. Portion of Irradiated UO, . 250%
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cles, about 2 microns in eross secfibn’ can béﬁ‘i’ séen in Bradbury et al.2 have estimated that a gamma level of
the lower left of Figures II1-7a’and III-7c. 200 mR/br/12 in. is the maximum level for a sa
Studies of samples of higher act1v1ty are planned to *B. T. Bradbury, J.T. Demanﬁ P. M. Martin, and D.

find the practical limits of act1v1ty levels than can be Poole, Electron Probe Microanalysis of Irradiated UOg,AERE:
analyzed in an unshielded ARL. EMX microprobe. R-4845, 1965,
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Q) be analyzed in the CAMECA electron probe micro-
analyzer, and that a sample with an activity level of
20 mR/hr/12 in. can be analyzed without difficulty.
The gamma activity of the sample analyzed in the
ARL EMX instrument had negligible effect on the

X-ray detectors becausc of the design configuration of
the magnetic objective lens used in the instrument.
The activity levels tolerable in an unshielded ARL
EMX instrument are expected to be much higher than
the 200 mR/hr/12 in. of the CAMECA instrument.

C. PREPARATION OF REACTOR MATERIALS—CERAMIC FUELS (P. A. NrLsoN,
A. D. TevesavacH, J. D. BingLEr)

The preparation of ceramic fuels is being studied
to develop processes which economically fit into ap-
propriate fuel cycles, and to make well-defined fuel
compounds for further experimental studies, particu-
larly irradiation studies. At the present time, efforts are
being directed toward procedures for preparing ura-
nium and uranium-plutonium carbide fuels,

The fluidized-bed technique appears to be especially
attractive for preparation of carbide fuels; it affords
efficient gas-solids contacting and the product is a
powder which can be fabricated into fuel pellets or

densified for vibratory compaction into fuel elements.
Two fluidized-bed processes are being developed for
preparing monocarbides: (1) carburization of hydrided
metal or alloy at 750 to 850°C with methane-hydrogen
gas mixtures; and (2) conversion of oxides at 1600 to
1800°C either by reaction with admixed carbon or
with a fluidizing gas containing methane., The former
problem, which currently requires the larger effort, is
discussed below, whereas the latter, which was de-
scribed in the previous semiannual report, ANL-7225,
p. 146, is still in the equipment preparation stage; it
will not be further discussed herein.

1. Demonstration of Fluidized-Bed Process for Preparation of (U, Pu)C (E. J. Perkus,
P. W. KraUusE)

A geries of twelve runs has been conducted to dem-
onstrate the preparation of high purity (U, 15 w/o
Pu)C by the fluidized-bed technique. In each run, 300
g of U-Pu alloy (33-in, dia. rods) was hydrided at
250°C to form a powder; this, in turn, was fluidized
and reacted at 550 to 800°C with methane-hydrogen
gas mixtures to form the monocarbide. These runs were
carried out using once-through fluidizing gas flow, in
a 1%-in. ID reactor which could be manipulated (e.g.,
for product removal) in a high-purity helium atmos-
phere glovebox (see ANL-7225, p. 143). This reactor
is capable of producing 600 g batches but the batch
size was limited to conserve material. The run condi-
tions and product analyses are shown in Table 111-4,

In these runs the control of the carbon content and
purity of the product were emphasized. Uranium-plu-
tonium monocarbide that is stoichiometric or slightly
hyperstoichiometric with respect to carbon is the pre-
ferred carbide fuel for fast reactors because: (1) it is

ore compatible with eladding materials and has lower
‘sion gas release during irradiation than earbide fuels
with lower carbon-to-metal atom ratios; and (2) it has
higher thermal conductivity than fuels containing a

large excess of carbon.! The methods for controlling the
carbon content of the produet in this series of runs
were: (1) adjusting the methane concentration in the
methane-hydrogen fluidizing gas to prevent formation
of free carbon; (2) stopping the reaction afler the ap-
propriate extent of carburization had been reached;
and (3) treating with hydrogen at the end of the car-
burization period to remove excess carbon.

The methane concentrations of the inlet and outlet
gas streams were determined by infrared analysis. The
rate of carburization was determined from the differ-
ence between the inlet and outlet methane concentra-
tions and from the gas flow rate. The extent of carbid-
ing during the course of the run was established with
an accuracy of =5 to 10% by integrating the rate of
carburization with respect to time. However, chemical
analysis of the product yielded a more accurate value
(#1%) for the final extent of carbiding, and the values
obtained during the run were adjusted accordingly. It
was thus possible to plot the extent of carbiding versus

1 J. H. Kittel et al, “Plutonium Fuel Development for Fast
Reactors in the United States,”’ presented at the Nuclear and
Metallurgy Symposium of the AIME, October 3-5, 1966.
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TABLE II1-4. PreraratioN oF (U, 15 w/o Pu)C 1§y o Fruipizep-BeEp REacTOR

II1. Materials Chemistry and Thermodynamics

800-g scale, 35-in. dia. alloy rods hydrided at 250°C prior to carbiding

Carbiding Conditions Product Analysis (w/0) X-ray Analysis®
Run No. \mempera- CH: |Carbiding | Final H .
tlIl)I‘e Pr((;stsr;l;e Concl;.a time g treatmen2t Carbon Oxygen Nitrogen Eg;]}gglﬁ)nt Major Minor
4 (v/o) (hr) (hr)
1 750 4 104 6 0 4.11 0.04 —f 4.16 MC SMH;
2 750 4 104 12 0 4.96 0.016 —1 4.99 MC none
0.084°
3 550-750 | 4 10 11.6 0 4.89 0.049 e 4.95 MC none
4 750 4 104 11.8 0 4.92 0.077 —1 5.00 MC M.Cs
0.12¢
5 800 4 10 10.3 2 4.78 0.073 —f 4.85 MC none
0.35¢
1.33
6 800 4 } 10 10.5 2 4.89 0.18 —f 5.05 MC M.Cs
7 800 4 10 6.8 1.5 4.80 0.058 —1 4.86 MC none
8 800 2 8 6.8 0.5 4.92 0.057 —f 4.98 MC none
9 800 4 — 11.4 2.5 4.76 0.02 0.008 4.79 MC none
10 800 2 8 7.9 5.5 4.83 0.086 0.013 4.90 MC none
11 800 2 8 7.0 0.6 4.64 0.12 0.016 4.74 MC none
12 800 2 8 14.3 6.0 4.70 0.036 0.017 4.74 MC none

= Balance hydrogen.

b Oxygen and nitrogen are soluble in (U, Pu)C and replace carbon in the lattice; therefore, the equivalent carbon concentration
in weight percent, Ceq = w/0 C 4 (12/16) w/o O + (12/14) w/o N.

cM = (U, 15 w/o Pu).

4 Near the end of the run, CH, concentration was decreased to 2.5 v/o.
e The higher values were assumed to be due to sample contamination. These higher values were not used in the equivalent carbon

calculation.

f Spurious results; a value of 0.02 was assumed for calculating the equivalent carbon concentration.
2 Variable as follows: 0 to 0.8 hr, 1.0 w/o; 0.8 to 3.8 hr, 2.6 v/o; 3.8 to 6.5 hr, 5 v/0; 6.5 hr to end of carbiding, 10.0 v/o.

time and to determine the effect of various changes in
the reaction conditions on the rate of carbiding.

In one of the early experiments, run 3, it was found
that the rate of carbiding was increased by raising the
temperature from 550 to 750°C (see ANL-7225, p. 145).
Consequently, beginning with run 5, the temperature
was maintained at 800°C, the upper operating tempera-
ture for this reactor.

The effect of methane concentration on the rate of
reaction was investigated in run 9. The reaction rates
at 1.0 and 2.5 v/o methane during the initial portion of
run 9 were much lower than the rates at 5 and 10 v/o
methane during later portions of the run. The cffect of
an increase in pressure, observed by comparing the
carbiding rates for runs made at 2 atm with those made
at 4 atm pressure was a slight increase in reaction rate.
The effect of the pressure change observed in run 6
is a special case that is discussed below.

In runs 2 through 9, carbiding was interrupted after
a period of several hours to rehydride the residual
metal in the particles and break up the carbide reac-
tion layer which appeared to be inhibiting further car-
biding (see ANL-7225, pp. 144-145). After a carbon
content of about 4.0 to 4.2 w/0 was reached (stoichio-

metric monoearbide contains 4.80 w/o carbon), the
rate of reaction decreased markedly. Lowering the
temperature to 25-400°C at this point in runs 2 through
9 to rehydride the residual metal permitted the com-
pletion of monocarbide formation in a few hours. This
effect can be seen in the data from run 7 in Figure
III-8. The rehydriding portion of the cycle takes only
about 1% hr and would not be a major inconvenience in
full-scale operation. The cool-down and heat-up pe-
riods are only a few minutes long at temperatures
above 600°C where the reaction rate is significant,
so that the hydriding period was not included in the
carbiding time plotted in Figure ITI-8.

In all runs the methane concentration in the meth-
ane-hydrogen fluidizing gas was such that (U,Pu).Cy
would be expected to form if the reaction were carried
to completion; however, except for run 6 (discussed
below), free carbon would not be expected to form.
After the carbon concentration in the powder product
reached the stoichiometric monocarbide level (4.80
w/0), the rate of carbiding appeared to decrease, a’
any carbon in excess of the stoichiometric carbon le
could be removed at the end of the carbiding period
by reaction with hydrogen to form methane, This step
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‘ the process was carried out for runs 5 through 12 €0

and it is illustrated in Figure III-8 in the plots of
runs 6 and 7. The infrared analyzer monitoring the off-
gas stream indicated the formation and release of a
significant amount of methane (0.5 liter in run 7) dur-
ing the period when the fluidizing gas was pure hydro-
gen.

In run 11 it was found that a hydrogen treatment
at the carbiding temperature prior to reaching the
stoichiometrie carbon concentration also resulted in
the release of carbon in the form of methane, as shown
in Figure 1II-8. This result suggests the presence of a
sesquicarbide layer on the outside of the particle, an
intermediate layer of monocarbide, and a core of un-
reacted alloy. (In actuality, the layers are not sharply
defined since the particles are very irregular in shape
and possess interconnected porosity.) The conversion
of this outer sesquicarbide layer to the monocarbide
by a hydrogen treatment also resulted in an increase
in the rate of carbiding, but by a different mechanism
than that which took place with the low temperature
hydriding of runs 2 through 9.

Another approach to increasing the rate of carburiza-
tion was to use a double hydriding eycle prior to car-
biding; this was tried in run 5. It is well known that
repeated hydriding and dehydriding results in a finer
particle size than that from a single cyele. A smaller
particle reduces the length of the diffusion path for
carbon and therefore, might be expected to be benefi-
cial. However, the desired result was not obtained by
using this technique; the reaction rate was lower for
run 5 than for the other runs, which had only one hy-
driding cycle prior to carbiding. A particle size analysis
of the produet from run 5 showed a substantial portion
(14.2 w/0) of large particle agglomerates. These ag-
glomerates were easily broken into fine particles. It
appears, therefore, that very fine particles were formed
during the two hydriding cycles but that the agglomera-
tion of the particles resulted in a lower carbiding rate
than in runs in which a single hydriding cycle was used.

In two of the runs, no attempt was made to increase
the rate of carbiding. In run 1, in which the period of
uninterrupted carbiding was only 6 hr, the product
was only 85% converted to monocarbide. In run 12,
the 12.5 hr required to reach to stoichiometric mono-
carbide carbon content (total carbiding time, 14.3 hr)
was a longer time than that used in any of the other
runs. Therefore, a hydrogen treatment during carbiding
appears to be beneficial, but the best sequence of opera-
tion has not been established as yet.

As noted above, the operating conditions during car-
.ding in all runs except run 6 were such that free car-
bon would not be expected to form. During the first
2% hr of run 6, the methane concentration in the
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Fic. III-8. Effects of Process Variables on the Preparation
of (U,Pu) Cin a Fluidized Bed.

methane-hydrogen fluidizing gas was maintained at 10
v/o at a total pressure of 1.33 atm, conditions which
would cause deposition of free carbon by the reaction,

CHy(g) = C(s) + 2Ha(g),

where the equilibrium constant, k, = ph,/pca, = 21.3
atm at 800°C. A comparison of the rate of carbiding
of run 6 with that of run 7 in Figure I1I-8 indicates
the undesirable effect of carrying out the reaction under
conditions that produce free carbon. After 234 hr, the
rate of carbiding in run 6 was considerably lower than
that in run 7. Raising the pressure to 4 atm resulted
in reaction of the excess carbon to form methane and,
ultimately, in an increase in the reaction rate.

An analysis of the data on rates of reaction indicated
that it is possible to prepare 100 kg of (U,Pu)C by
this process in a period of 10 to 12 hr if the carbiding
is carried out at a pressure of 10 atm and a reactor of
suitable size (8-in. in dia.) is employed. This rate of
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production is sufficient to resynthesize fuel from three
1000 MW (e) nuclear power reactors

The oxygen impurity levels for these products have
been low as shown in Table I1I-4; frequently the two
analyses of the product averaged about 0.05 w/o or
lower. The two individual oxygen analyses for runs
2, 4, and 5 varied markedly and, therefore, they are
listed separately. (Only the lower oxygen values for
these runs were used in determining the equivalent
carbon contents of Table I11-4.) The increase in oxygen
content above about 0.05 w/o is almost certainly caused
by the introduction of oxygen during sampling prior
to analysis. The very low oxygen levels of some runs
approach the impurity levels of the alloy feed material,
about 0.01 to 0.02 w/o.

Difficulties were encountered in the earlier analyses
of the products for nitrogen, and the values originally
measured for the first eight runs are believed to be
erroneously high. It is now believed that the actual
nitrogen content of the first eight runs was similar to
that of the last four runs (see Table 111-4).

The low impurity levels obtained in these runs indi-
cate that the reactant gases, methane and hydrogen,
introduce very small amounts of impurities, a conclu-
sion that is in agreement with caleulations based on
the flow rates and the impurity contents of the gases.

The carbon content of the last six runs, in which final
hydrogen treatment was employed, ranged from 4.70
to 4.92 w/o. It is anticipated that this range will be
narrowed even further when process conditions are
optimized.

Sieve analyses of the carbide products showed a.
average particle size of about 40 to 60 x. This rela-
tively fine material is suitable for fabrieation into pel-
lets by pressing and sintering, with no intermediate
processing. Preliminary work on pressing and sintering
of one batch of this material by Metallurgy Division
personnel has shown that densities in excess of 90% of
theoretical can easily be obtained.

In summary, the following conclusions have been
drawn from these studies on the preparation of
(U,Pu)C by the fluidized-bed technique:

a) The operating conditions of pressure, tempera-
ture, and methane concentration should be such that
free carbon does not form on the particles.

b) The rate of carbiding increases with increasing
pressure, methane concentration (within the above
restriction), and temperature (at least up to 800°C).

¢) After a carbon content of about 4.2 w/o is
reached, the rate of carbiding can be increased by
treating the bed with pure hydrogen, either at lower
temperatures (below 400°C) to cause rehydriding
and, apparently, to break up the outer reaction layer,
or at the carbiding temperature to remove a higher
carbide reaction layer.

d) A final hydrogen treatment is effective in re-
moving any excess carbon from the surface of the
carbide particles to yield the monocarbide.

e} It has been demonstrated that a powdered
product can be produced which containsg less than
1000 ppm oxygen and less than 200 ppm nitrogen;
this material is suitable directly for fabrication into
pellets by pressing and sintering,

2. Equipment Development for Preparation of Carbides by the Fluidized-Bed
Technique (S. VooLER, C. PAYNE)

An important objective of the work on carbide prep-
aration in a fluidized bed is to adapt the methane-
metal reaction process to a fast reactor fuel cycle or
to the preparation of a large core loading. In a fuel
cycle which involves pyrochemical reprocessing and
which produces a metallic product, the fluidized-bed
process would require a capacity of 100 kg of core fuel
per day for a 3000 MW (e) reactor complex and must be
capable of being remotely or semiremotely operated.
As discussed previously (ANL-7125, p. 124), the re-
quired rate could be obtained with a single 8-in. dia.
fluidized-bed reactor. However, several equipment
problems and materials handling problems remain to
be solved before this objective is reached.

Equipment design and operational concepts that
would be applicable to a large-scale process are being
tested by preparing UC; plutonium is not being em-

ployed in the present studies because of the operational
difficulties attendant on its use. The 214-in. ID semi-
works scale (1 kg) fluidized-bed reactor being operated
for this purpose was described in the preceding report
(ANL-7225, pp. 141-142).

Uranium monocarbide is prepared in this reactor in
the following manner. Uranium rods (34 in. in dia. by
1 in. long) are cleaned in nitric acid and charged to the
reactor through a lock which prevents the admission
of air to the system. The uranium is reacted with hydro-
gen at about 250-300°C to produce finely powdered
uranium hydride (UH;). In the next step, the fine
powder, which decomposes to uranium metal at ele-
vated temperatures, is reacted at 750°C and 10 at
pressure with a hydrogen-methane fluidizing gas mb
ture that usually contains between 5 and 10 v/o meth-
ane. The reaction of the uranium metal with methane
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F1c. I11-9. Flow Diagram of Semiworks Fluidized-Bed Reactor.

yields two moles of hydrogen for each mole of uranium
reacted:

U + CH,— UC + 2H,

Operation of the reaction with once-through gas
flow, described in ANL-7225, pp. 141-142, 143, limited
the operating pressure to about 2 atm because of the
large flow of gas required at higher pressures. A dia-
phragm compressor was therefore installed to recircu-
late the off-gas from the fluidized bed and allow opera-
tion at higher pressures. A schematic diagram of the
system piping is shown in Figure I11-9. The gas is
circulated by means of a Lapp diaphragm compressor
which is being operated at a pressure of 10 atm. The
gas flow rate is measured by an orifice and differential
pressure transmitter whose output signal is recorded by
a puneumatic recorder. Because of the high specific

at of hydrogen and the large volumes of gas flowing

‘ the higher pressures, it was necessary to install a
gas preheater.

The system is maintained at the desired pressure by
means of a back-pressure regulator that vents excess

gas and a pressure switch that actuates a solenoid valve
in case the pressure falls. If a catastrophic pressure
drop should oceur (as in the event of a ruptured line),
a safety pressure switch would be actuated. This switch
would immediately turn off the compressor and shut
off the hydrogen and methane flow to the system.

As discussed earlier in the section on (U, Pu)C prep-
arations, it is necessary to control the methane con-
centration in the circulating gas to avoid the deposition
of carbon. The methane concentration is controlled in
the semiworks system by aun electronic recorder-con-
troller equipped with proportional band, rate, and reset
controls. The methane concentration of the circulating
gas is measured by an infrared analyzer. The signal
from the infrared analyzer is fed into the electronic
recorder-controller which controls a metering valve for
methane additions. The infrared instrument was modi-
fied for operation at elevated pressures to allow the
sampled gas to be returned to the process system. This
modification has made it possible to increase the flow
of gas through the instrument, and reduce the response
time to methane concentration changes in the circulat-
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ing gas. Since this change, control of the methane con-
centration of the circulating gas has been excellent.

The flow of methane into the system is measured by a
thermal flowmeter and recorded on a strip chart. A
small tank of known volume supplies the methane to
the system; the amount of methane supplied is deter-
mined from the pressure drop in this tank. Thus, the
extent of carbiding can be determined from a material
balance (allowing for methane discharged with the
reaction product hydrogen) which results in the follow-

ing relationship:
1-C
w= (i)

where B = methane reacted, moles
F = methane added to system, moles
C = methane concentrations, mole fraction

The powdered product is removed at room tempera-
ture by pneumatic conveyance using the recirculating
system. The use of this system eliminates the need for
new gas and thus minimizes contamination of the
product.

Tour experiments were carried out in which 1-kg
batches of UC were prepared at 750°C and 10 atm and
in which the equipment was operated in the manner
described above. In addition, several tests were made
in which the material was only hydrided. The serious
problems of poor fluidization, which were discussed in
the preceding report (ANL-7225, p. 141), were not
encountered in these experiments. However, some
channelling and bed agglomeration took place as was
evidenced by an occasional erratic change in the pres-

sure drop across the bed and by a rapid increase in rate
of carbiding on some of the occasions when the bed was
sharply jarred.

It has always been possible to remove the reaction
product by pneumatic conveyancce without exposing
the interior of the reactor to air. However, in one run
in which a double hydriding cycle was used, repeated
attempts were required to remove the product, pre-
sumably because of the poor fluidizing properties of the
fine particles that resulted from the two hydriding-
dehydriding cycles.

The carbon content of the products of three runs, in
which attempts were made to carry the carbiding to
completion, varied from 4.56 to 4.78. Difficulty is still
being experienced in obtaining oxygen concentrations
below about 0.5 w/0 in UC (as contrasted to the many
low oxygen analyses reported in Table III-4 for
(U,Pu)C. Uranium monocarbide is finer than (U,Pu)C
and reacts much more rapidly than (U,Pu)C in the
glovebox atmosphere (<5 ppm each of HO and Os) in
which the sample capsules are filled. However, it may
be possible to circumvent this problem by changes in
the sampling procedure.

Further work and equipment changes are required
before the type of fluidized-bed system used in these
experiments is suitable for preparation of (U,Pu)C.
However, favorable results were obtained on gas re-
circulation, eontrol of methane concentration, measure-
ment of the extent of carbiding, and automatic product
withdrawal. These results indicate that a fluidized-bed
process which is suitable for remote resynthesis of

reprocessed fuel can be developed for fast reactor car-
bide fuels.

3. Thermobalance Studies (S. VoGLER, N. QUATTROPANT)

Knowledge of the reaction thermodynamics for the
formation of UC and (U,Pu)C by reaction of the metal
or alloy with hydrocarbon gases is important to the
rational development of processes employing these
reactions. A detailed discussion of the reaction thermo-
dynamics involved was presented in ANL-7125, p. 125.
It was indicated that excessive carburization of (U,Pu)C
by the reaction

2(U,Pu)C + CH: = (U,Pu).C;s 4 2H:

can be prevented by maintaining the CHy4 concentration
at less than the equilibrium value for this reaction or
by driving the reaction to the left as is now being done
during the final portions of the demonstration runs
described above. The thermobalance experiments are
being conducted in order to determine a more precise

value of the equilibrium constant for the above reaction
than can be obtained by calculations based on currently
available free energy data.

A description of the thermobalance equipment and
procedure was reported previously (ANL-7055, p. 90).
The thermobalance reaction vessel has been modified
so that the product can be handled in a controlled
atmosphere; this should reduce the presence of im-
purities in the product and permit better interpretation
of the data.

Briefly, the procedure consists of reacting about 3 g
of uranium-plutonium alloy with hydrogen in the
thermobalance to yield finely divided hydride, and the
reacting the hydride with a hydrogen-hydrocarb
mixture, The carburizing gas flow is started as soon as
hydriding is complete to prevent sintering as the tem-
perature is raised.
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Fra. I11-10. Thermobalance Experiment: U-20 w/o Pu Alloy Reacted with H,-CH: Mixtures at 750°C.

Previous thermobalance experiments with ura-
nium-20 w/o plutonium carbide samples had indicated
that at 770°C, the equilibrium methane concentration
for the above reaction was approximately 0.75 v/o
methane (see ANL-7225, pp. 140-141). However, after
making improvements in the equipment, data have
been obtained that indicate the equilibrium methane
concentration is lower. The data for one such experi-
ment at 750°C are given in Figure I11-10. The curve
shows that, with an initial methane concentration of
0.43 v/o, the weight gain continued to increase with a
slope of 0.3 mg/hr after the theoretical weight gain for
stoichiometric monocarbide was achieved. When the
methane flow was stopped and hydrogen alone was
passed over the sample, the weight immediately de-

cased and continued to decrease until the weight gain

stoichiometric monocarbide was reached. This
would indicate that the weight increase beyond the
stoichiometric value was due to the formation of the
sesquicarbide, which in turn decomposed to the mono-

carbide in the hydrogen atmosphere. When methane
was again introduced into the gas stream, the weight
immediately began to increase. With a gas concentra-
tion of 0.25 v/o CHy, the weight increased at a rate of
0.11 mg/hr. When the methane contribution to the gas
flow was terminated a second time, the weight decreased
once again.

A preliminary evaluation of this experiment indicates
that the equilibrium methane concentration for the
system (U,20 w/o Pu)C, (U,20 w/o Pu).C;, CH,, and
H; is less than 0.25 v/o CH, at 750°C. This would yield
a AG° value of less than —7 keal/mole of (U,20 w/o
Pu).C; at 750°C for the reaction:

2(U, 20 w/o Pu)C + C — (U, 20 w/o Pu),C; .

(Preliminary data on more recent experiments indicate
that the AG® value may, indeed, be as low as —9 to
—10 keal/mole.)

The equilibrium methane concentration observed in
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the experiment illustrated in Figure III-10 was lower
than that observed in previous experiments; this lower
equilibrium concentration of methane may be due to
greater success in excluding oxygen and water vapor

from the system. The fact that the reaction curve
leveled out at the calculated weight gain for (U,Pu)C
after 125 hr of operation is evidence of the purity of the
gas.

D. CALORIMETRY (W. N. HusBarp, H. M. Feper, M. ApER)

The program of the Calorimetric Laboratory is
directed toward the determination of thermodynamic
properties of substances that are of interest in high
temperature chemistry and nuclear technology. Fluorine
bomb calorimetry has been developed here in order to
obtain the enthalpies of formation (AHf°) of substances
not amenable to more conventional types of calorimetry.
This method has now been used to determine enthalpy-
of-formation values for 25 elemental fluorides and seven
binary, high-melting compounds. Bond energies have
been systematically calculated for some series of ele-
mental fluorides in an effort to clarify the theoretical
bases for the observed variations.

For certain substances, calorimetric reactions are
more advantageously carried out in a flow system than
in a bomb. A fluorine flow calorimetric system has been
constructed for studying such substances. It has been

calibrated and is now being used for measurements on
uranium monosulfide.

A project has been undertaken to expand the cal-
orimetry program to include compounds of plutonium.
A complete calorimetric system—adaptable to oxygen,
fluorine, or chlorine combustions—has been installed in
a glovebox. An enthalpy-of-solution reaction vessel that
can be used with the system is being designed.

A resistance-wire-heated drop calorimeter for measur-
ing enthalpies, relative to room temperature, of sub-
stances up to 1500°C has been designed and constructed.
Tt has been used for studies with uranium monophos-
phide. An electron-bombardment-heated calorimeter
has been designed for making similar measurements up
to about 2500°C. The components of the latter system
have been assembled and are undergoing calibration
and testing.

1. The Enthalpy of Formation of Nickel Difluoride (E. Rupzrtis, E. H. VAN DEVENTER)

A paper bearing the following title has been pub-
lished ! “Iluorine Bomb Calorimetry. The Enthalpy of
Formation of Nickel Difluoride.” The abstract is as
follows:

L E. Rudzitis, E. H. Van Deventer, and W. N. Hubbard, J.
Chem. Eng. Data 12, 133 (1967).

“The energy of formation of nickel difluoride was
measured by direct combination of the elements in a
bomb calorimeter. IF'rom these measurements, the
standard enthalpy of formation AHf%s.15 (Nil2, ¢)
was —157.2 &= 0.4 keal. per mole.”

2. The Enthalpies of Formation of the Diborides of Zirconium and Hafnium
(G. K. JouNsoN)

A paper bearing the following title has been pub-
lished:? “Fluorine Bomb Calorimetry. The Enthalpies
of Formation of the Diborides of Zirconium and Haf-
nium.” The abstract is as follows:

“The energies of combustion in fluorine of zirconium

2 G. K. Johnson, E. Greenberg, J. L. Margrave, and W. N.
Hubbard, J. Chem. Eng. Data 12, 137 (1967).

diboride (ZrBi.gssr0.005), and hafnium diboride,
(HfB2_4031.0.006), Were measured in a combustion bomb
calorimeter. These results, when combined with the
enthalpies of formation of ZrIv,, Hf¥F,, and BF;
which were previously obtained by similar tech-
niques, gave AHf99s15 values of —77. = 1.5 and
—78.6 £+ 2. keal (g.fam.)~1 for ZrBi ges10.006 ar‘
HfBs.00310.006 , respectively.”
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3. The Enthalpy of Formation of Carbon Tetrafluoride (Tetrafluoromethane)
(E. GREENBERG)

The need for a determination of the enthalpy of
formation of CF; by direct combustion of graphite in
fluorine, and preliminary work on the project have
been discussed.® Calorimetric measurements are under
way. A high-pressure, two-chambered bomb® and
quartz-crystal thermometry (see part 11) are being
used. The system was calibrated by combustions in
oxygen of standard benzoic acid. The standard devia-
tion of the mean of a series of eleven calibrations was
0.02%, which is slightly higher than the values,
<0.01 %, normally expected with a conventional bomb
and a platinum resistance thermometer. Whether the
poorer precision is attributable to the quartz-crystal
thermometer or to the new two-chambered bomb is
unclear. However, an error analysis indicated that the
precision of calibration was not the limiting error and,
therefore, that the new bomb and thermometer would
be satisfactory for the combustion of graphite in fluo-
rine. The lack of any serious discrepancy between the
results obtained for the different sample sizes (0.6 and
1.2 g benzoic acid) adds confidence that there are no
significant systematic errors attributable to the use of
the new bomb and thermometer.

3 (a) ANL-7125, p. 133; (b) ANL-7225, pp. 149-150.

Blank experiments were carried out to determine the
thermal effect of expansion of fluorine from the storage
chamber into the combustion chamber. The measured
energy 1s the sum of an endothermic effect due to ex-
pansion of fluorine into the evacuated combustion
chamber, and the exothermic effect due to reaction of
fluorine with the bomb walls and/or any adsorbed
moisture. By suitable preconditioning of the bomb
and subsequent handling in an inert-atmosphere box,
the exothermic effect can be kept small and repro-
ducible. Preliminary calculations of the data from six
blank experiments indicate a net measured energy which
is endothermic by about 1 to 2 cal per experiment.
The energy of reaction with the bomb walls has thus
been reduced to less than 6 cal, the magnitude of the
energy absorbed by the expansion of fluorine.

Calorimetric combustions of both pyrolytic and
natural graphites are in progress. These experiments
have shown excellent reproducibility and insensitivity
to sample size; it is highly probable that a value of
AHf°(CE4) of acceptable accuracy will be forthcoming,
The difference in combustion energy, if real, between
natural and pyrolytie graphite is quite small, but in the
expected direction.

4. The Enthalpy of Formation of Phosphorus Trifluoride (E. Rupziris,
E. H. Vaxn DEVENTER)

Fxperiments have shown that phosphorus trifluoride
is a powerful defluorinating agent; some of its possible
uses in thermochemistry were discussed previously.?
These applications require that the enthalpy of forma-
tion of PF; be known. This value was determined by a
calorimetrie investigation of the reaction

PIs(g) + Ta(g) — PFs(e). (1)

The reaction was carried out in the two-chambered
reaction vessel’ previously developed for substances
which react spontaneously with fluorine. The combus-
tion chamber was charged with an accurately weighed
amount of PF; , and the storage tank with an excess of
fluorine. When the interconnecting valve was opened,
the fluorine expanded into the combustion chamber and
the reaction proceeded spontaneously. Because this
.ction oceurs in the gas phase, exposed teflon gaskets

4 ANL-7225, pp. 152-153.
5 R. L. Nuttall, S. S. Wise, and W. N. Hubbard, Rev. Sci.

Instr. 32, 1402 (1961).

ignite. Therefore, it was necessary to replace or shield
with aluminum all the teflon gaskets.

Commercial PI'; (nominally 99 v/o) was used after
being purified by repeatedly trapping out the less
volatile impurities at —78°C, followed by pumping off
the more volatile impurities at —196°C. The purified
P¥F; had an impurity content of <0.01 v/o as deter-
mined by a new analytical technique (see part 8). The
same technique was used to demonstrate that no PF;
remained (limit of detection, 0.01 v/0) after completion
of reaction 1.

The values obtained for the energy, enthalpy, and
free energy of reaction 1 are, respectively (in keal
mol=Y): AES = —151.4 == 0.2; AHSes = —152.0 =+
0.2; AG3ys = —139.8 & 0.2. These values, when com-
bined with an earlier determination® of AHf5(PF5 .g),
yield the following values (in keal mol=?) for formation
of PF; according to eq. 2:

P(a-white) + 3/2 Fa(g) — PF(g) )

5 P. A. G. O’Hare and W. N. Hubbard, Trans. Faraday Soe.
62, 2709 (1966).
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AEfs = —228.5 =+ 0.4
AHf3s = —2288 + 0.4
AGf3gs = —223.8 + 0.4

The experimental determination of AHf(PF;,g)
represents two accomplishments with respect to fluorine
bomb calorimetry: the combustion of a lower fluoride
to a higher fluoride, and the bomb calorimetric measure-
ment of an all-gas reaction.

5. Thermochemistry of Plutonium Compounds (G. K. JoHNsoN)

The previous report’ discussed the reasons for under-
taking a program on calorimetry of plutonium com-
pounds, the work that has been done in this field, work
that is needed, and appropriate calorimetric techniques.
Since then, most of the equipment required for initiat-
ing such a program has been acquired. A rotating bomb
calorimeter, gas-charging and -discharging manifold,
balances, and other auxiliary equipment have been
assembled within a glovebox in the Division’s alpha
radiation facility. The manifold is connected to a

T ANL-7225, pp. 150-151.

vacuum system and to pressure tanks which supply
fluorine, chlorine, oxygen, and argon. The entire system
and the proposed operating procedures have undergone
an extensive safety review, and exploratory combus-
tions of plutonium in chlorine have started.

A solution calorimeter capable of functioning as a
part of the rotating bomb calorimeter is being designed.
This ealorimeter, when finally completed and tested,
will greatly expand the number of possible reactions
which can be employed to obtain thermochemical
properties of plutonium compounds.

6. The Thermochemistry ¢f Uranium Compounds (J. L. SerTLE, P. A. G. O’HARE)

The considerations leading to the construction of a
trial apparatus for examining the combustion behavior
of fluorine-sensitive substances (e.g., uranium com-
pounds) in a fluorine flow calorimeter were discussed
previously.® Satisfactory combustions of uranium
monosulfide (US) were obtained in a trial flow system,
while some of the problems associated with combustions
in a bomb calorimeter were avoided. As a result, a

s ANL-6925, p. 182.

flow calorimetric system was designed and is now com-
pletely assembled. A quartz-crystal thermometer (see
part 11) is used to measure temperature. Electrical
calibrations of the calorimetric system indicate that
the precision of the energy measurements is about
0.01%. A preliminary series of combustions of US in
fluorine is in progress. If the flow calorimeter proves
to be well suited to this study, it will be used in an
extensive program involving the thermochemistry of
uranium compounds.

7. Bond Energies in the Chalcogen Fluorides and Oxyfluorides (P. A. G. O’Harg,
H. M. FeDpER)

In this report, earlier bond-energy calculations® are
updated and extended.

a. SULFUR FLUORIDES

For the electron impact dissociation reaction
SFe(g) + e — SIs(g) + F- 3)

Curran® has measured ¢uinete = 0.23 4= 0.05 eV and
A,(F-) = 005 eV. These values, combined with
E, () = 3.448 + 0.005 eV and the plausible assump-
tion that the internal excitation energy of the SI';

9 ANL-7125, pp. 135-137.

10 R. K. Curran, J. Chem. Phys. 38, 780 (1963).

11 R. 8. Berry and C W. Reimann, J. Chem. Phys. 34, 1069
(1961).

fragment is small, yield D, , the primary bond dissocia-
tion energy in SFy :
Dy = D(SFs—F) = 3.218 4 0.071 eV

= 74.2 4 1.6 keal mol—!

The enthalpy of formation of the SF; fragment was
calculated from the equation

AHfO(SFE ) g) (4)

= D, — AHf*(F,g) + AH[f(SF, g)

in which AHf(F,g) = 18.9 kcal mol* 12 and ’
12D, D. Wagman et al, “Selected Values of Chemical Ther-

modvnamic Properties, Part I,” N.B.S. Technical Note 270-1,

U.S. Department of Commerce, National Bureau of Standards,
Washington, D. C., October, 1965.



AHf(SFs, g) = —291.8 = 0.2 keal mol-L1
Thus,
AHf*(SF;, g) = —236.5 & 1.6 keal mol—.

In the stepwise dissociation of SFs, the dissociation
energy of the second bond, D, was calculated from
eq. 5:

Dy = D(SY¥+—T)

= AHf*(SF., g) + AHf(I,g) — AHf(SFs, g)
A value of —182 4 4 keal mol™! was selected for

AHf*(SF4, g) on the basis of the results of two in-
vestigations.* ¥ Substitution in eq. 5 gives

Dy = 734 4 4.3 kcal mol—L.

)

Within the quoted uncertainties Dy = Dy ; also,
Dy = Dy + Dy = 147.6 &= 4.0 keal mol—.,

This result depends only on AHf(SF,) and AHf(Sk).
Kay and Page™ using a magnetron technique, reported
Dy, = 86.1 &+ 3 keal mol~1, Dy, = 35.1 & 1 keal mol™,
and, thus, Dy = 121.2 = 3 keal mol~*. This value is in
serious disagreement with the value Dy, = 147.6 4= 4.0
keal mol=2 Unless AHf(SF,, g) or AHf*(SFs, g) is in
error by 20 to 30 keal mol™, which seems improbable,
the data of Kay and Page must be faulty.
The enthalpy of the reaction

SFu(g) — SFa(g) + 2 ¥(g), (6)

which is equivalent to D; + D., was calculated from
eq. 7:

Dy = AHf°(SFs, g) + 2 AHf*(F,2)
— AHf°(SFy, g) (7)
= 151.8 =+ 4.5 keal mol—?

The value AHf(SF:, g) = —68 =+ 2 kecal mol™! (see
part 7.d.) was used in eq. 7.
Finally, the enthalpy of the reaction

SFa(g) — S(g) + 2 T'(g),

which is equivalent to Ds + D¢ = Dse, was calculated
from eq. 8, in which AHf(S,g) = 659 & 0.5 keal
mol-1.1

3P, A, G. O’'Hare, J. L. Settle, and W. N. Hubbard, Trans.
Faraday Soc. 62, 558 (1966).

4 J, D. Vaughn and E. L. Muetterties, J. Phys. Chem. 64,
1787 (1960).

15 M, J. Nichols, Ph.D. Thesis, University of Durham,

.gland, 1958.
16 J, Kay and F. M. Page, Trans. Faraday Soc. 62, 1042
(1964).

17 F1, Mackle and P. A. G. O’Hare, Tetrahedron 19, 961
(1963)
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Dss = AHf(S,2) + 2 AHf(F,g)

— AHf(SF., g). 8)
171.7 £+ 2.2 keal mol™?

b. SELENIUM FLUORIDES

None of the individual bond strengths in SeFg have
been measured directly. Values for Diz, Dy, and Dy,
were deduced from thermochemical data.

The sum of the first two bond dissociation energies
(D12) is given by the equation:

Dy = D1 -+ D, = AHfO(SeF4 y g)

+ 2 AHfO(F:g) (9)
— AHjf°(Sels , g)

122.0 3 2.0 keal mol—*

in which AHf*(SelFs,g) = —267.0 4 0.1 keal mol—1 13
and AHf(SeF,,g) = —1828 4+ 2.0 kcal mol113
If it is assamed that Dy = D» (by analogy with SF),
a value of —225 4 1 keal mol? can be estimated for
AHf(Sels, g). In part 7.d., AHf(SeF.,g) is esti-
mated to be —75 £ 3 keal mol?; from equations
similar to eq. 7 and 8 we derive

f

it

I

D3y = 1456 &= 3.5 keal mol™
and

Dy = 164.0 &£ 3.0 keal mol™.
AHfe(Se,g) was taken to be 51.2 =+ 1 keal mol—.
¢. TELLURIUM FLUORIDES

The following values were calculated for the succes-
sive bond dissociation energies of TeFs ; the method
used has been given in parts 7.a. and 7.b.

Dy = 137.8 &= 2.1 keal mol™!
Dy = 1700 =+ 3.0 keal mol—?
Dy = 1794 4 2.2 keal mol™?

In addition to AHf(F,g) = 18.9 keal mol~%12 the
following enthalpies of formation (kecal mol-!) were

used in the calculations: AHf*(TelFs,g) = —327.2 =+
0.6, AHf(TeF,, ¢) = —241.7 £ 2.0,¥ AH,,,(TeF,) =
14.5,% AHf*(TeF:,g) = —95 &£ 5 (see part 7.d.),

and AHf(Te,g) = 46.6 & 1.0.° If one assumes D; =
D;, by analogy with SFg, then AHf(Tel;,g) =
—277 & 2 keal mol—.

1% A value of —194 + 2 keal mol™ for AHf*(Se¥4,£), recalcu-
lated from ref. 15, was combined with H,(SeF4,f) = 11.2 keal
mol™ [R. D. Peacock, J. Chem. Soc. 3617 (1953)].

19 J. Berkowitz and W. A. Chupka, Argonne National Labor-
atory, private communication.

20 J. H. Junkins, 1. A. Bernhardt, and E. J. Barber, J. Am.
Chem. Soc. T4, 5749 (1952).
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TABLE III-5. Bownp DissociatioN ENERGIES OF THE
CuarcogeN FLUORIDES

in keal mol™!

SFs SeFs x TeFs

i
D, 147.6 122.0 137.8
Dy, 151.8 145.6 170.0
Dy 171.7 164.0 179 .4

The bond dissociation energies derived in parts
7.a., 7.b., and 7.c. are summarized in Table ITI-5. The
nonmonotonic variation in the bonding of the chalcogen
hexafluorides has been noted and discussed previously.®
The main point to be deduced from Table ITI-5 is that
the anomaly in the hexafluorides also extends to the
tetra- and difluorides. That is, the energy liberated in
the formation of each successive bond between selenium
and fluorine is smaller than in the similar reactions of
fluorine with either suifur or tellurium.

d. CHALCOGEN OXYFLUORIDES

(1) SO.F;. From electron impact studies, Reese
et al?* have shown that the sums of the S=0O bond
energies in SO, and SO.F, are identical; thus

AHf(S¥y, g) = AHf(S,g) + AHf(SO.l%, g)
— AHf(S0:, g).

In addition to the value AHf(S,g) = 65.9 &+ 0.5 keal

mol—LY the following values (kcal mol-1) were inserted

in eq. 10: AHf(SO.Fy, g) = —2052 =4 2.02 and

AHF(SO,, g) = —70.9.12 Substitution in eq. 10 gives

AHf(SFs, g) = —68.4 =+ 2.0 keal mol-1.

Data for the oxyfluorides SOF; and SOF, would be
valuable, but they are not available.

(i) SeOF,. A value of —126.0 = 1.0 keal mol™?
has been derived for AHf°(SeOF, , £) based on Nichols’ 1
measurements. The Clausius-Clapeyron equation, in
conjunction with vapor pressure measurements reported
by Dagron,?? had been used to calculate

(10)

2 R. M. Reese, V. II. Dibeler, and J. L. Franklin, J. Chem.
Phys. 29, 880 (1958).
22 C. Dagron, Compt. Rend. 255, 122 (1962).

AH,(SeOFs, £) = 10.6 &= 0.1 Tzea? mol—t,

Thus, AHf8eOF;,g) = —1154 4 .. kcal mol™.
The enthalpy of reaction 11 is estimated < be —40 & 3
keal mol~! by analogy with the enthalj e+ of formation
of the monoxides from other selenium ¢ ~pounds.

SelFs(g) + 14 Ou(g) — SeOFs(g),

AH = —40 -+ 3 keal mol—! (1)

Therefore,
AHf(Sels , g) = —75 & 3 keal mol~,
Feber?® has estimated AHf*(Sel,,g) to te —80 keal
mol—.
If it is assumed (by analogy with SO.F,) that the
sum of the Se==0 bond strengths in SeO,l; is equal to

the sum of the bond strengths in SeO, , namely 201.4 4
1.0 keal mol=1,10. 12, 22 then

AHf(SeO:1%> , g) = 2 AH[f*(O,g)

+ AHf(SeF,, g)
— 2014

= —137.2 & 3.1 keal mol—L

e. TELLURIUM DIFLUORIDE

The enthalpy of dissociation of Tels(g) has been
estimated by analogy. For both SFy(g) and SeF.(g)
one finds

(12)

D(MFy) = 2.2 D(M—TF) e, (13)

Since D(Te—1)rer, = 81.2 == 2.0 kcal mol=L one
estimates D(Tely) to be 179 &+ 5 keal mol~t. By sub-
stitution in an equation analogous to eq. 8, one obtains
AHf(TeF:,g) = —95 =+ 5 keal mol™. Feber? has
estimated AHf(TeF,, g) to be —104 keal mol'; use
of this value rather than our own estimate does not
change the conclusions about the significant variations
in Table I1I-5.

23 R. C. Feber, ‘“Heats of Dissociation of Gaseous Halides,”
LA-3164, November, 1964.

2¢ J. R. Soulen, P. Sthapitanonda, and J. L. Margrave, J.
Phys. Chem. 58, 132 (1955).

8. Separation of Volatile Fluorides by Fractional Volatilization (E. Rupziris)

In connection with calorimetric studies of volatile,
inorganic fluorine compounds, it became necessary to
separate components of gaseous mixtures and to deter-
mine limits of dectection of the components. Known
separations by fractional distillation®?® and gas

25 P. L. Allen and J. F. Ellis, UKAEA Report IGR-R, CA-
216, 1957.
26 N. C. Orric and J. D. Gibson, Anal. Chem. 25, 1100 (1953).

chromatography?-32 were not sufficiently sensitive or

2 A. Engelbrecht, E. Nachbaur, and E. Meyer, J. Chroma-
tog. 16, 228 (1964).

28 (&. Iveson and A. G. Hamlin, Gas Chromatography 1960,
R. P. W. Scott, Ed., Butterworths, London, 1961, p. 3

29 T, R. Phillips and D. R. Owens, ibid., p. 308.

3 R. S. Juvet, Jr., and R. 8. Fisher, Anal. Chem. 37, 1752
(1965).

8t R. A. Lantheaume, ibid., 36, 468 (1964).

32 0. Rochefort, Anal. Chim. Acta 29, 350 (1963).
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Frg. I11-11. Gas Separation and Detection Apparatus.

versatile for our purposes, mostly because of limitations
imposed by the chemical reactivity and corrosivity
of the gases.

A new separation and analytical technique which
uses certain features of both gas chromatography and
fractional distillation was therefore developed. In
common with gas chromatography, the gas mixture is
swept by a helium stream through a separation column
and into a detector. The separation, however, is ac-
complished by fractional volatilization in a metal-
packed column. The main advantages of the technique
are its simplicity (no involved column preparations
are needed) and the chemical inertness of an all-metal
system which minimizes interactions with reactive
substances. The technique, nevertheless, retains the
sensitivity of gas chromatography—the total amount
of gas taken for analysis does not have to be more than
2 cc-atm. In common with fractional distillation, the
proximity of boiling points, i.e., similar volatilities,
imposes limitations on the effectiveness of the separa-
tions.

a. Apparatus. An all-metal system, except for some
valve parts made of fluorothene, was assembled. It
consisted of a helium source in series with two sample
cells, a separation column, a detector, several traps,
and a flowmeter. The system is shown schematically
in Figure III-11. The components were connected by
L¢-in. dia. copper tubing and Whitey No. 0 valves.

The arrangement of the two sample cells was chosen
to facilitate the preparation of standard gas mixtures
for calibrations. Mixtures as dilute as 1 part in 10% in a
total sample of 2 ce-atm could be prepared while keeping
the pressure measurements in the convenient range
between 0.1 and 100 torr.

The separation column was made of ¥4-in. dia. copper
tubing, originally 180 cm in length, which was filled

Qith 10- to 20-mesh copper shot, and formed into a
elical coil 30 em long by 5 em in diameter. The lower
end of the coil was connected to the detector, a Gow-
Mac 470 Series 30C micro thermal conductivity cell.

The power-supply and bridge-control unit, Gow-Mac
Model 999-D1, was operated at 9 ma, and the output
was recorded on the 1 mV scale of a two-pen potentio-
metric recorder. Downqtream from the detector were
several traps, made of 1g-in. dia. nickel U-tubes, and a
flowmeter.

Temperatures along the separation column were
monitored by five iron-constantan thermocouples
spaced at approximately 30-cm intervals and were
recorded on a multipoint recorder. The temperature
of the thermocouple attached at the lowest point of the
coll served as a reference temperature and was recorded
on a 10 mV secale together with the detector output.

b. Procedure. Commercial helium, nominal purity
99.9 %, is used without further purification. The helium
flow rate and pressure are usually adjusted to 10 ml/min
at 900 torr through the separation column. When
higher sensitivity is desired, the flow rate is decreased
to 3 ml/min; on the approach of a peak which might
overload the detector, the flow rate is strongly increased
for a few minutes to accomplish rapid flushing.

At the start of a run, the output valve is closed (to
avoid back-suction of air), and the column is placed in
a close-fitting Dewar and cooled by the addition of
enough liquid nitrogen to cover the lower quarter of
the column. During this time the sample cell(s) are
valved off from the rest of the system, evacuated, and
filled with gas(es) to be analyzed. After approximately
30 min, when steady temperatures have been achieved,
the liquid nitrogen is dumped, the same Dewar is
replaced, and helium flow through the sample cells and
into the column is begun. At this time, typical thermo-
couple readings along the column, beginning with the
reference thermocouple, are —195, —180, —160, —120,
and —75°C. The column gradually and uniformly
warms at a rate of about 1°C/min. The gases, which
condense along the column according to their vapor
pressures and the temperature gradient, repeatedly
volatilize and recondense as the helium sweeps them
down into the colder portion of the column. This re-
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sults in fractionation of the gases, the fractions finally
being swept past the coldest point of the column and
into the detector.

The separated fractions can be trapped for identifica-
tion or recycle without interrupting the experiment.
Dewars are placed around the U-traps, and the Dewar
furthest from the detector is filled with liquid nitrogen.
As soon as the most volatile component is swept past
the detector, as indicated by a peak on the recorder,
the next to the furthest Dewar is filled with liquid
nitrogen in order to condense the next most volatile
eomponent, and so on. When the experiment is com-
pleted, the traps are valved off in the same order.

¢. Results and Discussion. Because separation in
this procedure is based on a repeated condensation-
volatilization process which is dependent on tempera-
ture alone, it is convenient to use the term “‘appearance
temperature” in the same manner that the term “reten-
tion volume” is employed in gas chromatography.
Appearance temperature may be defined as the refer-
ence temperature which is recorded simultaneously
with the initial detector response to a given component.
The appearance temperatures of selected components,
as found with the apparatus described, are given below
(in °C):

33 Improved separations may result from the incorporation
of eryogenie temperature programming into the warm-up pe-
riod, as has been done in gas chromatography le.g., see C.
Merritt, Jr., et al, Anal. Chem. 86, 1503 (1964)].

CO: , SFs —140'

Nz, Oy, I —190
NF;, CF. —175 SeFg, Sy —135
Xe —170 TeFs —130
PT; —160 POF, —115
BFg s SIF4 s CQFG — 155 S2F10 —100
PF; - 145

The following mixtures have been separated and the
minor components, indicated in parentheses, have been
detected at concentrations of approximately 1 part
in 10* in a total amount of approximately 10~* mole:
PF5*<PFg) 5 CF4—(02F5) 5 PFg'PF{;(NFg) 4 SFG~(SQF10) 3
Xe-PF;-PF;-(POF;). Due to the proximity of their
appearance temperatures, the detection of SF; in the
presence of SF; was limited to approximately 1 part
in 100.

The semi-empirical nature of the procedure makes
it difficult to correlate appearance temperatures with
the controllable variables of the separation such as the
temperature gradient, rate of warming,?® length and
geometry of the column, and the helium flow rate.
But, although the appearance temperatures have no
absolute meaning and were not fixed more precisely
than to the nearest five degrees, it was found that their
relative order, as listed above, remained unchanged
even when the variables were changed by as much as a
factor of two. The components of an unknown mixture
may also be identified by trapping the fractionated
gases as described, and analyzing each fraction by
infrared spectra or other analytical means.

9. 1500°C Drop Calorimeter (J. E. BrugGEr, R. Norris,* R. BARNES®)

The furnace for the 1500°C drop-type calorimeter
has been reassembled and is being tested. A number
of furnace components were rebuilt to improve the
mechanical stability and thermal properties of the
unit. Tantalum-sheathed, magnesia-insulated tantalum
resistance heaters, and similarly sheathed and insulated
Pt-10% Rh/Pt thermocouples, have been installed in
place of the ceramic-sheathed assemblies used previ-
ously.

Improved ecireuitry for determining the electrical
power dissipated in the copper-block calorimeter dur-
ing calibration has been taken to the breadboard stage.
Meanwhile, reexamination of the temperature-vs.~time
data taken during electrical calibration has shown
that one may detect effects due to the changes with
temperature of the calorimeter block (about 0.1%/°C)
and the heat leak constant (04%/°C). The compu-
tational program in eurrent use does not explicitly take

3¢ Student Aide, Beloit College.
35 Co-op Student, University of Missouri.

these changes into account, nor the fact that the jacket
temperature tends to follow that of the block. Beeause
of the latter, the convergence temperature is a func-
tion of the temperature offset between the block and
the jacket. The convergence temperature can vary by
millidegrees per degree offset. In the future, more care
will be taken to monitor the jacket temperature and to
maintain a steady and high flow rate of thermostated
water to the jacket; the computational program will
also be improved.

A working model of a device for determining the
position of a dropping capsule as a function of time
has been built and tested. A photodiode and light
source were located on opposite sides of the suspen-
sion tape, which was perforated at 1-in. intervals.
The signals produced by the pulses of light generated
by moving the tape were recorded on a moderately fast
sensitized-paper oscillograph. The device ecan l.
adapted to program the eclosing of the calorimeter
shutter and furnace gate for the introduction of gas into
the calorimeter chamber after a drop.
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10. 2500°C Electron-Beam-Heated Calorimetric System (D. R. FREDRICKSON)

The calorimetric system?® for determining enthalpy
increments to 2500°C has been completely assembled.

As mentioned in the last report,?™ a persistent prob-
lem has been the stalling of the rotating target when a
furnace temperature of 1700°C is exceeded. After
numerous tests 1t was coneluded that the problem origi-
nated in the shaft and bearings. The housing was modi-
fied and the bearings were relocated so that they are
further up the shaft. Provision has also been made for
additional cooling of the shaft, if necessary: a copper
fin brazed to the shaft rotates in a well which can be
filled with oil and which is connected to a water-
cooled jacket. It has not yet been necessary to use any
fluid in the well, since the stalling problem seems to
have been solved.

Copper-block calorimeter II?7 has been assembled
with its associated optical viewing port and water-
cooled shutter. Provision has been made for tempera-

36 See Figure IV-1; ANL-7055, p. 175.
3 ANL-7225, pp. 154-155.

ture measurement of the copper block by either a
capsule-type platinum-resistance thermometer or a
quartz-crystal thermometer which were placed in the
copper block at approximately equal distances from the
center. An electrical calibration heater has been
placed around the receiver well. The heater has a large
surface area, which results in a low power density and
allows fast heating of the calorimeter without over-
heating of the heater. Completing this assembly are
the constant-temperature water bath, temperature con-
troller, and cireulating pump. These components main-
tain the calorimeter jacket temperature constant
within =0.002°C.

Electrical calibrations of the calorimeter are being
carried out with both thermometers. Indications are
that the quartz-crystal thermometer will be satis-
factory. With its use, the system can be automated for
print-out of time-temperature data.

The initial enthalpy measurements will be made on
tantalum and tungsten.

11. Quartz-Crystal Thermometry (E. GREENBERG, J. L. SETTLE, D. R. FREDRICKSON)

Resistance thermometry has been employed in the
past at this laboratory to obtain the accurate and pre-
cise temperature measurements required in calorimetry.
A novel technique®® of measuring temperature, quartz-
crystal thermometry, was recently tested. A quartz-
crystal thermometer was used in two series of combus-
tions of benzoic acid in oxygen. In one series, the visual
read-out temperatures were recorded at arbitrary in-
tervals; in the other, the print-out of the time-tem-
perature data proceeded automatically. The precision
of the results obtained in both series, 0.02%, was com-
parable to that obtained with a platinum resistance
thermometer. Reading and recording the data, however,
were considerably simplified by the quartz-crystal sys-
tem, and particularly by the automatic print-out.

% ANL-7020, p. 171.

After these tests showed the system to be satis-
factory, a complete quartz-crystal thermometrie sys-
tem was purchased. Several probes were included: one
specially fitted for bomb calorimeter ANL-R2, and
one for its isothermal jacket; a short (3% in.) one for
ingertion into copper-block calorimeter I1; two for use
with the flow ealorimetric system; and one for use in
the plutonium glovebox calorimetrie unit. The ther-
mometers in ANL-R2, the flow calorimetric system,
and copper-block calorimeter IT have now been used
in various studies with very satisfactory results (see
parts 3, 6, and 10).

An auxiliary timing device has been built to program
the time-temperature data output at varying rates to
suit the needs of the experimenter. At present, there
are five rates available which range from one set of
data cach 12 seconds to one set cach 120 seconds.

E. CHEMISTRY OF LIQUID METALS (F. Carasso, H. M. Feper, M. Aprr)

These studies are directed toward a better under-
standing of the basic factors which influence the chem-
istry of liquid metals in general, and the particular
.hemistry of liquid sodium pertinent to its practical use

as a reactor coolant. For the sake of clarity and con-
cisenecss, the discussions of these studies are con-
veniently divided into two sections: (1} Fundamental
Studies and (2) Liquid Sodium Coolant Chemistry.



128 I11. Materials Chemistry and Thermodynamics

1. Fundamental Studies

Significant advances in theoretical methods for treat- 111°C, the temperature of available enthalpy-of-mixing
ing the properties of liquid metals and alloys have been data, by means of the equation:
made in recent years, To parallel these advances, basie 3 In ags Lo
physico-chemical data on simple metallie systems a7~ T BP (1)

which lend themselves readily to theoretical treat-
ment are being collected. Toward this end, experi-
mental measurements are being made of the thermody-
namie activity of alkali metals in their liquid binary
solutions, of the solubility of rare gases in selected
liquid metals, and of the velocity and absorption of
high-frequency sound in liquid metal solutions.

in which Ly, , the partial molar enthalpy of mixing of
rubidium, can be calculated from the data of Yokokawa
and Kleppa.? Table III-6 gives the activity (ags),
activity coefficient (ygp), the partial molar excess Gibbs
energy (G%:), the partial molar enthalpy of mixing,
and the partial molar excess entropy (Skh) found for
rubidium in each of three Rb-Cs alloys.

a. THERMODYNAMICS OF BINARY ALKALI The two most significant results of this investigation
METAL SOLUTIONS: THE Rb-Cs SYSTEM are: (1) the values of yg, do not differ from unity by
(F. Carasso, L. Jones) more than their uncertainty, and (2) Sg, is small and

approximately constant at —0.15 == 0.06 eu. Because
¥ro 18 50 close to unity, the Gibbs-Duhem relationship
will require that ycs also be near unity. Hence, if
enough data were available to compute AG™, the excess
Gibbs energy of mixing, there is little doubt that its
value would be small. The Rb-Cs system is probably
as close to ideal as any liquid metallic solution known.

Since the deviation of the activity coefficient from
unity at other compositions is not likely to be larger
than the experimental uncertainty, continuation of this
study was not considered worthwhile. Consequently,
measurements on the Rb-Cs system were discontinued,
and a study of sodium activity in selected Na-Rb alloys
was begun.

The alkali metals are simple electron-gas-like systems
for which the nearly-free-electron model, the pseudo-
atom model, and similar approximations should be
reasonably valid. The electronic structures and prop-
erties of their binary liquid alloys, therefore, should be
more amenable to calculation than those of other metal
alloys. To test such calculations, precise, experimentally
measured, thermodynamic data on alkali metal systems
will be required. Accordingly, thermodynamic activities
of selected alkali metals in binary liquid solutions are
being determined. The method is that of vapor-phase
absorption spectrophotometry. This method, previously
described! in connection with the determination of

activities in the Na-K system, compares the absorption
of resonance radiation by vapor over an alloy with b. SOLUBILITY OF ARGON IN LIQUID SODIUM

that over a pure alkali metal. Activities, a, , are calcu- (E. VELEckis, R. Bromquist, R. Yoxco, M. PERIN3)
lated from the relationship a, = P./Py, where P, and The rare gases dissolve in liquid metals as neutral
P; are the monomeric partial pressures of the ith com- atoms.*$ The prineipal attractive interaction respon-
ponent over the alloy and over pure metal i, respec- sible for rare gas solution is believed to arise through
tively. The activity of rubidium in Rb-Cs alloys has the polarization of the rare gas atoms by the ions of
been measured in the current series of investigations. the metal. To test this assumption, a quantitative eval-

Absorption measurements were made with the 7800 A
rubidium resonance line. Over the short temperature
span of the measurements (42 to 47°C), no variation

¢ 'T. Yokokawa and O. J. Kleppa, J. Chem. Phys. 40, 46
(1964).
3 Co-op Student, Northwestern University.

of activity outside of experimental uncertainty was £G. W. Johnson and R. Shuttleworth, Phil. Mag. 4, 957
observed. The measured activities were adjusted to (1959).
e 5 G. W. Johnson, Phil. Mag. 6, 943 (1961).
L ANL-6725, p. 107; ANL-6925, p. 95; ANL-7055, p. 80 s ANL-6800, pp. 183-187.
TABLE ITI-6. THERMODYNAMIC ACTIVITIES AND Excess TuerMmopyNamic Funcrioxs or Rb ix Rb-Cs Arnvoys ar 111°C
Rb (a/0) . VRb GR Lgp® Sk
(cal/g-atom) (cal/g-atom) (eu)
20.3 0.199 £ 0.006 0.98 -+ 0.03 —16 + 23 —75.6 + 3.0 —0.16 + 0.0n
35.5 0.362 = 0.010 1.02 & 0.03 15 =+ 23 -49.5 & 2.0 —-0.17 4+ 0.06
51.9 0.534 + 0.016 1.03 = 0.03 23 4+ 23 —~27.5 + 1.1 —0.13 & 0.06

a Calculated from data in ref. 2.
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Fia. IT1-12. Solubility of Argon in Liquid Sodium at 480°C vs. Pressure (Henry's Law).

uation of the polarizability factor is being made by
determining the solubilities of several rare gases in a
series of alkali metals, The selection of alkali metals as
solvents simplifies the evaluation of the repulsive in-
teraction factors.

The argon-sedium system was the initial study in
this series, and the results were reported previously.®
However, subsequent reevaluation of the experimental
method indicated that not all of the argon dissolved in
the sodium had been recovered for analysis, Conse-
quently, a new series of argon solubility experiments
was carried out with the following changes in experi-

ental procedure:

(1) A molecular sieve (Linde type 5A) rather than
activated charcoal was used to trap the argon
stripped from the sodium by helium sparging.
This change was introduced purely for con-

(3)

venience since the efficiency of the trap was not
altered.

The method of collection of argon, by reeircu-
lation of the argon-helium mixture through a
liquid-nitrogen-cooled, molecular sieve trap for
10 minutes, was abandoned. Instead, adsorption
of the argon on the molecular sieve bed was ef-
fected by permitting the mixture to leak through
the cooled trap over a period of 30 minutes and
exhausting the unadsorbed helium. Thig change
was made because tests with argon-helium mix-
tures showed that, at most, only 50% of the
argon was recovered by the circulation method.
The single-pass, leak-exhaust method, however,
gave >99% recovery.

Because of greater sensitivity in the range 10 to
100 ppm argon, gas chromatography, rather
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TABLE III-7. DEPENDENCE OF THE SOLUBILITY OF ARGON
iN Liquip Sopitm oN TEMPERATURE AND PRESSURE

Solubility, # | Henry’s Law N

’{‘egp(%rg)— Il),rﬁsséﬁf | (atom frac- | Constant, Ky Wf\lg(:ltf)lrrlg
u a tion X 108) | (atmt X 109 2

330 6.67 0.286

gzg g‘g gégg 0.353 + 0.086 2

329 6.83 0.251

380 6.76 0.295

380 6.80 0.374

379 6.82 0.282 | 0.471 & 0.097 2

379 6.84 0.383

380 6.84 0.271

430 6.73 1.80

4 ) )

0T8I g | g

431 6.81 1.94

481 1.36 0.677

480 2.72 1.29

480 3.40 1.41

478 3.78 2.49 -

480 4.22 2.39 5.49 &= 0.47 6

480 4.71 2.58

480 5.74 3.17

480 6.80 3.77

530 3.54 7.03

530 3.78 7.40

531 3.91 7.34

531 6.77 13.8 19.4 &= 1.2 8

530 6.79 13.6

530 6.80 12.0

than mass spectrometry, was used to analyze the
argon-helium mixtures desorbed from the trap.

The results of twenty-seven solubility experiments
are given in Table III-7. The data are subdivided into
five sets of measurements, each performed at essen-
tially the same temperature. The sets at 330, 380, and
431°C were obtained at approximately isobaric condi-
tions, ~100 psia argon pressure. For the set at 530°C,
two pressures were used, ~100 and ~50 psia. The
pressure dependence of the solubility of argon in
liquid sodium was determined by measuring solubili-
ties at 480°C as a function of pressure over the range
from 20 to 100 psia (1 to 7 atm).

The results of the pressure-dependence test are
shown in Figure 111-12. The data may be represented%
by the Henry’s law equation, x = KgyzP. The mean
value of the Henry’s law constant, Ky , calculated by
the method of least squares for the data set at 480°C,
was 5.49 = 0.47 X 10~9 atm™—?! (95% confidence level).
Similar calculations for the remaining data sets gave
the mean Henry’s law constants listed in column 4 of
Table I11-7.

The dependence of Ky on temperature is shown in
Figure I11-13. Because the relative error of the Ky
values varies with temperature, each value was
weighted in the least-squares calculation of the re-
gression line. The weighting factors were determined
by dividing the Ky values by their respective errors
and reducing the results by a factor of two. The best
regression line may be represented by the equation

(330 to 530°C) log K = —2.130 — 454271, (2)

which reproduces the data with an uncertainty of 18%
at the 95% confidence level. From eq. 2 the enthalpy
of solution of argon in liquid sodium is 20.8 == 2.0 keal/
mole.

The present argon solubilities are about 2.5 times
larger than those measured earlier; the enthalpies of
solution also differ, 20.8 vs. 15.8 keal/mole, but the dif-
ference may not be significant.

The solubility and enthalpy of solution of argon
in liquid sodium were calculated according to the
models proposed by McMillan,? Johnson and Shuttle-

7W. G. McMillan, BNL-353 (T-63) (1955).

DEGREES, Centigrade

34 10-8350 5(;0 4?0 400 350 325
I ! I I

1078

-9

HENRY'S LAW CONSTANT, K, atm™!

10
1.5x10'°

1.2 13 1.4 1.5 16 |.
308-472

Fre. I11-13. Henry’s Law Constant vs. Temperature in the
Argon-Sodium System (330 to 530°C).
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.vorth,’* and Pierotti.® The first two models yielded
solubilities which were several orders of magnitude
larger than the measured values, whereas the hard-
sphere model of Pierotti yielded solubilities com-
parable to the measured values. Furthermore, al-
though the enthalpy of solution calculated by either of
the first two models was appreciably smaller than the
observed, the enthalpy of solution calculated by the
hard-sphere model was of the right magnitude. Further
study of the solubility of gases in liquid alkali metals
is expected to yield data which will permit further
refinement of the hard-sphere model.

e. ULTRASONIC MEASUREMENTS IN LIQUID
METALLIC SOLUTIONS (F. Carasso, R. Brom-
QUIST)

The existence or nonexistence of distinet molecules in
liquid alloys has been the subjeet of controversy for
some time. Because liquid alloys are opaque to the
usual speectroscopic methods, resolution of this con-
troversy has been hampered. However, liquid alloys
are not opaque to ultrasound. Therefore, the meas-
urement of ultrasonic veloeity or absorption in liquid
alloys may prove to be useful in detecting the presence
of molecules.

To investigate a large number of systems for evi-
dence of molecule formation, it is more expedient to
measure sound velocity than sound absorption. Con-
sequently, various systems will be studied by the

8 R. A. Pierotti, J. Phys. Chem. 67, 1840 (1963).

method of continuous variations in eonjunction with
ultrasonic velocity measurements. Because it has been
claimed that magnesium and tin interaet to form mole-
cules with a composition MgsSn, ternary liquid solu-
tions formed by mixing Mg-Cd and Sn-Cd solutions
will be studied first. Ultrasonic velocity will be meas-
ured as the ratio of magnesium to tin is progressively
varied. The ternary solutions will be kept as dilute with
respect to total magnesium and tin as is consistent with
obtaining significant measurements.

The preliminary experiments are being made with
pure liquids. Ultrasonic velocity is being measured by
the pulse-echo method which involves the measure-
ment of the time of travel of a short train of acoustic
waves in a specimen of predetermined path length.
Acoustic equipment for such measurements was pre-
viously assembled and tested with water and mercury
at room temperature.® The performance and reliability
of the equipment have now been tested at higher tem-
peratures by measuring the velocity of sound in ead-
mium and in mereury.

With cadmium much difficulty was experienced be-
fore a method for transmission of sound into the liquid
was found. For example, no observable sound was
transmitted into prefiltered cadmium after it had been
melted under dry helium, dry hydrogen, paraffin oil,
silicone oil, or molten LiCl-KCl eutectic. Sound trans-
mission into cadmium was finally effected after melting
it under mineral oil. The velocity of sound in liquid

s ANL-7225, pp. 159-161.
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F1a. I1I-14. Velocity of Sound in Mercury vs. Temperature.
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TABLE II1-8. Acoustic VEewnocity AND COMPRESSIBILITY
Dara ror MERCURY

This Study Golik et al» Kleppab
i (° ke X Ka X Ka X
0 o 2° 1012 7 102 9 1012
(g/cm?) |(m/sec)| (cm?/ |(m/sec)| (cm?/ |(m/sec)| (cm?/
dyne) dyne) dyne)

209 | 13.546 | 1457 | 3.48 | 1452 | 3.50
40 | 13.497 | 1448 | 3.53 | 1445 | 3.55
50 | 13.490 | 1443 | 3.56 | 1441 | 3.57 | 1440 | 3.58
60 | 13.448 | 1438 | 3.60 | 1437 | 3.60
80 | 13.400 | 1429 | 3.65 | 1430 | 3.65
100 | 13.351 | 1420 | 3.71 | 1422 | 3.70
125 | 13.278 | 1408 | 3.80
150 | 13.220 | 1397 | 3.88 1370 | 4.03
175 | 13.162 | 1385 | 3.96
200 | 13.115 | 1374 | 4.04
250 | 13.025 | 1351 | 4.21
300 | 12.881 | 1328 | 4.40
330 | 12.881 | 1314 | 4.50

a Ref. 14.

b Ref. 13.

¢ Velocities calculated by means of the empirical equation
v(m/sec) = (1465.9 & 4.5) — (0.46 £ 0.02)¢.

4 Hubbard and Loomis!? and Abowitz and Gordon's both
report v = 1451 m/sec at 20°C, which yields x, = 3.51 X 10712
cm?/dyne.

cadmium wag determined to be 2247 = 5 m/sec at
362°C. Filtration was observed not to affect the meas-
ured velocity, although it markedly improved the total
sound transmission. The measured sound velocity in
cadmium is slightly higher than the values, 2200 =
20 m/sec at 321°C and 2215 = 1 m/seec at 335°C,
reported by Kleppal® and Plotskii et al,'* respectively.

Mercury has been the subject of many ultrasonic
studies.®>15 Despite this attention, the dependence of

100, J. Kleppa, J. Chem. Phys. 18, 1331 (1950).

u I, G. Plotskii, V. F. Taborov, and Z. L. Khodov, Soviet
Phys. Acoust. 5, 202 (1959).

12 J. C. Hubbard and A. L. Loomis, Phil. Mag. 5, 1177 (1928).

13.0. J. Kleppa, J. Chem. Phys. 17, 668 (1949).

sound velocity in mercury on temperature has been sys-.
temically studied only in the range 20 to 100°C.2¢ In
the present work it was found that the range of meas-
urements on mercury could be extended to 330°C by
maintaining the mercury under mineral oil.

Our results on the variation of sound velocity with
temperature are shown in Figure I111-14 together with
the data of other investigators. The velocity (v) was
found to decrease linearly between 22 and 330°C ac-
eording to the equation

v(m/sec) = (14659 = 4.5)

(3)
— (0.46 == 0.02)¢ (°C).

The temperature coefficient (dv/9t) of —0.46 = 0.02
m/sec/deg. agrees with the value of —0.46 m/sec/deg.
reported by Abowitz and Gordon.’® Kleppald reports a
temperature coefficient of —0.6 m/sec/deg. on the basis
of two measurements at 50 and 150°C; the latter meas-
urement appears to be erroneous (see Figure 111-14).

Adiabatic compressibilities, , , of mercury were com-
puted from the data by means of the equation

1
Kg = ;);5 (41)

in which p is the density. The compressibilities are
compared with values reported by Golik et al** and
Kleppa'® in Table II1-8. No further measurements on
mercury are planned.

The present equipment thus appears dependable for
the measurement of velocities in liquid metals at tem-
peratures up to 360°C. The velocities of sound in dilute
solutions of magnesium in eadmium and of tin in cad-
mium will be measured next before proceeding to ter-
nary solutions.

1A Z. Golik, I. F. Kagsen, and G. M. Kuchak, Soviet Phys.
Acoust. 7, 202 (1961).

15 (G. Abowitz and R. B. Gordon, Trans. A.I.M.E. 227, 51
(1963).

2. Liquid Sodium Coolant Chemistry

The chemistry of liquid sodium is being studied to
obtain fundamental information on chemical and
physical phenomena which may lead to corrosion and,
therefore, affect the use of sodium as a heat transfer
fluid in nueclear reactors. Structural materials in con-
tact with liquid sodium are known to undergo carburi-
zation, decarburization, nitridation, oxidation, reduc-
tion, and mass transfer. Of special interest, therefore,
are the reactions of elements which enter metals inter-
stitially, e.g., carbon, nitrogen, oxygen, and hydrogen,
from contaminants in sodium. In order to reduce the

work to manageable proportions, the current investiga-
tion has been restricted to the contaminant carbon.

The long-range objective of the program is the col-
lection of sufficient data to understand and possibly
control the ecarburization-decarburization phenomena
encountered in sodium systems. The more immediate

objectives are:

1) To develop reliable methods for the identiﬁc’
tion and determination of carbon-bearing species
in sodium;

2) To characterize the produects of reaction of typi-
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. cal carbon compounds with sodium at tempera-
tures of practical interest;

3) To identify the mechanism(s) of carbon trans-
port in sodium systems;

4) To develop methods for obtaining carbon-free
sodium.

a. PHYSICAL NATURE OF CARBON IN SODIUM

(1) Solubility of Elemental Carbon in Sodiam (C.
Lungr, K. ANDERSON)

Investigation of carbon transport in liquid sodium
has been hampered by inadequate understanding of
the transport mechanism and by uncertaintics as
to the nature and concentrations of carbon species in
sodium. Elucidation of the nature and concentrations
of the carbon-bearing species is being sought in current
studies since such information would furnish a logical
basis for the understanding of carbon transport phe-
nomena. The present study has been directed toward
the determination of whether or not a true solubility of
elemental carbon in sodium exists.

The solubility of elemental ecarbon in sodium was
reported earlier by Gratton.® His results were in-
terpreted as showing a large (>10 ppm}, tempera-
ture- and oxygen concentration-dependent, reversible
solubility. However, detailed consideration of the ex-
perimental technique used led us to question these
conclusions. In particular the experiments seemed in-
adequate to distinguish between dissolved earbon and
small suspended particles. An attempt was made to re-
peat Gratton’s experiment in this Laboratory but with
a filtering technique which employed Su-porosity stain-
less steel filters. In contrast to Gratton’s results, the
carbon content of the filtered samples scattered con-
siderably for a given condition and showed no smooth
variation with temperature or time. It was concluded!?
that particulate carbonaceous matter, capable of pass-
ing through a 5p filter, was present in the sampled
sodium; the heterogeneity of the dispersion would ac-
count for the seatter of the results.

The existence of particulate carbonaceous matter in
sodium has since been confirmed by ultracentrifuga-
tion,'® filtration,”® and dissolution!® experiments.
Therefore, to determine the true solubility of carbon in
sodium 1t is necessary to differentiate between the car-
bon which has dissolved and the earbon which pre-
existed in the sample as nonfilterable material. In the
present work, the discrimination was accomplished by
the use of amorphous carbon labeled with C. The
use of a radioactive tracer also increased the sensitivity

16 J. C. Gratton, KAPL-1807, June 30, 1957.
17 ANL-6925, p. 92.

18 ANL-7225, p. 156.

19 ANL-7055, pp. 84, 85.

of the measurements many fold; concentrations of *#C-
labeled carbon as low as 5 parts in 10° parts of sodium
could be detected. The radioactive carbon was obtained
from New England Nuclear Corporation in the form of
a pressed pellet with a specific activity of 2.4 x 10¢
dpm,/mg. It was outgassed in vacuo at 1000°C before
use. The pellet (135 mg) was added to 300 g of liquid
sodium (Reactor Grade, U.S. Industrial Co.) in a
stainless steel container. The total carbon content of
the sodium charge was 32 = 5 ppm, as determined by a
lengthy series of analyses,.

Filtered samples of sodium were withdrawn periodi-
cally at various temperatures (168 to 458°C) over a
period of four months from the stirred and settled melt.
The samples were analyzed for total carbon and radio-
carbon.

The total carbon content of the filtered sodium was
found to be 9.8 = 3.2 ppm. No trend with time or tem-
perature was apparent; thus two-thirds of the total
carbon in this particular grade of sodium was ascer-
tained to be particulate material which did not pass
through a 5y filter, The remaining third of the carbon,
which did pass through the filter, was either dissolved
or submicron-sized. In either case, this material was not
in equilibrium with solid carbon because radiochemical
analyses of the filtered samples indicated the absence
of any significant amouvnts of radiocarbon at all tem-
peratures investigated, even after four months of con-
tact. It thus appears that the true solubility of elemen-
tal carbon in liquid sodium is less than 0.005 ppm (the
limit of deteetion for the radiochemiecal method used)
at temperatures up to 450°C.

(2) Zone-Melting Experiments
VELECKIS )

(R. Yoxco, E.

The tendency of particulate carbon in sodium to seg-
regate was previously demonstrated®® by repeated, uni-
directional, zone melting of a column of sodiumn sealed
in a fused silica tube. After 240 heating cyeles, sodium
cores extruded from the middle and bottom sections of
the tube were found to contain 3 to 4 ppm carbon
whereas the sodium residues adhering to the tube walls
were found to be 5 to 10 times more concentrated in
carbon. In order to determine the effect of the number
of cycles on the apparent scgregation of carbon, a
zone-melting experiment of only 25 cycles was per-
formed.

The experimental procedure was identical to that
described in detail earlier.’® The procedure, in brief,
was as follows: About 25 g of filtered, reactor-grade
sodium was sealed under vacuum in a 24-in. long, 10-
mmm OD, fused siliea tube. The tube was mounted
vertically in a Fisher Zone Refiner and was heated by
a resistance ring which moved downward over the
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TABLE III-9. AnaALysEs FOrR CARBON DISPERSED IN LIQUID
Sopium BY DEcoMposiTioN oF Na,CO; at 550°C

Ppm Carbon
Sample Total Radiocarbon®
(manometric) (counting)
1, Filtered 1 <0.01
2, Filtered 1 0.01
3, Filtered 12 0.16
3H, Unfiltered 198 0.02
4, Tiltered 12 0.36
5, Filtered 9 0.09
6, Filtered 8 0.07
7H, Unfiltered 13 0.02
7, TFiltered 40 0.01

= Limit of detection, 0.01 ppm.

length of the sodium column. After 25 cycles the tube
was divided into 28 sections. Each section was in turn
divided into two parts for analyses: an extruded cen-
tral core of solid sodium (approx. 8-mm OD) and a so-
dium residue (approx. 0.13 mm thick) adhering to the
tubing walls.

Analysis of the cores and the sodium residues for
total carbon showed an apparent radial segregation
of carbon toward the sodium-silica interface. The resi-
dues were found to be 3 to 20 times more conecentrated
in total carbon than the sodium cores which contained
carbon in the range 3 to 22 ppm. The large random
scatter in the analyses of core samples from the top,
middle, and bottom of the tube obscured any vertical
segregation of earbon which may have existed. A sta-
tistical comparison of these results with similar re-
sults of the 240-cyele experiment, however, revealed no
significant difference between the two experiments in
this connection. No improvement in the vertical sepa-
ration of carbon, therefore, is gained beyond 25 refining
cycles.

(3) Casting Experiments (R. HemvricH)

To determine whether or not radial segregation of
carbon towards a sodium-tubing interface occurs in so-
dium-filled tubes that are not subjected to zone melting,
the following simple experiment was done. Molten, un-
filtered, reactor-grade sodium was either poured or
drawn up into three 10-mm OD fused silica tubes?0
and one clean 304 stainless steel tube (~10-mm OD).
After solidification, sodium ecores extruded from the
four tubes and the sodium residues adhering to the
three silica tubes were analyzed for total carbon. Anal-
ysis for total carbon in the residue adhering to the

20 These tubes were cleaned in hot chromic acid and rinsed in
distilled water prior to use. This procedure is identical to that
used in the zone-melting experiments.

stainless steel tube was impractical because of the di.
ficulty of differentiating such carbon from the carbon
n the tubing,.

Segregation of the carbon impurity occurred; the
sodium cores were found to contain 9 to 15 ppm
carbon, whereas the sodium residues adhering to the
silica tubing were found to be 6 to 9 times more con-
centrated in earbon. Furthermore, the nature of the
surface exposed to sodium did not appear to be an
important faetor; the extent of the segregation was
about the same in the stainless steel and fused silica
tubes.

It should be noted that in the 240- and 25-cycle zone-
melting experiments reported in Part (2), liquid so-
dium was filtered into the tubes and allowed to solidify
before cyeling. It is quite likely, therefore, that the
bulk of the radial segregation of carbon in these experi-
ments occurred before the subsequent melt-freeze
cycles. However, it is not possible unequivocally to ex-
clude zone melting from having made a small contri-
bution to the segregation. This contribution, if it
occurred at all, would be superimposed on the initial
segregation.

No further zone-melting or casting experiments are
planned. However, the surface activity of the particu-
late carbon in sodium will be explored as a possible
mechanism for the observed segregation.

b. STUDIES OF THE CARBURIZATION AND DE.-
CARBURIZATION OF STEEL

(1) Preparation of Stable Dispersions of Carbon-
14 in Liquid Sodium (R. HrinricH)

A potentially serious problem associated with the
use of liquid sodium in nueclear reactors is the tendency
of metals to carburize or decarburize. Although much
research has been done in this area, the mechanism by
which liquid sodium acts as a medium for the trans-
port of carbon is not understood. Experience has shown
that the bulk of the carbon impurity in sodium is par-
ticulate. The ability of sodium to act as a corrodent
may therefore be determined by its ability to act as a
dispersion medium for particulate solids as well as its
ability to act as a solvent for impurities and reaction
products. Consequently, a study of corrosion in sodium
systems may require information on the formation,
stabilization, and destruction of dispersed systems in
sodium. Accordingly, it is the aim of this research to
prepare labeled, stable dispersions of carbon in sodium
and to use them to test the possibility that eorrosion in
sodium systems may involve a colloidal species of car-
bon. A variety of methods must be examined to fi
the proper recipe for the formation and stabilization
a carbon dispersion.

The method first tested involved the decomposition
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‘f 14C-labeled NaCOj3 in liquid sodium. A total of 564
mg of *C-labeled Na,COjz was added in seven small in-
crements (50 to 100 mg) over a 14-day period to 360 g
of reactor-grade sodium in a stainless steel (SS) cruci-
ble. The sodium was kept at ~550°C and stirred con-
tinuously except during brief sampling periods, The ad-
ditions were made by pressurizing the carbonate, which
was sandwiched between two layers of sodium in a
0.25-in. OD SS tube, into the liquid sodium while the
tube was submerged. After each addition, at least 24
hours were permitted to elapse before sampling. Fil-
tered samples were taken by pressurizing the sodium
into a 0.25-in. OD tantalum tube through a press-fitted,
5u SS frit; unfiltered samples, by pressurizing the so-
dium into a 1-mm hole in the side of a closed-end tan-
talum tube. The samples were analyzed for total car-
bon?! and radiocarbon.??

The analytical results are given in Table II1-9. The
total carbon contents found were (except for two sam-
ples) not significantly higher than in the starting
filtered sodium which contained 9 to 13 ppm carbon.
(The relatively high total carbon contents found in

2t Method: combustion in oxygen to NayO plus Na,COj;,
followed by dissolution in dilute H:S04 , and manometric deter-
mination of the total carbon liberated as COs.

22 Method: same as ref. 21 plus dissolution of the liberated
14C0,-12CO; mixture in a solution containing a scintillator, and
determination of radioearbon by counting in a liquid scintilla-
tion spectrometer.

samples 3H and 7 are believed to arise from inadvertent
contamination introduced when the bottom of the sam-
ple tube 3H was welded shut, and from an incompletely
cleaned 5p SS frit in sample tube 7.) The absence of
significant dispersion is corroborated by the fact that
the maximum radiocarbon content observed (sample
4) was only 0.2% of the maximum possible value. It
appears that the Na.CO; settled to the bottom of the
cruecible and probably decomposed there while in an
agglomerated state. Evidence for this conclusion was
obtained at the end of the experiment when the bulk
of the sodium was decanted from the crucible and the
residue was treated with ethyl alcohol. As the sodium
reacted, there could be seen several clumps of carbon,
each 1 to 3 mm in diameter, or approximately the same
bulk size as the Nay,CO; increments initially intro-
duced.

Further efforts to disperse finely divided *C-labeled
carbon in liquid sodium will involve wetting, blending,
and ultrasonic mixing techniques.

(2) Preparation of Carbon-14-Labeled Steels (C.
Luner)

Another potential method for studying the carbon
transfer mechanism involves tracing the migration of
radiocarbon present in a steel sample exposed to so-
dium, Preliminary studies of the availability of suit-
able specimens and of experimental designs have
yielded encouraging results.
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)
J Reactor Safety’

(L. Baker, Jr., A. D. Tevebaugh, J. D. Bingle)

The program on reactor safety is concentrated in two
areas of research: (1) studies relating to thermal
(water-cooled) reactors, and (2) studies relating to
fast (sodium-cooled) reactors.

In water-cooled reactors, coolant failure or a severe
nuclear excursion could cause the reactor core metals
to melt and disperse rapidly in the water. Chemical
reactiong between the metals and water could result
in the release of energy approaching or exceeding the
energy released by the fission process during a nuclear
excursion. The dispersion of molten materials in the
water coolant can also cause an explosive energy re-
lease as demonstrated in the SPERT 1 and BORAX 1
destructive tests. Studies of these chemical reactions
and physieal interactions are being carried out so that
realistic estimates can be made of the rates and extents
of reactions and interactions oceurring during hypo-
thetical reactor accidents.

The reactions of the metals of interest with water are
being studied in several ways.? Experimental methods

1 A summary of this section is given on pages 12 to 14.

2 For the purposes of this report, the studies of the physical
interactions (pressure pulse and transient heat transfer) ac-
companying the dispersal of molten materials in water coolant
are discussed together with similar work being done in sodium
coolant under Fast Reactor Safety Studies. This is because of

include isothermal reaction rate determinations, non-
isothermal studies of the reactions with fine metal
partieles, in-pile meltdown experiments with specimens
of typical reactor fuel materials, and heating experi-
ments designed to simulate the conditions experienced
by fuel elements during a loss-of-coolant accident. An
additional research area consists of caleulational
studies in which experimental results obtained by
several methods are correlated and methods of accident
analysis are developed.

In sodium-cooled systems (fast reactors), coolant
failure or a severe nuclear excursion could cause melt-
ing and rapid dispersion of reactor materials in the
sodium. To assess these and other potential problem
areas, the following studies relating to the safety of
fast reactors are being carried out: (1) transient heat
transfer associated with the dispersal of fuel and
cladding materials into liquid sodium, (2) in-pile melt-
down of typical fast reactor fuel materials, (3) high
temperature physical properties of fast reactor mate-
rials, (4) fuel migration and segregation in mixed
uranium-plutonium compounds, and (5) reaction of
sodium with air.

the similar nature of the experimental and theoretical work
involved in both.

A. THERMAL REACTOR SAFETY STUDIES

1. Isothermal Studies of the Stainless Steel-Steam Reaction
(R. E. WiLson, C. Bagrngs, Jr.)

Studies of the reactions between molten metals and
steam are needed to provide kinetic rate data for
predicting, by means of mathematical models, the
chemical behavior of core materials during hypotheti-
cal reactor incidents. The reaction of molten stainless
steel with steam is of particular interest because of

136

the large number of power reactors which employ stain-
less steel core components.

The reaction of stainless steel with steam has be
studied previously by an induction heating meth
(ANL-6900, p. 239) over the temperature range 1100
to 1400°C. However, samples heated to 1400°C under-
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.rent rapid swelling and foaming, and, as the sample
disintegrated, all control of temperature was lost be-
cause of changes in inductive coupling between the
induction coil and the sample. It was concluded that
the reaction rate data for temperatures above 1300°C
were questionable and that another method of heat-
ing the samples was needed. Consequently, most of the
experiments at temperatures of 1300°C and above were
performed in a high-pressure furnace.

The high-pressure furnace, which is designed to
operate at a maximum pressure of 1000 psi and at
temperatures up to 1700°C, allows heating of a sample
by a method unaffected by sample disintegration. The
furnace, which has been previously described (see ANL-
6900, p. 242; ANL-6925, p. 187; and ANL-7055, p. 177),
is contained in a steel pressure vessel and consists of two
zones: an internal steam-filled zone that is surrounded
by an alumina tube and an external zone that is argon-
filled. The argon-filled zone contains molybdenum
heater windings and insulation. The pressures in the
two zones are automatically matched to avoid stresses
on the alumina tube. Water is introduced into the
lower part of the steam zone by a positive-displacement
pump and is converted to steam. At the start of an ex-
periment, the sample is clevated from a moderate-
temperature section, where reaction with steam is
negligible, into the high-temperature section. Some un-
reacted steam and the hydrogen produced by the
metal-steam reaction are continuously removed from
the upper part of the steaimn zone (high-temperature
section) through an outlet valve, The extent and the
rate of metal-steam reaction are determined by con-
tinuously monitoring the amount of hydrogen collected.
Upon completion of the experiment, the sample is
lowered to its initial position. In these experiments,
the samples were contained in alumina crucibles.

Experiments designed to determine the stoichiometry
of the stainless steel-steam reaction and an analysis
of the thermodynamics of the reaction were reported
previously (ANL-7125, p. 152). It was shown in these
studies that the average yield of hydrogen was 0.51 =
0.01 liter (STP)/g and that the reaction product was
a mixture of spinel compounds of the type FezOy,
NiFe.0y , FeCrs0y , and NiCr,O4 (theoretical hydrogen
vield for complete conversion to spinel compounds:
0.54 liter (STP)/g). The existence of the spinel strue-
ture was verified by X-ray diffraction analysis. The
thermodynamic analysis indicated that the spinel com-
pounds had a stabilization energy of the order of 5 to 8
keal/mole in excess of the free energy of formation of

he individual oxides: NiO, Cr:03, FeO, and FeqO;.
‘16 heat of reaction of type 304 stainless steel with
steam was calculated to be 254 cal/g for solid steel
forming a solid oxide at 1600°K (1327°C) and 155

cal/g for molten steel forming a molten oxide at higher
temperatures.

Additional experiments have been performed in the
high-pressure furnace to determine isothermal reaction
rates over the temperature range 1300 to 1600°C. These
are reported in the following paragraphs. The samples
were type 304 stainless steel (16.8 w/o Cr, 83 w/o
Ni, 1.7 w/0 Mn, 73.2 w/o Fe) discs, 34 in. in diameter
and of variable thickness. Steam flow rate through
the furnace varied from a minimum of 5 g steam/min
(sufficient steain to oxidize a 13 g sample to completion
in one min) to a maximum of 12 g steam/min.

a. REACTION RATE AT 1300°C

The results of two experiments in the high-pressure
furnace at 1300°C and 1 atm pressure are presented in
Figure IV-1 along with the results of two previously
reported experiments (sce ANL-6900, p. 239) per-
formed by the induction heating method. The data arc
plotted as volume of hydrogen evolved per square
centimeter of sample area vs. time. In the present ex-
periments, as in the induction heating experiments, the
trend of decreasing initial reaction rate with increasing
heat-up time was observed. The initial reaction rate,
which was approximately linear, decreased from about
3.1 to 1.1 ml Hu(STP)/(em?) (min) as the heat-up
time increased from 3 to 9 min. After about 20 min, the
reaction rate was linear and ranged from 2.5 to 1.2
ml Ho (3TP)/(em?) (min) for the four experiments.

The extent of reaction for the 3-min heat-up time ex-
periment {see upper curve in Figure IV-1) is in rea-
sonable agreement with results at 1250°C which have
been reported by another rcseiarch group.® Their results
were reported in terms of an initial linear reaction rate
followed by a parabolic oxidation rate instead of two
linear rates as indicated above.

b. REACTION RATE AT 1400°C

No experiments were performed at 1400°C during
this reporting period. The results of three experiments
at 1400°C and 1 atm pressure were reported in ANL-
7125, p. 150. Also reported were one experiment at 2
atm and one at 12 atm which showed that there was no
significant effect of steam pressure on the reaction.
At 1400°C, the samples underwent a rapid swelling and
foaming so that the initial sample shape and surface
area changed rapidly., The extent of reaction for ex-
periments at 1400°C and higher is therefore reported
in terms of the hydrogen generated per gram of sample
instead of per cm?® of sample area.

3 “ITigh Temperature Materials Program Progress Report
No. 58A,” General Electric Co., Nuclear Materials and Pro-
pulsion Operation, GEMP-58A, p. 58 (1966).
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Fia. IV-1. Effect of Heat-up Time on the Reaction of Type 304 Stainless Steel with Steam at 1300°C and 1 atm Pressure.

c. REACTION RATE AT 1500°C

Two experiments were performed in the high-pres-
sure furnace at 1500°C and one atm pressure. Results
are given in Figure IV-2 along with photographs of
the reacted samples. One sample of 5.3 g (34-in. dia.
dise, 0.09 in, thick) was completely reacted in 40 min;
the other sample of 20 g (34-in. dia. disc, 0.35 in. thick)
was about 85% reacted after 90 min.

d. REACTION RATE AT 1600°C

Two experiments were performed in the high-pres-
sure furnace at 1600°C and one atm pressure. Results
are given in Figure IV-3 along with photographs of
the reacted samples. Both samples weighed 14 g (34-
in. dia. dise, 0.24 in. thick). Although the two experi-

ments were nominally identical, the observed reac-
tion rates differed markedly. The complexity of the
swelling and foaming phenomena is probably re-
sponsible for the lack of reproducibility.

Examination of the oxides from the experiments
performed at 1500 and 1600°C indicates a similarity in
grain structure between samples that reacted to com-
pletion (top photographs in Figures IV-2 and IV-3).
Although there was a 100°C difference in their reaction
temperatures, both had a smooth, foamy texture. The
oxides from the 1500 and 1600°C samples that did not
react to completion were more nodular in appearanc
as can be seen in the bottom photographs of Figurb
1V-2 and IV-3. This indicates that the reaction rate is
probably associated with the texture of the oxide at
temperatures above the melting point of stainless steel.
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2. Isothermal Studies of the Nickel-Steam Reaction

(R. E. Wiuson, C. Barngs, Jr.)

Nickel has been proposed as a candidate for the
cladding material in some water-cooled test reactors.
Consequently, a small experimental program was
undertaken to investigate the reaction between nickel
and steam at temperatures around the melt:ng point
of nickel in order to determine the magnitude of the
metal-water reaetion. Thermodynamic calculations
have shown that, at low hydrogen concentrations
(below ~8%) in the steam, the reaction between
nickel and steam will proceed, at least up to the melt-
ing point of the oxide (2000°C).

Several investigators have reported studies of nickel

5 =

Axial Cross Section

Cross Section of Surface
308-564
Fiac IV-4. Cross Sections of Nickel Sample After Exposure
to Steam at 1400°C for 90 min.
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F1e. IV-5. Hydrogen Evolution as a Function of Time for
the Reaction belween Nickel and Steam at Various Tempera-
tures and Pressures.

oxidation at temperatures below its melting point
(1455°C). Farbert states that the extent of the reaction
below the melting point of nickel is not appreciable.
Kubaschewski and Hopkins® report that the oxidation
of nickel in steam over a temperature range of 650
to 1050°C follows a parabolic rate law. Recent ex-
periments by Berry and Paidassi,® investigating the
kinetics of the nickel-oxygen reaction at 600 to 1400°C,
also show that the reaction follows a parabolic rate
law.

The experiments reported herein were carried out in
the high-pressure furnace described in the previous
section. The steam flow past the sample was held at
5 g/min for all of the experiments. The samples were
cut from Grade A nickel rod in the form of rght
cylinders (34-in. dia. by %4 in. long). They were con-
tained in impervious alumina crucibles during the
experiments,

4 M. Farber, J. Electrochem Soc. 106, 751 (1959).

8 0. Kubaschewski and B. E Hopkins, Ozidation of Melo.
and Alloys, 2nd Edition, Academic Press Inc., New York (1962)

¢ L. Berry and J. Paidassi, Compt. Rend., Ser. C, 262(18),
1353 (1966).
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Fia. IV-6. Cross Section of Nickel Sample After Exposure to Steam at 1600°C for 90 min. (Exposed surface at top.)

The area of the sample exposed to steam during
the experiment was assumed to be the original sample
area for experiments at 1400°C where the nickel is
solid. For experiments at 1500 and 1600°C where nickel
is molten, the area was assumed to be that of the
inside diameter of the crucible.

The reaction rate at 1400°C was found to be very
low. An accurate assessment of the kineties of the
reaction at 1400°C could not be made because of the
“background” gas evolution from the furnace which
ig due to the thermal decomposition of steam into
hydrogen and oxygen. However, an average reaction
rate for a 100-min experiment was 0.11 ml H,(STP)/
(em?) (min) for the nickel-steam reaction.

Cross sections of a sample exposed to steam at
1400°C for 90 min are shown in Figure 1V-4. The large

oss section shows that, although the corners appear
‘be intact, the sides of the sample are bowed out due

o the formation of voids (the light bands) along the
surfaces. An enlargement of one of these areas is also
shown in Figure IV-4. The oxide formed by the steam

reaction can be seen as a thin dark band at the
interface between the metal and the mounting mate-
rial.

The results of typical experiments at 1500 and
1600°C are shown in Figure IV-5. In the figure the
hydrogen evolution (taken as the measure of reaction)
is plotted as a function of time. The results indicate
that molten nickel follows an approximate parabolic
rate law at 1500 and 1600°C.

The low points apparent at short reaction times were
probably due to the relatively long time (10 min) re-
quired for the samples to reach the reaction tempera-
ture in the furnace.

Experiments at 1500°C were performed with steam
pressures at 1, 8 and 16 atm and the results in Figure
IV-5 indicate that there is no significant effect of pres-
sure on the reaction rate.

Figure IV-6 shows the cross section of a sample ex-
posed to 1600°C steam. In this sample there are large
voids. All of the surfaces of internal voids were shiny,
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indicating that they were not exposed to steam and
that the voids probably formed during freezing of the
sample at the end of the experiment. X-ray analysis
of serapings from the sides and tops of the samples
after exposure to steam indicated NiO on all surfaces
exposed to steam at 1400°C and on the top surface of
samples exposed to steam at 1500 and 1600°C. Only
nickel and a small trace of NiAlQ, were found on the

sides and bottoms of the molten samples (1500 and
1600°C}), indicating that those surfaces were effectively
shielded from the steam by the crucible.

During the course of these experiments it was noted
that NiO appears to be somewhat volatile in a steam
atmosphere. Large (3-mm) crystals of NiO were
formed on the Al,Oj; reaction tube in areas removed
from the sample-containing crucible.

3. Reaction of Flowing Steam with Zircaloy-2-Clad, UQ.,-Core Simulated Fuel
Elements (R. E. WiLson, C. Barngs, R. O. Ivins, J. PAVLIK)

A series of experiments has been designed to simulate
the environment of the fuel in a water-cooled power
reactor following a loss-of-coolant accident. In such
a situation, the fuel would be subjected to a slowly
rising temperature (compared to that of a transient)
because of decay heat.

a. EXPERIMENTS WITH LIMITED STEAM
FLOW IN THE HIGH-PRESSURE FURNACE

Experiments in the high-pressure furnace were pre-
viously completed with simulated fuel elements (using
both type 304 stainless steel and Zircaloy-2 as the

cladding material) at input steam flow rates of 10 and
20 g/min; these are reported in ANIL-7125, p. 153.
The series of experiments using Zircaloy-2-clad,
UO;-core fuel rods has been extended in an attempt
to simulate a loss-of-coolant incident under limited
steam flow rate conditions similar to those previously
considered in analyses using the LOFT reactor as a
model (ANL-7125, p. 181). Assuming a steam flow of
1000 1b/hr for the entire LOFT core, the corresponding
input steam flow for a single element would be approxi-
mately 2.5 g/min. Two experiments were conducted
with this input flow rate. In an attempt to simulate
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Fre. IV-7. Experiments in the High-Pressure Furnace with Zircaloy-2-Clad, UO,-Core Fuel Rods at Various Steam Flow Rates.

(Furnace temperature = 1500°C; pressure = 1 atm.)
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Qore steam-limited conditions, one-tenth of this value
(0.25 g/min) was used in two subsequent experiments.
The experiments were performed in the high-pressure
furnace described in the section TV.A.1 of this report.

Each fuel rod (8 in. long by 0.4-in. dia.) consisted of
a number of high-density UO; pellets clad with Zir-
caloy-2 tubing having a 27-mil wall thickness. The
top and bottom of the tubing were closed with 34 4-in.
thick welded plugs. The 2.5-mil radial gap between
the UO2 and the cladding was filled with helium at a
pressure of 20 psia. A fuel rod was raised into the high
temperature zone of the furnace (maintained at
1500°C) at a rate of 1 in./min, thus requiring a total
of 8 min for complete insertion. After a total residence
time in the hot zone of 10 min, the rod was rapidly
withdrawn to the original position in the cooler part
of the furnace. Evolved hydrogen was monitored for
an additional 2 min after the rod had been withdrawn
from the hot zone. The amounts of hydrogen evolved
for the four experiments were as follows:

Input HyO H, Evolved H, Evolved
Flow After 10 min After 12 min
(g/min) (ml, STP) (ml, STP)
2.5 949 1092
2.5 918 1076
0.25 968 1097
0.25 938 1067

From the above data it is obvious that the reaction rate
did not change significantly when the input water flow
was lowered from 2.5 to 0.25 g/min.

Although metered amounts of water were fed into
the furnace, there is no way of measuring the amount
of steam flow past the sample. Convection currents of
steam are established because of the relatively large
reaction chamber (~2-in. ID) in comparison to the
size of the steam exit tube (1%8-in. ID). From the data
it is concluded that, although different amounts of
water were metered into the furnace, steam flow past
the hot fuel rod remained relatively constant during the
four runs.

The results of two experiments with limited steam
flow rates are plotted in Figure IV-7 along with the
results of a previous experiment (see ANL-7125, p.
157) in which there was excess steam. The total hy-
drogen evolved from the experiments with limited
steam was about one-third that of the experiment in
which there was excess steam.

A photograph of a typical Zircaloy-2-clad fuel rod
exposed under limited steam flow rate conditions is
shown in Figure IV-8. The white ring of oxide, formed

Qu’c Vs of the way down from the top of the fuel rod,
elieved to have been caused by a combination of a
vertical temperature gradient (hotter at the top)
which would promote reaction at the upper end of the

rod, and the limited steam availability which would
promote reaction toward the lower end of the rod
(steam flow direction upward). The location of greatest
reaction is therefore centered at a point below the
top of the rod. Previous fuel rod experiments in the
high-pressure furnace with a high steam flow rate have
resulted in greatest reaction at the top (hottest point)
of the rod.

The observation that the location of the maximum
reaction point is at a position below the hottest part
of the fuel rod suggests that chemical reaction in a

1

108-9890 Rev-1
Fic. IV-8. Typical Zircaloy-2-Clad, UO-Core Fuel Rod
after Exposure to Limited Steam Flow at 1500°C.
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F1g. IV-9. Apparatus for Induction Heating Experiment
Simulating a Loss-of-Coolant Accident.

N

power reactor loss-of-coolant accident situation would
begin at a location somewhat below the center (hottest
point) of the reactor under conditions of limited steam
availability. As the temperature increased throughout
the reactor core because of decay heating, it would be
expected that the reaction would propagate to still
lower regions of the core while the upper half of the
core would be exposed only to the hydrogen produced
by reaction at the lower positions.

b. FUEL MELTDOWN EXPERIMENTS BY AN
INDUCTION HEATING METHOD

Key unknowns in the analysis of the loss-of-coolant
accident for power reactors which use Zircaloy-clad,
UOe-core fuel rods are the effective failure temperature
and the mode of failure of the fuel rods. Failure models
range from melting and dripping of Zircaloy at 1850°C
to the total holdup of the UO, by a shell of oxidized
zirconium until temperatures reach 2600 to 2800°C
where the oxidized cladding would be expected to melt.
Uncertainty centers about the ability of partly oxidized

cladding to maintain integrity at temperatures abov,
1850°C, which is the melting point of unoxidized zirco-
nium. Studies in the high-pressure furnace of the be-
havior of fuel rods under conditions simulating a loss-
of-coolant accident were limited to maximum furnace
temperatures of 1600°C. Thus, it has not been possible
in these experiments to effect melting of the Zircaloy
cladding because of the temperature limitation of the
furnace. An attempt was made, therefore, using indue-
tion heating to observe some of the features of the melt-
down and collapse of a single Zircaloy-2-clad, UO»-
core fuel rod. A true simulation of the conditions
expected during a loss-of-coolant accident requires a
large number of fuel rods to achieve a realistic thermal
environment for each rod. The experiment using indue-
tion heating of a single rod is recognized as a very
rough approximation of the conditions expected in a
reactor.

A diagram of the apparatus is given in Figure IV-9,
showing arrangement of a Zircaloy-2 tube (27-mil wall
thickness) filled with UO; pellets, which was located in
a quartz steam jacket. An induction coil, 3 in. long,
surrounded the quartz tube near the center. The steam
flow rate was regulated at 1 g of steam/min. One
tungsten-rhenium thermocouple was located within the
pellet-cladding gap and another was welded to the out-
side of the cladding. Thermocouple records could not
be interpreted in the preliminary experiment, however,
because of interference from the RF field generated by
the induection coil. A temperature record was obtained
from a Pyroeye two-color pyrometer which was focused
on the cladding surface between turns of the induction
coil. The record, which was limited to the high range of
the instrument, 1900 to 2500°C, indicated a peak tem-
perature of 2140°C. Induction power was turned off
a few seconds after the temperature peaked.

The appearance of the fuel rod after the experiment
is shown in Figure IV-10 along with a cross section cut
from near the center of the heated zone. The appear-
ance of the UO, suggested that loeal melting of the UO,
had occurred.

Although preliminary in nature, the induction heat-
ing experiment showed that there was no tendency for
the molten Zircaloy to drip from the fuel rod. The
cross section of the fuel rod, Figure 1V-10b, indicated
that molten Zircaloy was confined between an outer
“crucible” of zirconium oxide and the inner surface
of the UQO, . There was also evidence for some interac-
tion between molten Zircaloy and the UO, . The experi-
ment suggested strongly that fuel rod breakup in previ-
ous furnace experiments (see ANIL-7125, p. 156 a’
ANL-7225, p. 166) occurred during the cooldown an
was not an inherent part of the high temperature failure
process.
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a. Side View of Rod
308-540

b. Cross-section near Center

Fra. IV-10. Zirealoy-2-Clad, UQ:-Core Fuel Rod after Induction Heating in Steam to an Indicated Cladding Temperature of

2140°C.

4. Calculation of the Extent of Metal-Water Reaction and Core Heating during
a Loss-of-Coolant Accident (CHEMLOC-I Program) (J. Hesson)

Analysis of the effect of the reaction of steam with
fuel cladding metal in a loss-of-coolant accident in a
water-cooled reactor has continued. The loss-of-coolant
accident resulting from a break in a primary-system
water pipe has been taken to be the “maximum credible
accident” for most of the power reactors built to date.
Water loss following the pipe break brings the core into
contact with steam. The decay energy in the core is suf-
ficient to cause the fuel cladding to be heated within a
few minutes to temperatures at which metal-steam re-
action ean occur.

In previous analyses using the proposed LOFT (Loss
of Fluid Test) reactor as a model, caleulations were
made for 25-mil thick Zircaloy-clad and 15-mil thick
stainless steel-clad, UOg-core fuel (see ANL-6925, p.
215, ANL-7055, p. 192, and ANL-7125, p. 181). In
these analyses the core was divided into 156 equal-

olume segments, each of which was assigned to one of
groups according to 1its decay heating rate. The
effects of heat transfer in the core by conduction, radi-
ation, and convection, and the effects of unequal steam

distribution to the various segments due to hydrogen
formation were neglected in the analyses.

a. COMPUTER PROGRAM

The recently developed (see AN L-7225, p. 167)
Fortran computer program (designated CHEMILOC-I),
which describes the core heating and chemical reaction
up to the time of fuel melting, takes into consideration
the effects of evaluating the temperatures of the gas,
cladding, and fuel separately; the effects of transfer of
heat by axial conduction in the cladding and fuel, by
radial conduction between cladding and fuel, by radial
radiation from cladding to cladding, and by convection
between the cladding and the flowing gas; and the ef-
fects of changing hydrogen concentration in the steam.

For the analysis, the core is divided into a number of
radial zones, each having the same number of fuel rods,
as shown in Figure IV-11. The center zone, No. 1, is a
cylinder while the remaining zones are annuli. The de-
cay heating varies axially within each zone as well as
radially from zone to zone. Steam enters the bottom of



146 IV. Reactor Safety

the core at a rate which may be constant or may vary
with time.

As the steam flows upward through the core, the
coneentration of hydrogen increases due to chemical
reaction of the steam with the cladding; thus, the clad-
ding in the lower sections of the core tends to be con-
tacted by gas having a higher steam concentration.
Since on reaction with the cladding, one mole of water
vapor forms one mole of hydrogen, the molar flow rate
of gas does not vary with vertical (axial) core position.

A heat and mass balance was made on an elemental
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Fia. IV-11. Reactor Core as Zoned for CHEMLOC-I Calcu-
lations.

section of a fuel rod together with the associated gas
flow area. in zone 4, of length Af, and at distance £ from
the bottom of the core, as shown in Figure IV-12.
The heat gain of the fuel per unit length of rod is the
sum of the following terms:
ga; = decay heat, cal/ (sec) (cm);
—@ac: = heat transferred from cladding, cal/
(sec) (em);

0" T , : .
Ak, Tai _ net heat gained by axial conduction,

o
cal/ (sec) (em);
where
A, = cross-sectional area of fuel, em?;
k, = thermal conductivity of fuel, cal/ (sec)
(em) (°K)
T.; = temperature of the fuel, °K.

The heat gain of the cladding per unit length of rod
is the sum of the following terms:

l

Il

Gaci = heat transferred from fuel, cal/
(sec) (em);

—g,; = heat radiated to zones ¢ 4+ 1 and
7 — 1, cal/(sec) (cm);

griy1 = heat received by radiation from
zone 7 + 1, cal/ (sec) (cm);

gric1 = heat received by radiation from
zone ¢ — 1, cal/ (sec) (em);

g.« = heat produced by chemical reaction,
cal/ (sec)(em), which may be
limited by the chemical reaction
rate (kinetic), the diffusion of
steam to the reacting surface (dif-
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Fia. IV-12. Section of a Reactor Core Fuel Rod (Zone 7) Showing Heat and Mass Transfer.



fusion), or by the complete reaction
of the cladding;

—(q = heat transferred from gas, cal/
(sec) (em);

k. %(Aﬁ%) = net heat gained by axial conduction,

cal/ (sec) (em),

where
A, = cross-sectional area of the cladding
per rod, em’;
k., = heat conductivity of the cladding,
cal/ (sec) (em) (°K);
T.. = temperature of the cladding, “K.
The heat gain of the gas as it flows past a unit length
of rod is:
gy, = heat transferred from the cladding, cal/(sec)
(ecm).
The rate of oxidation of the cladding 1s:

40/ Qe , g/ (sec) (em),

!

where
Q). = the heat of reaction of the cladding, cal/g.
The rate of steam consumption and hydrogen forma-
tion in the oxidation of the cladding is:

g/ QM , moles/ (sec) (em),

where
M, = grams of cladding reacted per mole of steam,
g/mole.
The temperature increase of the fuel is equal to the
heat received by the fuel (in time dt) divided by the
heat capacity of the fuel, or

T,
th - QCm + Aaka _a‘-(jg‘ (1)
ar ™ d ’ ° 3
dT R t, °K
where
C'p. = specific heat of fuel, cal/(g) (°K);

W, = weight of fuel per unit length of rod, g/cm;
t = time, sec.
The temperature increase of the cladding is equal to the
heat received by the cladding (in time dt) divided by
the heat capacity of the cladding, or

chz = [Qacz — Qdn -+ Grii + Qro—1 + Gse — Qg

P aT., a .. (2)
-1— ]‘CC a—‘[ (Az_ —a?>] 'CT"TW-C, K7

i

where
Cp. = specific heat of the cladding, cal/ (g) (°K);
W, = weight of cladding per unit length of rod,
g/cm.
The temperature increase of the gas flowing along the

i
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cladding is equal to the heat received by the gas (in dis-
tance df) divided by the heat capacity of the gas flow-
ing past the rod in unit time, or

__4n .
dT,, = W.Cpy dt, °K (3)
where
C'p, = specific heat of the gas, cal/ (mole) (°K);

W, = gas flowing past one rod, moles/ (sec).

The reduction in cladding metal radius due to oxida-
tion is equal to the weight of metal oxidized divided by
the weight of cladding metal per unit of radius, or

(s
2r7.p0).

d{r, — r,) = di, em, (4)
where

r, = initial radius of cladding, em;

r, = radius of unreacted cladding, cm;

pe. = density of cladding, g/cm’.

The change in steam concentration in the gas as it
flows along the cladding is equal to the steam consump-
tion divided by the rate of gas flow past the rod in unit
time, or

_ Gs»
WM.

dX, df, moles/mole, (5)
where
X, = steam concentration, moles/mole;

1 — X, = hydrogen concentration, moles/mole.

The heat generation and heat transfer terms, g,
Gaci » Qres Qrosl s Qraeiy Qoo , aDA g, , previously defined,
can be expressed as follows for use in differential equa-
tions 1 to 5. (In these expressions and in the previous
equations, specific heats, diffusivities, heat and mass
transfer coefficients, and thermal conductivities may be
funections of temperature; the steam flow rate may vary
with time.)

The decay heat in the fuel, per unit length of rod, is:

gan = V.QiF(£)f(4) 1.5 sine

f

(6)
(%%—f) 7, cal/(sec) (em),
where
V. = volume of fuel per unit length of rod, em®/
(em);

Qs = reactor operating power, per unit volume of
fuel, cal/ (sec) (em®);
F(t) = ratio of decay heat to reactor power at time,
{ sec;
f(i) = ratio of average reactor power per cm® of fuel
in axial zone 7 to average reactor power per
em’ of fuel;
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1.5 sine <Q—0i2—ggg~g—€> 7= = ratio of reactor power

per cm” of fuel at distance, £ cm, from bottom
of core in zone 7 to average reactor power
per ecm’ fuel in zone 7;
L = height of core, em.
The heat transferred from the fuel to the cladding,
per unit length of rod, is:

2r thae
Gaci = (Tai - Tm) —f_h:;

, cal/(sec)(em),
e,
4k,

where

r; = inside radius of cladding, em;

hee = heat transfer coefficient between fuel and

cladding, cal/ (sec) (em®) (°K).

The heat radiated radially from the cladding of a
rod in zone 7 to zones 7 + 1 and ¢ — 1, per unit length
of rod, is:

2
g = AT (20— 1) rog (T cal/(sec) (em)  (8)
where
A = geometrical factor for radiation;
N, = number of rods per zone;

r, = outside radius of rod, cm;
emissivity factor for radiation of rod surface;
= radiation constant, 1.37 X 107" cal/(sec)
(em”) (°KY).
The heat radiated radially to the cladding of a rod
from zone 7 -+ 1, per unit length of rod, is:

o
If

Q
|

2
Grivs = A ‘% ir,08( Torit)’, cal/(sec) (em).  (9)

The heat radiated radially to the cladding of a rod in
zone ¢ from zone 7 — 1, per unit length of rod, is:

2

oy b Y
Qri1 = A N, (7' 1)7008(T01~1) H (10)

cal/(sec)(em).

The heat transferred from the cladding to the flowing
gas, per unit length of rod, is:

—gpi = — (Tei — T4:)8chy , cal/ (sec) (em), (11)

where
S, = surface area of cladding per cm of rod, em®/cm;
h, = heat transfer coefficient cladding to gas, cal/
(sec) (em®) (°K).
The heat produced by chemical reaction, per unit
length of rod, is:
gs; = the lesser of

K AE
277'7'2'ch0 Fo — T, [exp _<RTM>:| (12)
or
27r,M Q.hap, X ; (diffusion equation) (13)
or
0 when (r,—r7r,) 3 (r,— 1)
i (14)
(100 % reaction), cal/ (sec) (em}),
where

K = reaction rate law constant, cm®/sec;

AF = activation energy, cal/mole;

R = gas constant, 1.987 cal/ (mole) (°K);
ha = mass transfer coefficient, cm/sec;
p, = gas density, moles/cm’.

Chemical reaction rate constants for the zirconium-
steam reaction, reactor power distribution in the core
and fission product decay heat generation, and initial
core temperatures have been previously discussed
(ANL-6925, p. 215 and ANL-7055, p. 192). Chemical
reaction rate constants for stainless steel-steam reac-
tions have also been discussed (ANL-7125, p. 181).

The specific heat of steam-hydrogen mixtures is
taken as:

Cp, = XCp, + (1 — X)Cpx, (15)

where
X = mole fraction steam in mixture;
Cp, = specific heat of water vapor, cal/ (mole) (°K);
Cpg = specific heat of hydrogen, cal/ (mole) (°K).
The heat conductivity of steam-hydrogen mixtures is
taken as:

by = Xk + (1 — X)ky, (16)
where
ks = heat conductivity of steam, cal/(sec) (em)
(°K);
kg = heat conductivity of hydrogen, cal/ (sec) (ecm)
(°K).

The heat and mass transfer coefficients, A, and Ay,
for gas (steam-hydrogen) in laminar flow along fuel
rods were discussed in the previous semiannual report
(ANT-7225, p. 168).

It was shown in ANL-7225 that the Nusselt number
for heat transfer, Nu, and that for mass transfer, Nug,
for fully developed laminar flow along fuel rods in
square and triangular arrays, could be obtained from
the simple model of a “half” annulus surrounding a
cylinder. The inner radius of the half annulus is r, (th
radius of the cylinder) whereas the outer radius r” of t
half annulus is determined so that the flow area associ-
ated with each rod is equal to the actual area. With a
square array of rods.



A. Thermal Reactor Safety Studies 149

7 = p/A/7T or 0.564p (17)
and with a triangular array of rods
Y = p/2 1/31‘”-’ or 0.525 p (18)
T

where p is the distance between centers.

Based on this annulus model, the Nusselt numbers
for heat transfer and for mass transfer were evaluated.
The relationships between the heat and mass transfer
coefficient and Nusselt numbers are:

h = T;NE}G; , cal/(sec)(em”) (°K) (19)

and
_ NUdDg

he = 77
T = T

, em/sec. (20)

Valaes of Nu or Nuy based on (' — r,) computed for
various ratios of ' /r, for fully developed laminar flow
in half-annuli are given in Table IV-1.

In the computer program, provisions are made to
include other oxidizable surfaces, such as cans around
subassemblies, and to include the heat capacity ef-
fects of materials, such as control rods, in addition to
the fuel, fuel cladding, and cans.

The CHEMLOC-I program was developed for in
tegrating differential equations 1 to 5 to solve for 7',
T, Tyi, o — 7i, and X; as a function of zone, 7, dis-
tance, £, from the bottom of the core, and time, ¢, for
steam flow rates which are constant or which vary with
time. In the CHEMLOC-I program, the number of
zones, N;, may be varied up to 25 and the number of
rod length increments, Af, may be varied up to 100.
The time increments, Af, may also be varied.

The computer readout includes the following for pre-
selected time intervals.

1. Steam flow rate (may be variable).

2. T, = fuel temperature;

T, = cladding temperature;

T, = gas temperature;

r, — r; = thickness of cladding metal oxidized;
X = mole fraction of steam in the gas mixture
for all zones and preselected rod length intervals.

3. a) Average thickness of all can metal (other

oxidizable surfaces) oxidized;
b) Fraction of all can metal oxidized.

4. a) Average thickness of all cladding metal oxi-

dized;

b) Fraction of all cladding metal oxidized.

. Average fraction of hydrogen in gas leaving core.
. Heat of combustion of hydrogen times rate of
hydrogen leaving core.

Sensible heat in gas times rate of gas leaving core.
8. Accumulated hydrogen released from core.

[or ]

N

TABLE IV-1. NussELT NUMBERS As FUNCTIONS OF RATIOS
or Rapir ror “Havur”’ AnNULl

7
Nu=g¢ @ —7,
, u=g (" — 7,
7o h,

Nug = D_dg @ — 7o)

2.056
2.096
2.134
2.173
2.212
2.252
2.292
2.230
2.332
2.372
2.413
2.452
2.532
2.612
2.691
2.769
2.846

R e = o
3
®

DD TS DG WN D

0 D N

w
[o]

= Corresponds to spacing for core of LOFT reactor.
b. LOFT CALCULATIONS

The LOFT core was used as a model for the initial
CHEMLOC-I caleulations. The LOFT core con-
sists of 3328 UO,-core fuel rods each 0.39 in. in dia.
by 3 ft long with 0.025-in. thick Zircaloy-2 cladding.
The rods are spaced on a square lattice with 0.58 in. be-
tween centers. The core was divided into 13 radial
zones. Previously reported values (ANIL-6925, p. 215)
were used for the power distribution as a funection of
core location and the decay heating as a function of
time.

Computer caleulations were made for an initial core
temperature of 285°C, and for an initial core tem-
perature distribution corresponding to the equilibrium
temperature at operating power (ANL-7055, p. 192).
Calculations were made for constant steam flow rates
of 100, 1000, 5000, 7500, and 10,000 1b/hr and for a
variable steam flow rate starting at 3600 1b/hr and de-
creasing exponentially with time.

Tigure IV-13 (a, b, and ¢) shows typical computed
results for the concentration of hydrogen in the gas
leaving the top of the core from the various zones as a
function of time. The data are for initial core tem-
peratures and steam flow rates as indicated. The cross-
ing of the lines at zone 9 is caused by the increase in
enrichment at zone 9. When the core is initially at a
temperature corresponding to operating power, the
core is sufficiently hot for considerable steam-zirconium
reaction to take place immediately (complete steam
utilization in zones 1, 2, and 3, for example). The clad-
ding is assumed to have an initial oxide film corre-
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Frg. IV-14. LOFT Cladding Reacted as a Function of Time for Various Temperature and Steam Conditions. (CHEMLOC-I cal-

culations.)

sponding to 10—* cm of metal; this causes an initial
rapid oxidation since the chemical reaction rate is in-
versely proportional to the oxide thickness. As the oxide
film increases, the oxidation rate decreases and then
increases as the temperature increases.

Figure IV-13 (d, e, and f) shows temperature pro-
file maps of the core for the conditions of Figure 1V-14
(a, b, and ¢, respectively). Contour lines are shown
for 1852°C (m.p. of zirconium) and 2800°C (m.p. of
UO,) at the time when approximately 10% of the core
volume is at or above 2800°C.

The computer calculations indicate that for an initial
core temperature of 285°C, constant steam flow rates of
7500 and 10,000 lb/hr are sufficient to avoid extensive
heating of the core. Figure 1V-14 shows the percent of
cladding reacted as a function of time for various other
cases caleulated.

The LOFT caleulations using the CHEMIOC-I pro-
gram have yielded somewhat greater extents of clad-
ding reaction than the values determined in the earlier
analyses (ANL-6925, p. 215 and ANL-7055, p. 192).
For example, at a steam flow rate of 1000 lb/hr at an

initial core temperature of 285°C, the CHEMLOC-I
.alculations indicated 6.8 and 15.5% reaction at times
of 400 and 500 sec, respectively, whereas the previous,
less precise calculations had given 5.0 and 9.5% reac-
tion under corresponding conditions. The difference is

G
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o Ze— FURNACE 43 g
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= 3
& o
& 1200f— > =
& &
= / g
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HYDROGEN =
1000 EVOLVED 1
MEASURED
HYDROGEN
EVOLVED
800 0
0 2 4 6 8 10
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308-556

Fra. IV-15. Calculated Temperature at Top of Single Zir-
caloy-2-Clad Fuel Rod and Hydrogen Evolution from the
Rod: Furnace Experiment. (Steam flow rate: 10 g/min.)

due to the inclusion in the CHEMLOC calculations of
the effects of heat transfer in the core and the unequal
steam distribution.

Extension of the present calculations to longer pe-
riods of time requires agsumptions regarding the mech-
anism of core meltdown. Development of a meltdown
model (CHEMLOC-IT) is in progress.
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¢. SINGLE FUEL ROD CALCULATIONS

A simplified version of the CHEMLOC-I program
was used to compute the hydrogen evolution and the
rod temperature for a single fuel rod inserted in a
furnace in a flowing steam atmosphere. In this case
the steam flow rate and furnace temperature were the
input data for the computation, Calculations were

made for an experiment (previously reported in ANL- .
7125, p. 155) in which a Zircaloy-2-clad fuel rod, 10 in.
long by 3% in. in dia., was exposed to a steam flow rate
of 10 g/min. Figure IV-15 shows a comparison of the
computed and experimental results. The excellent
agreement illustrates the applicability of the CHEM-
LOC program to single-rod caleulations.

5. Loss-of-Coolant Simulation Experiments in TREAT on Zircaloy-2-Clad,
UO,~Core Fuel Clusters (R. C. LiimaTaiNen, F. J. Testa)

Experiments were continued in TREAT to investi-
gate the safety problems associated with the behavior
of Zircaloy-2-clad, UQOg-core fuel rods during a loss-
of-coolant incident (see ANL-7225, p. 177). The pur-
pose of the current tests is to obtain information on the
chemical and physical changes which occur upon melt-
down of the fuel cluster. Specific emphasis is placed
on determining the extent of metal-water reaction, the
temperatures and pressures produced, and the final
particle size distribution of the fragmented fuel. Three
experiments have now been performed, each on a pro-
gressively longer time scale. The first of these, CEN-
2178, was reported previously (ANI-7225 p. 186).

The basic experimental technique consists of loading
a “scale-up” autoclave with a fuel rod cluster and
water and exposing the entire assembly to a neutron
flux in TREAT. The construction of the autoclave,
which is essentially an instrumented stainless steel
pressure vessel, was previously deseribed in ANL-6925,
p. 209. However, in these simulated loss-of-coolant ex-
periments, three fuel rods were used in each experiment
and were located above the pool of water (instead of
being submerged in it). Each fuel rod consisted of 10
sintered, fired U0, pellets clad with Zircaloy-2. The
fission heat generated in the 10% enriched UO, during
the TREAT transient causes failure of the fuel rods.
To achieve a more realistic simulation of a loss-of-
coolant incident,” the TREAT reactor power level, and
hence, the neutron flux, was held as constant as possible
during the experiments. These irradiations are there-
fore called “flat-top” transients, in contrast to the
power excursion type which were studied previously in
tlus program (see, for example, ANL-7055, p. 192).

The arrangement of the fuel cluster and the support
structure inside the autoclave is shown in Figure IV-16.
The lower part of Figure IV-16 shows a “Calrod”
heater (bent into a loop to fit inside the autoclave)
which was actually submerged in the water when the
whole assembly was inserted into the autoclave. In two
of the experiments this electrical heater raised the
water temperature from the ambient 30°C to a value of

7 It is recognized that these experiments are not exact simu-
lations of a loss-of-coolant incident. Nevertheless, they do
provide considerable insight into the problems involved.

3
¥

108-9766
Fra. IV-16. Arrangement of Fuel Cluster for Loss-of-Coolant
Simulation Experiments in TREAT.
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TABLE IV-2. Summary or Rusurrs oF Loss-or-CoonaNtT ExpERIMENTS IN TREAT with Zrrcaroy-2-Crap,
UO;-Cort Furrn CLUSTERS?

Experiment Number

CEN-220S CEN-2238

CEN-217S
Transient
Loecation of fuel cluster Above 30°C H:O
Duration of flat-top transient, sec 12
Average heat generation rate in UO; ,b 40
kW/ft
Average reactor power level,> MW 40
Fission energy input, cal/g U0, 560
Results
Metal-water reaction,%, 40
Peak pressure rise, psig 87
Maximum rate of presssure rise, psig/ 45
sec

Final appearance of UO, fuel

water
Average particle size of residue (d..),¢ 91
mils

Above 100°C H,0 Above 100°C H,0

32 50
20 11
20 11
770 630
44 32
750 220
76 3

Complete destruction;frag- | Complete destruction;frag- | Complete destruction; frag-
ments and particles; ~14 ments
of cluster dropped into

and particles; ments and  particles;
whole cluster dropped whole cluster dropped
into water into water

83 12

= Ten sintered pellets of U0, (109 enriched in 225U) per rod. Overall rod dimensions, 5.62 in. long by 0.42 in. in dia.; 25-mil thick
cladding; 3-mil gap between core and c¢ladding; helium bonded. Three rods with a weight of 254 g of UO; and 82 g of Zircaloy-2 per

cluster; 750 g of water in autoclave.

b The identical values of heat generation rate and reactor power level are coincidental.

cdsv =

w,
Xa

100°C just before the TREAT transient was initiated.
Thus, in these experiments a 1-atm steam environment
was provided for the fuel rods which are located im-
mediately above the water level. A tungsten-rhenium
thermocouple was spotwelded to the cladding in the
central portion of one of the fuel rods. A second thermo-
couple with the junction about %4 in. above the bottom
(see Figure 1V-18) recorded the bulk water tempera-
ture and indicated when the hot fragments from the
fuel cluster above had fallen down into the water.

The three experiments which have been completed
are summarized in Table IV-2, The runs are arranged
from the shortest time of fission heating (12 sec) to the
longest (50 sec). (This is the time during which the re-
actor power is on.) However, in the third test the actual
event continued for about 2 min. During the first
minute, the nuclear heat generation ocecurred, and dur-
ing the second minute the cooling process took place
while the pressure in the autoclave was still rising
towards its maximum value. The time span of about
2 min, even though quite short, approaches the times
Qat are currently of interest in analyses of loss-of-

olant accidents. With decay heating, under reactor
conditions, times from 10 to 15 min are generally of
most interest.

Although the first experiment of the series was re-

where w, = fraction by weight of particles with diameter, d, , as determined by sieve screen analysis.

ported in the previous semiannual report (ANIL-7225,
p. 186), the results of that experiment are repeated here
for the convenience of the reader. The oscillograph rec-
ords, the particle size distributions, and photographs
of the residue of the fuel rod clusters for the three ex-
periments are shown in Figures IV-17, IV-18, and IV-
19. One of the most significant features of the experi-
ments ig the appearance of the residue; portions of the
cladding were present that retained the original eylin-
drical form of the cladding. These are particularly ap-
parent in the residue from experiment CEN-2178
which had the fastest heating rate. Evidently, in this
experiment, considerable quantities of TO, (apparently
largely unmelted) emptied from the Zircaloy cladding
before the cladding completely melted. This oceurred to
a lesser degree in experiment CEN-2208 and to a still
lesser degree in experiment CEN-223S, where pro-
gressively lower rates of fission heating allowed more
time for heat transfer between the UO. and the Zir-
caloy.

The best indication of the time of the failure of the
fuel rods is given by the time at which the temperature
indicated by the cladding thermocouple peaked. Little
information, however, is apparently provided by the
temperature value itself at the peak. Values of 2430,
1670, and 1570°C, respectively, were recorded for the

-
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thiee experiments Table IV-3 gives the conditions of
fuel at the time that the maximum temperatuie was
recotded by the cladding thermocouple It 1s evident
from the table that sufficient fission energy had been
generated at the probable time of failure to have at
least partly melted the UO, Another indication that
the time of failure of the fuel corresponds to the timc
of 1ecording of the maximum cladding temperatuie 1s
that this time comeides within about 1 sec mn each ex-

periment with the beginning of significant pressure rise
within the autoclave

Considerable mmformation regarding the nature and
timing of the collapse can be obtained from the oseil-
lograph records for the thiee experiments In the first
expetiment, CEN-217S, theie was a very high heating
iate, much of the TO, emptied from mtact tubes
cladding, and collapse mnto the water was probab
completed 1n about 5 sec The 5-sec value 1s the ap-
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Fia. IV-18. Results of TREAT Loss-of-Coolant Accident Simulation Experiment CEN-220S (32-sec Flat-top transient, 770 cal/

U0,.)

proximate time from the recording of the peak cladding
temperature to the completions of the pressure rise and
water temperature rise (see Figure IV-17). It was only
in this experiment (CEN-2173) that the stainless steel
support structure did not completely fail. Evidently,
the loss of the TO, heat source from above the support
structure was rapid enough to preclude melting of the
structure.

In the second experiment, CEN-2208, there was a

ore moderate heating rate and indications are that

apse required from 10 to 20 sec. The major
indication of collapse was the erratic behavior of the

water temperature thermocouple about 10 sec after
the time of recording of the peak cladding temperature.
Autoclave pressure reached a peak value after another
10 sec had elapsed, suggesting that collapse had been
completed.

In the third experiment, CEN-223S, the heating rate
was 11 kW /ft for a time of 50 sec. Autoclave pressure,
however, rose uniformly for about 130 sec. Indications
of water temperature increase were noted during a
major portion of this time. It is concluded from this
that collapse of the fuel eluster was rather slow and
continuous for much of the 130-see time interval.
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A significant observation, based upon the particle
size distribution of the residues, is the absence of large
quantities of very fine particles. This would be a par-
ticularly encouraging result if confirmed by additional
experiments, since it suggests that molten UO, (and
molten UO,-Zr-ZrQ, mixtures) may not exhibit a

marked tendency for spontaneous subdivision on being
quenched in water. It is also noteworthy that the pres-
sure-time traces showed no “spike” pressure rises
which indicates that no steam explosions occurred

the molten fuel material entered the water pool, at lea'
for the small scale experiments performed in this study.
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. TABLE IV-3. Conpition or Fuer (UO;) at taE TiME orF
RecorpING OF THE MaxiMum CrLappinGg TEMPERATURE
1N Loss-oF-Coorant ExpEriMENTS IN TREAT

Average Peak Adiabatic
(Constant) a Energy | Fuel Temp.
: Recorded 83
Experiment Heat Claddi Deposit (°C) and
Number | Generation |~ er;?l,lgl‘ b In Fuel Physical
Rate® I()OC) (cal/g UOy) State of
(kW/it) Fuel
CEN-2178 40 2430 360 3300
(fuel fully
melted)
CEN-2208 20 1670¢ 240 2800
(fuel partly
melted)
CEN-223S 11 1570 285 2850
(fuel fully
melted)

a A heat generation rate of 1 kW/ft is typical of values of
greatest interest in loss-of-coolant accident analyses. Such low
values cannot presently be sustained in TREAT for a sufficient
time to produce fuel failure.

b The apparent randomness of the indicated temperature
may be associated with the formation of hot spots (and cold
spots), which were noted in motion picture studies (see Section
IV.A.6. of this report).

¢ The cladding thermocouple may have broken prematurely
since the temperature trace was lost at this point (see Figure
IV-18).

The total extent of metal-water reaction for the
threc experiments varied over a range from 30 to 44%.
A number of factors complicate any detailed numerical
analysis of the metal-water reaction during the experi-
ments. During the initial heating period, the pressure
in CEN-2178 was 20 psia helium and only about 0.5
psia of water vapor. In the other two experiments, there
was about 15 psia of water vapor pressure in addition
to 20 psia of helium. There was no forced convection
flow in any of the experiments; however, the nature of
the assembly of fuel rods suggests that a brisk ecircula-
tion by natural conveetion would be established and
that there would be considerable steam available for re-
action, at least in CEN-2208 and CEN-223S. The like-
lihood of steam being available above the support plate
suggests that considerable reaction occurred prior to
fuel collapse. The fact that vigorous fission heating con-
tinued after much of the fuel had fallen into the water
suggests that a sustained reaction (supported by the
high rate of fission heating) continued after collapse of

el into the water. Considering that the entire quantity

fuel had melted and collapsed into the water, a re-
action of only 30 to 44% is encouraging from an acci-

dent analysis point of view. This result again provides
evidence that, upon being quenched in water, Zircaloy-
clad fuel is not susceptible to a self-sustained reaction
to completion, so long as the cladding is not dispersed
in the form of very fine molten droplets.

An analysis of energy sources and distribution was
performed for the TREAT Joss-of-coolant experiments.
The results are summarized in Table TV-4. From the
analysis it was concluded that from 20 to 26% of the
total energy release was of chemical origin, The re-
mainder was energy generated by fission. The overall
thermal efficiency was the fraction of the total energy
that was effective in heating and boiling water to reach
the quasi-equilibrium state existing at the time of peak
autoclave pressure. The remaining energy had been dis-
sipated to the autoclave walls. The efficiency varied
from 40 to 70%.

TABLE 1V-4. ExeErRGgY CALCULATIONS FOR SIMULATED LoOss-
or-CooLaNT EXPERIMENTS IN TREAT

CEN-TREAT
Transient Number

2178 | 2208 | 2235

Nuclear Source
Specific fission energy input, cal/g 560 770 630
V0. ‘
Total nuclear energy input, cal 142,000(195,0001160,000
Chemical Source
H, evolved, STP, liters 16.1 | 17.7 | 12.9
Heat evolved from Zr-H,O reaction, | 51,000| 56,000, 41,000
cal
Total Energy Release
Nuclear and chemical, eal [193,000/251,000/201 , 000
Chemieal eontribution to total, % 26 22 20
Specific energy input to water, cal/g 257 334 268
H:0
Calculated Final Conditions at “Equi-

]

ltbroum’’ »
Water temperature, °C 117 257) 184
11,0 vapor pressure, psia 26 648 159
H., partial pressure, psia 55 86 52
He partial pressure, psia 26 35 30
Total “autoclave’” pressure, psia 107 769 241

Observed Final Condition at “Equilib-

rium’’ &

Pressure in autoclave, psia (max) 107} 770 240

Enthalpy Balance in System?
Total enthalpy increase (H,0) eval-
uated at final temperature, cal

78,200(177,500| 89,900

Heat lost into autoclave, 9 60 30 55
Corresponding thermal efficiency, 9 40 70 45

= Evaluated at the time of peak autoclave pressure (12 sec
in CEN-2178, 30 sec in CEN-220S, and 130 sec in CEN-2238).
The fuel is assumed to be cooled to the water temperature.
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6. Photographic Studies of Metal-Clad, UQ,-Core Fuel Rods in TREAT .
(L. Harrison,®* R. C. LimmaTamneN, F. J. Testa)

Work has continued in TREAT in the program to
determine the high temperature behavior of metal-clad,
UOQOs-core simulated fuel elements during a reactor
transient. Information is sought on the chemical and
physical changes which take place upon meltdown of
fuels in a nuclear reactor undergoing a power excursion.
The previous results have largely been obtained in an
opaque autoclave (see, for example, ANL-7225, p.
177). The results obtained in a transparent capsule, re-
ported herein, therefore complement the earlier data in
that a visual (photographic) record is a vital part of
each in-pile experiment. In particular, it was expected
that, in addition to metal-water reaction information,
these experiments would provide some insight into such
aspects ag heat transfer and the actual mechanies of
the fuel failure in water.

The in-pile assembly for the photographic experi-
ments was deseribed in ANL-7225, p. 173. As shown in
Figure IV-20, the fuel rod, submerged in watcr, is lo-
cated within a stainless stecl inner eapsule having a ree-
tangular cross section and a quartz window. The view
in Figure IV-20 is that seen on each frame of the high
speed (1000 frames/sec) film that records the tran-
sient. The fuel rod is photographed through the quartz
window with intense external illumination. However,
after the fuel rod attains a high temperature (~1000°C
or greater), the light source can he shut off since the
ineandescence of the fuel rod itself is enough to give
proper exposure of the film.

§ %

a. EXPERIMENT WITH STAINLESS STEEL-
CLAD, UO,-CORE FUEL

An experiment (Run CEN-221T) was performed
with a single, type 304 stainless steel-clad, UOs-core
fuel rod. The results of the experiment are summarized
in Table IV-5. The appearance of the fuel rod after
the transient (290 cal/g UO,) is shown in Figure IV-21.

It is apparent from Figure IV-21 that the fuel rod
retained its eylindrical form; however, extensive clad-
ding failure had taken place. There is clear evidence
that patches of the cladding surface underwent the
foaming phenomenon which was found in laboratory
experiments where stainless steel-clad, UQas-core fuel
rods were heated to above 1400°C in a steam environ-
ment (see, for example, ANL-7125, p. 153). Analysis of
the hydrogen evolved indicated that about 2% of the
cladding had reacted with water; however, the appear-

ance of the cladding showed that perhaps as much as ' .
10% of the cladding had reacted. 103-7453
S Fic, IV-20. Fuel Rod 1 Photlographic Capsule Before

8 ANL Idaho Division. TREAT Experiment.
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TABLE IV-5. Resunrs rrom IN-PiLe (TREAT) MELTDOWN
ExpERIMENT wiTH 1 Type 304 StainiLEss Steel-Crap,
U0,-Core FuerL Rop SuBMERGED IN WATER

Rod dimensions, 534 in. long by 0.42 in. in dia.

83 g (10 pellets) of sintered (929 theoretical density) UO; ,
109, enriched.

27 g of type 304 stainless steel (25-mil) cladding.

600 g of HyO coolant, initially at 30°C.

Run CEN-221T

Reactor Characteristics

Integrated power, MW-sec 206
Peak power, MW 352
Period, msec 126
Results
Peak cladding temp., °C 1,400 (estimated)
Stainless steel-H.O reaction, ¢ ~10
Final appearance of fuel rod Rod intact, began to

slump, partial melt-
ing of cladding

Fission energy input, cal/g UO, 290
Total fission energy, cal 24,000
Chemical energy, cal (negligible)
Adiabatic UO, temperature, °C 2,800 (melted)
Calculated temperature rise of 30

H.0, °C
Observed temperature rise of 33

H.0, °C

In previous experiments with single, small (Va-in.
long}, stainless steel-clad, TOz-core fuel pins at energy
inputs of about 290 cal/g UO,, the fuel pins frag-
mented completely and from 5 to 9% metal-water re-
action occurred (see ANL-6900, p. 254). It appears
likely that a longer, single vertical fuel rod, such as was
used in Run CEN-221T, has a somewhat higher thresh-
old for total failure than does a short fuel pin, although
the total extent of metal-water reaction is not greatly
different for the two cases.

From the appearance of the fuel rod in Run CEN-
2217T, it 1s likely that the eladding temperature had ex-
ceeded 1400°C only in localized arcas where the clad-
ding had oxidized and foamed. The tarnished nature of
the other areas of the cladding indieated that tempera-
tures as high as 1200 to 1300°C were reached although
the cladding thermocouple indicated a temperature
of only 490°C (Figure IV-21 shows that it was located
on an unfoamed area). The thermocouple located in
the water indicated a total temperature rise of 33°C.
The adiabatic temperature rise of the water calculated
from the total energy released was 30°C, as shown in
Table IV-5.

The motion pictures of the experiment showed the

thial development of nucleate boiling, followed by
apparently localized boiling burnout? and the

— 103-7449
¢ Transition to film boiling. Fig. IV-21. Fuel Rod after Run CEN-221T,
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growth of irregular patches of very hot (luminous)
cladding interspersed with cooler (nonluminous)
patches. The location of the overheated areas corre-
sponded to the areas of cladding oxidation and foaming
apparent in Figure’IV-21. It is reasonable to suppose
that the spotty-natute of the heating was due to irreg-
ular contact between thé‘UOz pellets and the cladding,
Following the nmlear tr &ﬁg}ent there was a long period
of cooling (5-10 sec) durmg which the irregular vari-
ation of the cladding temperature was converted to a
vertical temperature graglent where the top portion of
the rod was hottest and tghe lower portion of the rod
was cooler. However, th@ge was a sharp gradation of
luminosity with the top one-third of the rod being lumi-
nous and the lower two-thirds nonluminous. The
demareation then gradually progressed upward as cool-
ing continued. This post-transient behavior is under-
standable in terms of the gradual development of free
convection flow about the surface, leading to greatest
cooling at the lower portion of the rod.

b. EXPERIMENT WITH ZIRCALOY-2-CLAD, UQ.-
CORE FUEL

An experiment (Run CEN-222T) was performed in
which a single Zircaloy-2-clad, UOs-core fuel rod was
subjected to three consecutive neutron bursts of pro-

TABLE IV-6.

gressively higher energy. The conditions and results
of the experiment are summarized in Table IV-6.

The first pulsed irradiation resulted in a fission en-
ergy input of 165 cal/g U0, with a 238-msec reactor
period. This corresponds to a maximum, or adiabatic,
UOg-core temperature of 2200°C. Since the TOs re-
mained solid, as would be expected, the transient was
nondestructive in nature. The Zircaloy cladding at-
tained a peak recorded temperature of 1165°C. Thus,
both the core and the cladding were below their melting
point.

The second pulsed 1rradiation resulted in a fission
energy input of 305 cal/g UO., with a 115-msec re-
actor period. This corresponds to an adiabatic UOqz-core
temperature of 2850°C, with the UQO, in a fully melted
state. The Zircaloy-2 cladding reached a maximum
temperature of 1700°C, as indicated by the cladding
thermocouple. Thus, the cladding reached a tempera-
ture only slightly below its melting point of 1850°C. Al-
though the cladding had not been melted, it appeared
from the early part of the motion picture record of the
third transient that two small pinholes had developed
in the cladding during the second transient irradiation,
However, no sign of cladding failure was apparent from
the motion picture record of the second transient.

The third pulsed irradiation resulted in a fission en-

Resvnrs FroM In-PiLe (TREAT) MELTDOWN EXPERIMENT WITH A ZIRCALOY-2-CLaD,

UO,-Core Furr Rop SuBMERGED IN WATER

Rod dimensions, 53¢

in. long by 0.42 in. in dia.

83 g (10 pellets) of sintered (929, theoretical density) UQ. , 109, enriched.

27 g of Zircaloy-2 (25-mil) cladding.
600 g of H.0 coolant, initially at 30°C.

Run CEN-222T, Transient Number
I I it}
Reactor Characteristics
Integrated power, MW-sec 118 218 248
Peak power, MW 113 443 556
Period, msec 238 115 101
Results

Peak cladding temperature, °C 1165 1700 2100
Zircaloy-H, reaction, % 0 —a 7
Final appearance of fuel rod Intact Intact, but local cladding | Some fragmentation but rod

failure indicated by film shape retained; partial melt-

down and cladding distor-
tion

Fission energy input, cal/g U0, 165 305 347
Total fission energy, cal 13,700 25,300 28,800
Chemical energy, cal 0 —a 2,950
Total energy, cal 13,700 25,300 31,750
Adiabatic UOQ; temperature, °C 2200 (solid) 2850 (melted) 3200 (melted)
Calculated temperature rise of H.0, °C 23 42 53
Observed temperature rise of H.0, °C 25 43 52 ‘

a Not determined.
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Fia. IV-22. Oscillograph Record of Run CEN-222T. (Transient II1.)

ergy input of 347 cal/g UO., with a 101-msec reactor
period. The corresponding adiabatic UO,-core tempera-
ture was 3200°C (400°C above the UO, melting point).
The measured peak cladding temperature was about
2200°C as shown in the oscillograph record in Figure
Iv-22,

The final appearance of the fuel rod after the third
transient irradiation is shown in Figure I'V-23. The fuel
rod retained its cylindrical form; however, extensive
cladding damage did occur. There was an area of
“erinkling” or inward deformation of the cladding
which may have been due to static or dynamie pres-
sures acting to collapse the softened or melted Zircaloy.
Globules of solidified UOs; were found after the tran-
‘1’0 which had apparently escaped through ecladding

ects.
The motion pictures of the third transient irradia-

tion showed a number of interesting features. Early in
the transient, when the energy release in the fuel was
only 14 cal/g UOs, two small horizontal streaks were
seen to emanate from the lower end of the fuel pin.
These streaks appeared to be jets of water vapor and/or
fine particulate matter flowing from defects in the
cladding which were apparently produced during the
second transient irradiation. The jets were discernible
for 0.27 sec but probably lasted for a longer period
of time. During the period, the bottom end of the fuel
rod eame out of the hole in the graphite support block
and the force created by the jets caused the fuel rod to
move against the side of the water container. The jet
diameter increased from about 0.07 in. t0 0.12 in. during
the period while the jets were discernible. The jets
eventually became obscured by the general cloudiness
of the water in the lower regions of the water column.
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When the energy released in the fuel had reached 231
cal/g U0, 1 the first of five small drops of incandes-
cent material, apparently molten fuel, escaped from the
penetrations in the cladding. Each drop was approxi-
mately 0.05 in. in diameter and the incandescence
lasted approximately 0.01 sec for each particle. Later,
when the nuclear energy release had reached 280 cal/g
U0, , the first of a slightly larger quantity of intensely
incandescent material (molten fuel) escaped from the
rod through penetrations in the cladding. A sufficient
amount of material escaped in 0.02 sec to create an in-
tense white light which obscured all but the upper end
of the fuel rod. Many large gas bubbles could be seen
approaching the water surface at this time. Material
which escaped from the fuel rod was later found, by X-
ray spectroscopic analysis, to be UO, which contained
only a small amount of zirconium.

About one-half second after the initial escape of the
molten fuel, the light intensity had decreased to the
point where the molten fuel lying on top of the graphite
could be seen. At this point, the upper end of the clad-
ding began to become incandescent. At about 0.7 sec
after initial fuel escape, additional molten fuel pene-
trated through the cladding at another location. About
0.3 see later, a third penetration of fuel occurred as
evidenced by a flash of light.

After this third fuel release, the cladding was highly
incandescent, over its entire length except for a short
section at the top of the rod. This region, very likely,
was void of fuel because fuel had flowed from it to re-
place fuel below that had escaped from the cladding.
Dark spots were apparent which corresponded to clad-
ding defects which had been sealed by frozen fuel. Al-
though the eladding surface appeared somewhat spotty,
surface luminosity was not as irregular as it had been
in the motion picture of the stainless steel-clad rod.

The film showed cooling of the rod for about 10 sec.
During this period convection currents in the water led
to a rather sharp vertical gradient in luminosity. As in
the case of the stainless steel-clad rod, cooling pro-
gressed from bottom to top. The sudden temperature
decreage, probably corresponding to the collapse of
film boiling, was indicated (see Figure IV-22) first by
the lower thermocouple and, about 15 sec later, by the
upper thermocouple.

The fuel rod lost a total of 6.6 g out of an original
total of 111 g. Oxygen pickup from cladding oxida-
tion was 0.7 g at the maximum. Total fuel loss from the
rod was, therefore, 7.3 g or about the equivalent of one

10 Approximately 220 cal/g UO; is required to heat UO,
from 25°C to the melting point of 2800°C, adiabatically. An
additional 60 cal/g is required to melt U0, completely.

1

103-7451

Fia. 1V-23. Fuel Rod after Run CEN-222T.

pellet out of a total of ten pellets. Although the to
fuel loss was not great, the effects on the motion p.
ture film were very startling beeause of the extremely
high temperature of the escaping fuel.
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Q SUMMARY OF PRINCIPAL OBSERVATIONS
FROM PHOTOGRAPHIC EXPERIMENT

1. The initial heating of the cladding appeared to
be very irregular. Cladding temperature appeared to
vary by at least several hundred degrees in a pateh-
work arrangement.

2. Both stainless steel and Zircaloy-2 cladding are

very effeetive in containing molten UO,. Although
there were localized areas of melt-through, the defects
became sealed by frozen fuel.

3. Convection currents were established within a few
seconds that caused a uniform wave of cooling moving
from the bottom to the top of the rod over a period of
about 30 see.

B. FAST REACTOR SAFETY STUDIES

1. Transient Heat Transfer Studies: Measurement of Heat Flux from a Heated
Metal Sphere Moving through Liquid Sodium and Water

In order to analyze adequately the consequences of
an incident in a reactor (either fast or thermal) in
which hot fuel materials may be dispersed into the
liquid coolant and result in explosive vapor generation,
a knowledge of the manner in which large amounts of
energy are transferred from these patricles to the
liquid coclant is needed. At present, neither experi-
mental nor thoretical information is available for the
caleulation of heat transfer that occurs as small par-
ticles at very high temperatures are dispersed in liquid
sodium or water. Thus, a study of forced convection
heat transfer from spheres in both media has been ini-
tiated.

a. THEORETICAL STUDIES (J. Hesson, L, WiTTE)

A detailed literature search and a general theoretical
treatment of forced convection film boiling from a very
hot sphere were presented in the preceding report
(ANTL-7225, p. 190). The theoretical expression derived
from that treatment considered heat to be transferred
across a vapor film from the sphere to the bulk liquid
phase by conduction and radiation, with the heat being
used partly to form vapor and partly to heat the bulk
liquid for the case where the liquid was subcooled. The
expression could not be solved in closed form and only
numerical methods could be considered for solution.

A special case of the expression was solved ana-
Iytically for the conditions in which there is no sub-
cooling in the liquid, thermal radiation is negligible, and
there is a linear velocity profile across the vapor film.
Another special case has now been solved analytically
for the conditions in which both vapor generation and

ermal radiation are negligible. This case corresponds

xtensive subcooling in which nearly all of the heat
1s transferred into the bulk liquid. The expression for
this case is:

ke (sin’$)ATs
VAT Gt
where ¢/A is the local heat flux, k; is the thermal con-
ductivity of the liquid, ¢ is the angular coordinate from
the direction of sphere velocity, AT 5 is the temperature
difference from the liquid surface (facing the heated
sphere) to the bulk liquid, and

(21)

(s 4 ¢ . 3
=z, and g = / sin” ¢ dg¢
0

where R, «, and U, are the sphere radius, the liquid
thermal diffusivity, and the sphere velocity, respec-
tively.

In the derivation of equation 21, it was agsumed that
the flow around the sphere was frictionless and could be
described by potential flow theory, and that the dis-
tance of penetration of heat into the liquid was small
as compared to the sphere radius. It is instructive to
integrate equation 21 over the surface of the sphere to
various values of the angular coordinate, ¢. This re-
sults in the average heat flux from the sphere where
heat transfer is interrupted at the angle, ¢; .

{3 2 cos’p,\}
q/A = (;) <§ cos ¢, + 3 >

JwopCDekec\!
<§ﬂl_)p_f“> (T; — Ty)

(22)

where p;, Cp;, and &k are the density, specific heat, and
thermal conductivity of the liquid, D is the sphere di-
ameter, and 7 and T'p are liquid surface and bulk liquid
temperatures, respectively.

Evaluation of the angular term in equation 22 results
in the following:

F

M) (T — Ta)  (23)

q/A=K< D
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Fra. IV-24. Average Heat Flux vs. Average Sphere Temperature for 1/2-in. Diameter Sphere Moving through Liquid Sodium.

(U, = 10 ft/sec; Txa = 300°C.)

where K has the following values for various values of

s ¢

¢S K
0° 0
90° 0.80
120° 1.04
135° 1.09
180° 1.13

The angle, ¢s , may be identified with the position of
flow separation from the sphere if heat transfer to the
fluid in the wake is ignored. From the results of the
calculations, it is apparent that most (92 %) of the heat
transfer occurs up to an angle of 120°. It is also apparent
from the calculations that the termn K has a value of
1.13 for the case of no flow separation. This result was
also obtained by Sideman.™

The theoretical development suggests a method of
calculating the thickness of the vapor film at any point
on the surface of the sphere. The heat flux is given by
equation 21 for any angular position on the surface.
The heat must flow across the vapor film so that the
heat flux must also satisfy the following equation:

oA =T, — 1) (24)

where k, is the thermal conductivity of the vapor, 8, is
the vapor film thickness, and 7, is the sphere surface
temperature. Calculations based upon equating the
right-hand sides of equations 21 and 24 should yield a
value of the vapor film thickness, §, .

1 8, Sideman, Ind. Eng. Chem. 58(2), 55 (1966).

b. EXPERIMENTAL STUDIES IN LIQUID SO-
DIUM (L. Wrirte, M. SILVERMAN)

The experimental investigation of forced convection
film boiling from a sphere to liquid sodium has con-
tinued. The motor-driven, swinging-arm apparatus de-
seribed in ANL-7225, p. 195 has been used to obtain
heat fluxes from a 14-in. dia. tantalum sphere to liquid
sodium at both 300 and 450°C. Sphere velocities of 6
and 10 ft/sec were employed and initial sphere tempera-
tures ranged up to 1980°C.

The data from the above experiments were reduced by
the method of Stolz"” that accepts as input data a meas-
ured temperature-time trace at some internal point in
the sphere. The sphere surface temperature and the heat
flux are computed from this input. For much of the data
the Stolz method proved unsuitable for reducing the in-
itial portion of the data run where extremely high heat
fluxes were encountered. Consequently, the initial part
of the temperature-time trace for these runs were
matched to an analytical solution for convective cooling
of a sphere. This “matching” allowed the accurate cal-
culation of the initial part of the data run. The method
of Stolz calculated the latter portions of the data run
accurately. The two methods of data reduction were
then combined and an accurate representation of the
entire data run was obtained.

Reproducibility of the data was shown by a series of
experimental runs performed in 300°C sodium at
sphere velocity of 10 ft/sec. Two different sph‘
thermocouple assemblies and two different batches o

12 GG. Stolz, Trans. ASME (Series C) 82, 20 (1960).
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Q)dium were used. The data are shown in Figure IV-24.
Since the data were obtained using thermocouples
exhibiting poor response characteristies, the data were
evaluated using the relation

AH
AAL
where (/A )ave is the average heat transfer rate, AH is
the change in enthalpy of the sphere because of its en-
counter with the sodium pool, 4 is the area of the sphere,
and At is the time that the sphere was exposed to
sodium. The technique for evaluating the change in
enthalpy was described in ANL-7225, p. 198. The aver-
age heat flux is referenced to an average sphere temper-
ature that is the arithmetic mean of the sphere equi-
librium temperatures at entrance and at exit. Although
considerable experimental scatter is present in the data
in Figure IV-24, good agreement exists between meas-
urements made with different sphere-thermocouple
assemblies and in different batches of sodium.
Additional experimental runs were made using ther-
mocouples with excellent response characteristics. For
these experiments, instantaneous values of heat flux
and the corresponding sphere surface temperatures
were calculated. Data points were taken at convenient
temperature intervals. The accuracy of the instantane-
ous heat fluxes was checked by comparing the mean

(Q/A)avg = (25)

TABLE 1IV-7. COMPARISON OF AVERAGE AND INTEGRATED
Hear FLuxes

Average Heat Flux IntegrateglMean Heat
Run Equatizon 25 Equatﬁ)xn 2
[cal/{cm?) (sec)] [cal/ (cm?) (sec)]
59 788 1055
60 692 672
62 474 568
63 903 1005
64 825 803
66 615 660
67 640 624
68 895 711
70 840 918
71 950 890
74 825 697
75 735 718
76 431 457
77 413 416
79 491 629
80 481 402
81 495 510
82 394 379
83 347 300
. 84 615 676
85 493 376
86 402 330
87 802 600
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Fre. IV-25. Heat Flux vs. Temperature Difference for Ys-in.
Diameter Sphere Moving through Liquid Sodium. (U, = 10
ft/sec; Tx. = 300°C.)

heat flux, found by integrating the instantaneous flux
values for each data run, to the average heat flux, found
by equation 21. The integrated mean heat flux was
found by evaluating the expression,

@A) un = 5 [ /AW @ (20)

Table IV-7 shows the results of this comparison for the
data runs which were used in the final data presenta-
tion. Generally, for most of the runs these two heat
fluxes, calculated by independent methods, showed
agreement to within approximately 10 %.

By plotting the data points on log-log coordinates it
was found that the data could be correlated empirically
by the following expression:

g/A = C(To — T5)"* @7)
where
¢/A = beat flux, cal/ (em’) (sec)
T, = surface temperature of sphere, °C
Tz = sodium bulk temperature, °C

C = 3.76 cal/ (cm®) (sec) (°C)"™
for velocity = 10 ft/sec, T = 300°C
¢ = 2.82 cal/ (em®) (sec) (°C)" ¥
for velocity = 6 ft/sec, T = 300°C
C = 2.96 cal/ (cm®) (sec) (°C)"*
for velocity = 10 ft/sec, T = 450°C.
A typical plot for a velocity of 10 ft/sec and a sodium
temperature of 300°C is shown in Figure IV-25.
The correlation of heat flux with surface temperature
of the sphere was also examined. Figure IV-26 shows
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the data obtained at 10 ft/sec in 300°C sodium, Figure
1V-27 shows the data obtained at 6 ft/sec in 300°C
sodium, and Figure TV-28 shows the data obtained at
10 ft/sec in 450°C sodium. Calculations of heat fluxes
based upon equation 23 are compared with the experi-
mental results in the three figures. If it is assumed that
the sodium boils at the saturation temperature at one
atm pressure, without superheating, then T, = T
and the straight line in the figures is obtained, However,

it is apparent from the figures that the experimental
data show an increasing heat flux with inereasing sur-
face temperature. If it is assumed that the liquid surface
temperature T, at the liquid-vapor interface, is the
temperature of the surface of the sphere, T , i.e., that
complete superheating oceurs, then the upper curvesg

the figures are obtained. A good fit to the data isb
tained by using a constant fraction (K = 0.675) of the
value calculated from equation 23 while substituting
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T, = T.,. These heat fluxes are represented by the
lower curves in Figures 1V-26, 1V-27, and IV-28. The
fractional value of K requied to correlate the data
may be due partly to flow separation near the 90° posi-
tion on the sphere (see equation 23). It is also likely
that somewhat incomplete superheating occurs within
the liquid sodium near the liquid-vapor interface and
this reduces the value of K to be used in equation 23.

The thickness of the vapor film required to transfer
these large quantities of heat is extremely small. For
example, the thickness of the vapor film at the 90-degree
position on a 14-in. dia. sphere at 1911°C moving at 10
ft/sec was calculated to be 7.6 X 107° in. from equations
21 and 24. Although the sphere surfaces were relatively
smooth, 1t is believed that the magnitude of the rough-
ness of the surface greatly exceeded this value. It is
possible that protuberances on the sphere surface
could extend through the vapor film into the liquid
sodium. This would cause the film to become unstable
and possibly to collapse completely. This collapse
would bring liquid sodium into contact with the sphere’s
surface which is at a high temperature. The sodium
would then tend to assume the sphere surface tempera-
ture and could become highly superheated.

The agreement between experimental data and the
theory that was developed by assuming superheating
of liquid sodium indicates that this theory is adequate
to describe the actual physical phenomenon. The
sically unrealistic vapor film thicknesses that were

Y
&ulated also tend to support the theory of super-
eating.
The results of this study indicate that large quantities
of energy can be transferred from extremely hot spheri-

cal particles to highly subcooled liquid sodium without
vapor formation.

Both experimental and theoretical investigations
into heat transfer from moving spheres to liquid sodium
are continuing.

c. EXPERIMENTAL STUDIES IN WATER
Hesson, J. Cassuro)

(J.

In previous transient heat transfer experiments in
water, a heated Y4-in. dia. nickel sphere was either
pushed or pulled through the water by means of a
gravity-operated swinging arm or pendulum with a
knife blade attached to the arm (see ANIL-7055, p.
206, ANL-7125, p. 194, and ANL-7225, p. 194). The
most recent experiments have been conducted with a
motor-driven swinging-arm apparatus utilizing a V-
in. dia. silver sphere. The silver sphere is attached to
the end of a ¥4 ¢-in. dia. sheathed thermocouple which
gerves as the arm as well as the temperature measuring
device. The motor-driven swinging-arm apparatus is
very similar to that used for the studies in sodium and
allows a greater range in combinations of velocity and
immersion time than does a free-swinging pendulum,
since the veloeity of the sphere is independent of arm
length.

The angular velocity of the sphere is determined
through the use of a perforated timing wheel attached
to the back of the motor shaft. The wheel separates a
light source and a photoconductive cell; as the wheel
turns, light intermittently falls upon the photo cell
and a blip occurs on a recorder chart. This information,
together with the arm length (distance from center of
sphere to the center of the axis of rotation), the dis-
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tanee from the axis of rotation to the water surface, and
the temperature history of the sphere as it moves
through the water are sufficient to caleulate the length
of the sphere path through the water, the linear veloc-
ity of the sphere in the water, the time of the sphere
in the water, and the average temperature of the
sphere before it enters and after it leaves the water.
From these the heat transfer rate and average tempera-
ture of the sphere are calculated.

A silver sphere (rather than the previously used
nickel) is being used for the water studies at lower
sphere temperatures since silver’s high thermal dif-
fusivity yields more nearly uniform sphere and surface
temperatures.

Figures IV-29, IV-30, and 1V-31 show the results of
the experiments utilizing the motorized equipment. For
these experiments the water temperature ranged from
23 to 25°C. Figure 1V-29 includes data over the sphere
velocity range 12 to 15 ft/sec; Figure IV-30, that over
the range 15 to 17 ft/sec; and Figure IV-31, that over
the range 17 to 19 fi/sec. During these runs arm
lengths of from 21944 to 3% in. were used. The path
lengths of the sphere in the water varied from 0.352 to
0.412 ft, and the length of time of the sphere in the
water varied from 0.019 to 0.031 sec.

Calculations of heat fluxes based upon equation 23
are compared with the experimental results in Figures
IV-29, TV-30, and IV-31. If it is assumed that the
water boils at the saturation temperature, 100°C, at
one atm pressure, without superheating, the calculated
heat fluxes are about ¥4 of the observed values. If it is
assumed that the liquid surface temperature, T, at the
liquid-vapor interface, is the temperature of the surface
of the sphere, T, i.e., complete superheating, then
the dashed curves in the figures are obtained. The
dashed curves in the figures do represent the experi-
mental data, within a scatter band, up to sphere tem-
peratures of the order 300 to 400°C, suggesting that
water is superheated to these temperatures.l®

At sphere temperatures greater than 300 to 400°C,
the heat flux decreases. It is postulated that, in this
region, boiling or flashing of the superheated water oc-
curs, resulting in the formation of vapor films which
reduce the heat flux. The incidence of boiling of the
superheated water is somewhat erratic, causing a scat-
tering of the experimental data. Many of the d
points indicate a heat flux greater than values cal
lated from equation 23. This could be due to effects of

13 It should be noted that the eritical temperature of water
is 374°C.
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turbulence generated in the water layer adjacent to
the sphere surface that could be induced by slight ir-
regularities on the sphere surface.

Equation 23 indicates that the heat flux should be
proportional to the square root of the sphere velocity.
This effect is not evident from the existing data. The
data scatter and the limited range of velocity studied
thus far have tended to mask effects of velocity. Both
the effects of veloeity and the role of turbulence are
the subject of continuing study.

The thickness of the vapor film which would be re-
quired to transfer these large quantities of heat in
water is very small. The thickness is calculated to be
about 2 X 10—*in. if it is assumed that the water boils
at the normal boiling point.

d. CONCLUSIONS '

Studies of energy transfer from very hot spheres to
sodium and to water have shown the great importance
of superheating. The experimental results indicate
that water can remain in the liquid form in contact
with a moving sphere at temperatures of the order of
300-400°C before transition to film boiling occurs. In
sodium, there was no evidence for the development of
film boiling even at the highest sphere temperatures
studied (~1800°C). These findings make it clear that
future attempts to understand the overall process of
explosive vapor generation must take the superheat-
ing phenomenon into account. Future studies will be
aimed at determining the conditions required for vapor
formation at lowered sphere velocities.

2. TREAT Studies of Fuel Meltdown in Sodium (J. BoLanp,
R. C. LimaTaiNeN, F. J. Testa)

Work has been initiated to obtain information from
TREAT experiments on fuel meltdowns in a sodium
environment at high energy inputs. This information
would be useful in evaluating potential problems that
could be encountered in the operation of sodium-
cooled fast reactors. The work thus far has progressed
through conceptual planning, design of equipment, and
completion of construction of the in-pile assembly. Pre-
liminary testing and calibration are now in progress.
When this is completed, actual meltdown experiments
in TREAT will begin.

Figure IV-32 shows the autoclave assembly being
used for the studies. The autoclave assembly has double
containment, In an experiment, nine rods, five of which
are fueled with UO, , are located in an environment of
liquid sodium during a reactor transient. As shown in
Figure IV-32, there are four thermocouples (W/Re)
to measure the liquid sodium temperature, a variable
impedance transducer to measure transient pressures,
and a linear motion transducer to measure the sodium
expulsion. The autoclave has a design rating of 6000 psi
at 600°F. The ultimate strength of the autoclave, how-
ever, is 50,000 pst at 600°F.

A sketch of one of the fuel rods that will be used
in the meltdown experiments is shown in Figure 1V-33.
The nominal OD of the fuel rod is 0.29 in. with an
overall rod length of 12 in. The fuel rod is divided into
two sections, a lower fueled section and an upper un-
fueled section. Each fuel rod is made up of 10 sintered
U0, pellets, 10% enriched in #3°T in the fueled section,
clad with 15-mil type 304 stainless steel. There is a gas
annulus (helium bonded) between core and cladding.

¢ ANL Idaho Division.

The upper unfueled section of the fuel rod simulates
a reactor blanket region. A feature of particular interest
is that the cladding in this section of each rod will have
different wall thicknesses. The wall thicknesses were
chosen to collapse at specific external pressures (at
1000, 3000, and 5000 psij. This should give additional
information on the peak pressures attained during the
transient. Should some cladding sections collapse and
others not, this data would serve to give upper and
lower limits to the pressure and would be an independ-
ent measurement to compare with that indicated by
the pressure transducer.

In addition to giving information on peak pres-
sures, the hollow cladding has another purpose. When
the high pressure causes its collapse, a void volume is
provided for the sodium. Should the piston stick and
the liquid sodium undergo thermal expansion in the
confined volume, this additional free volume will help
in preventing autoclave rupture during the meltdown
experiments.

Figure 1V-34 shows the top view of the 9-rod fuel
cluster. As stated above, five of the rods will be fueled,
whereas the other four will be “dummy” rods. The
dummy rods as well as the rupture disc spacer (shown
in Figure IV-35) are designed to collapse in the event
that the piston jams in the cylinder and the autoclave
pressure exceeds 5000 psi, thus giving additional free
volume for sodium expansion.

A sketch of the main components in the autoclave
measuring system is shown in Figure 1V-35. Measureg
ments will be made of sodium temperatures, transieb
pressures, and rate and distance of sodium expulsion,

The piston 18 made of a molybdenum-30% tungsten
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alloy. The surrounding walls of the cylindrical cham-
ber, through which the piston moves, are made of type
304 stainless steel. This inner wall has a fine-honed
surface to minimize friction. The annulus, or gap, be-
tween the piston and the cylinder is 1.5 mils at room
temperature. Qut-of-pile tests are being performed to
verify the performance of the piston.

The shock absorber shown in Figure 1V-35 is de-
signed to cushion the shock between the moving piston
and the linear motion transducer, after the connecting
rod has completed its stroke. The porous-metal shock
absorber was tested on a compressive load machine; it
began to yield when the applied load reached 4250 Ib,
and a force of 5500 1b caused a total compression of
Y4 in. Using 4800 1b of foree (average) and a displace-
ment of ¥ in., the total energy absorbed is equivalent
to 32 calories. This kinetic energy would be produced
if the pressure acting on the piston were 5000 psi, sus-
tained during the period which the piston moves over
its maximum stroke of 4 in. Additional energy absorb-
ing capacity is available in the shock absorber, since
the maximum compression is about ¥4 in.

In the initial series of out-of-pile tests of the equip-
ment, a gas pulse is being used to drive the piston. The

gas is injected into the bottom of the autoclave from a
high-pressure source through a quick opening valve
(solenoid or explosive type).

The first in-pile test will be an irradiation in TREAT
to establish the relationship between the reactor inte-
grated power and the fission energy generated in the
fuel rod. Meltdown experiments will then be made at
various energy levels.
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Frec IV-35. Autoclave Measuring System for High Energy
Meltdown Experiments in TREAT n a Sodium Environment.

3. High Temperature Thermal Properties of UO, (L. LemBowirz, L. W. MISHLER) .

Work is continuing on the program to measure the
heat capacity of hquid uranium dioxide, an important

quantity in fast reactor safety calculations. Initial ex-
periments were designed to test the suitability of
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ngsten as a container for the UO; at temperatures
‘ove 3000°C. A series of tests (ANL-7225, p. 198)
has shown that tungsten will indeed behave satisfac-
torily. Several designs of capsules for holding the liquid
oxide have been prepared and tested. These have varied

from simple crucibles with lids to complex double
walled containers with black body holes.

While experiments were in progress to test materials,
fabrication methods, and design for sample capsules,
the design of the entire calorimeter system was also
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proceeding. The final design is shown schematically in
Figure IV-36. The encapsulated oxide will be heated
inductively and temperatures measured through a
magnetically shuttered Varian Associates sight port by
means of a Pyrometer Instrument Company automatic
optical pyrometer. Black body holes will be provided
in the capsule for temperature measurements.

The capsule containing the UO; will be suspended by
a tungsten wire which in turn is to be connected, via
appropriate electrodes, across a high voltage condenser
bank. When dropping of the capsule into the calorim-
eter is desired, the condenser discharge will vaporize

the tungsten suspension wire extremely rapidly and
allow the capsule to fall. This simple scheme insures a
vertical drop.

The calorimeter to be used, with suitable modifica-
tions, is a commercial adiabatic calorimeter manufac-
tured by the Parr Instrument Company for bomb
calorimetry. A precision Dymee quartz thermometer
will be used to follow the calorimeter temperature.

Construction and necessary calibrations are pres-
ently in progress as is final testing of coil design and
condenser discharge operation.

4. Fuel Migration Studies (M. G. CHasanov, D. F. FiscHER)

The effect of fuel migration and segregation in mixed
uranium-plutonium fuels ean be an important factor
in safety considerations for large fast reactors. Investi-
gation of the migration of plutonium and fission prod-
uets in a thermal gradient is planned for mixed fuels
such as uranium and plutonium oxides, carbides, oxy-
carbides, and nitrides. Experiments are being carried
out to evaluate the extent of migration that can occur
and to help in understanding the mechanisms involved
in the migration processes.

Radial and axial redistribution of fissile and fertile
material could have an effect on the Doppler broaden-

TABLE IV-8. Cuange 18 DopPLER RATIO DUE 70 RaDIAL
LinBEAR CONCENTRATION GRADIENTS IN A CYLINDRICAL
PELLET WITH 209 AVERAGE PLuTONIuM ENRICHMENT

Plutonium % Decrease of Fraction of Pellet
Enrichment at AKpopp (migration) Radius above
Centerline AKpopp (no migration) Melting Point
0 4 0
10 1 0
20 0 0
30 1 0
40 4 0.15
50 9 0.30
60 16 0.43

TABLE IV-9. Cuangt IN DoPPLER RATIO DUE TO AXIAL
LiNgaR CONCENTRATION GRADIENTS IN A CYLINDRICAL
PeLLeT witH 209, AVERAGE PLuroNiUM ENRICHMENT

Y Decrease of
AKpopp (migration)

AKpopp (no migration)

Fraction of Pellet
Height Above
Melting Point

Plutonium
Enrichment at
Axial Midplane

0 12 0.082
10 3 0
20 0 0
30 3 0
40 12 0.12

* Qutermost zones above melting point.

ing shut-down mechanism and, in addition, could mate-
rially change the localized physical properties of the
material, e.g., an increase in PuQO, content in a small
area of a PuO,-UO; fuel could lower the melting point
of that area. Changes resulting from fission product
migration could also affect the physical properties of
the fuel as well as its interaction with cladding,

In order to estimate the importance of the change in
Doppler coefficient and melting point for a PuO,-UO.
fuel in which substantial plutonium migration had
taken place, some Doppler coefficient, calculations were
made based on a rather simplified scheme presented
in GEAP-3888.15 The equations presented there were
modified to reflect current ideas about the individual
contributions of plutonium and uranium to the Doppler
coefficient. For example, in GEAP-3888 each plutonium
atom was considered to contribute a positive Doppler
coefficient of 2V5 times the negative contribution of
each uranium atom; we have chosen them to be equal
(based on newer data presented in ANI.-7120%¢). The
calculations compared the change in the Doppler co-
efficient for a fuel in which migration has taken place
to that for a fuel with uniform plutonium concentra-
tion. The calculations were made for the case of a
reactor excursion starting from zero power with an
initial fuel temperature of 750°K to a final tempera-
ture of 2200°K at the position of average power in
the pellet. For the many simplifying assumptions, see
the original discussion.!®

Tables IV-8 and IV-9 present the results of such
calculations for both radial and axial linear plutonium

12 ¥F. L. Leitz, editor, “Sodium Cooled Reactors Program,
Fast Ceramic Reactor Development Program, First Quarterly
Report, October-December 1961, GEAP-3888, pp. 147-1
(1963).

16D, Okrent, “Summary of Intercomparison Calculations
Performed in Conjunction with Conference on Safety, Fuels,
Core Design in Large Fast Power Reactors,” Proceedings of
the Conference, ANL-7120, p. 3 (1965).
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gradients 1 a fuel pellet with an average plutonium
enrichment of 20% In the case of the radial gradient,
1t appears that the decreases in the Doppler 1atios ate
not large, exceeding 10% only when the concentiation
at the center of the pellet 18 more than 10 times that
at the outer periphery and 1eaching a maximum of 16%
when the outer boundary 1s depleted of plutonium For
the case of the axial gradient, the Dopplei 1atio de-
crease 1s about three times that for the radial gradient
at comparable central enrichments While parabolic
gradients mstead of linear gradients would yield large:
changes 1 the Doppler ratio, they too would probably
not cause decreases latge enough to maikedly affect the
Doppler shutdown capability

At the recent International Conference on Fast
Critical Experiments and Ther Analysis (held at
Airgonne on October 10-13, 1966), P Greebler of
General Electric reported'¢ that ¢ the Pu-239
Doppler effect in large, dilute fast power 1eactors can
be virtually disregarded ” However, this conclusion 1s
yet to be demonstrated in a laige, dilute fast power
reactor The continuing tiend on the pait of 1eactor
phy=icists toward lower and lower positive yalues for
the Doppler coefficient for ~**Pu makes 1t incteasingly
likely that even severe separations between the fissile
and fertile components of fuel will not compromise the
Doppler shutdown capability Other adver<e effects of
migration and segregation must be considered to be
more significant

The change 1 local composition of poitions of the
pcllets m these caleulations coupled with changes m
the local temperatures produced by fissionming indicated
that portions of the pellet could be at temperatuies
above the melting pomt of the Pu0,-UO; solutions
The data of Chikalla® was used to estimate what frac-
tion of the pellet would bc above the melting point
for the appropriate local composition From Tables
IV-8 and IV-9 1t can be <ecen that, while the Dopplet
ratio itself may change lLittle, sizable poitions of the
pellet could be above the melting pont of the matenal
i these zones For the radial gradient, the inner poi-
tions could become molten For the axial gradient, a
lincar gradient with most of the plutomum i the
outer regions could result in molten regions near the
ends of the pellet, concentiation of plutomium in the
central portions could lead to melting there Of course,
such behavior 1= dependent on the extent of migration
of plutonram and the magnitude of the transient These
calculations merely serve to mndicate that such redistri-
ilutmn of the fissile material, while not changing the

7P (Greebler et al  Implications of Recent Fast Ciitical
Lxperiments on Basic Fast Reactor Design Data and Calcula

tional Methods ANI 7320 (in press)
18 T D Chikalla, ‘The Liquidus for the System UO PuO, ,

HW 69832 (1961)

Doppler characteristics significantly, could alter the
physical properties of the fuel and affect safety con-
siderations

The thermal gradient appaiatus to be used mn the
migration studies has been employed n a series of
preliminary expetiments to test the equipment and to
determine 1ts behavior during extended use The equip-
ment 1tself has been desctibed earlier 1 ANL-7225, p
200 For these preliminary studies, pellets of UO5-CeO;

TABLE IV 10 EXPERIMENTS IN THRRVAL GRADIEN1
FurnNacE wiTH UriNIys CEriy PELLE1S

Pellet dimensions 3¢ in in dia by 13 1n long

Cgs?ezt H%:;Ielg ggifgftl@ Weight Loss
{(m/o) (hr) °C Jem) (w/0)
15 100 oo | 41
15 514 890" 38
30 100 1050 34
30 504 1060 14

+ The temperature at the top of the pellet was approximately
2100°C
b Lower gradient due fo changed heit shield geometry

308-563

Fic IV-37 Jongitudinal Cro~s Section of a U0 -30 m/o
CeO Pellet Heatcd 1n Thermal Gradient of 1050°C/ecm for
100 In
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Fia. IV-38. Longitudinal Cross Sections of a U0:-30 m/o CeO; Pellet Heated in a Thermal Gradient of 1060°C/em for 504 hr.

solid solution material were continuously heated in the
apparatus for periods up to approximately 500 hr. The
experiments completed to date are summarized in
Table IV-10. The pellets have been submitted for
electron microprobe analysis for -cerium and uranium.

These experiments have demonstrated the reliability
of the apparatus for extended operation. Tungsten foil

heaters proved satisfactory and the same foil could be
used in several experiments. Thermal gradients in 4
samples of the order of 1000°C/ecm were readily mab
tained. : :
Ceramographic examination of the heated pellets
indicated pore migration toward the hotter end of the
samples had occurred. Figure IV-37 is a longitudinal
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cross section of the U05-30 m/o CeOy pellet that had
been heated for 100 hr. The increase in porosity near
the top of the sample is quite evident in the figure;
unheated samples show a more uniform distribution of
pores and in general, pores of much smaller size. As-
sociated with this porous region near the top of the
samples are evidences of columnar grain growth. Figure
IV-38 shows a portion of the longitudinal cross section
near the top of the U02-30 m/o CeOs pellet which
had been heated for 504 hr. A portion of the central
part of the same heated pellet is also shown for com-
parison. The difference in porosity and grain size is
quite evident.

Table IV-10 indicates loss of material through evap-

oration from the heated pellets. Deposits of recon-
densed material were found on the outer periphery of
the pellets; these whisker-like growths contained ura-
nium, cerium, and small amounts of tungsten. X-ray
examination of these materials gave the same type
structure (fcc) as the original pellet, but the lattice
parameters corresponded to a more uranium-rich solid
solution. Coating of the pellets with a metallic film
of tungsten may be required to reduce the evaporation
rate. Evaluation of such a procedure is in progress.

Upon completion of these preliminary experiments,
the equipment will be moved into a plutonium glove-
box. Modification of an existing glovebox is under way
to accommodate the thermal-gradient apparatus.

5. Sodium-Air Reactions (R. E. WiLson, T. Krovutkowski, .. LeiBowirz, J. PAVLIK)

Safety analyses for sodium-cooled reactors require
knowledge of the temperatures and pressures generated
during sodium combustion in air. Combustion of both
pools and sprays have to be considered. It was pointed
out previously (ANL-7055, p. 208) that, regardless
of the burning mechanism, the maximum pressures and
temperatures are limited by the thermodynamic prop-
erties of the system. Theoretical calculations have
shown (ANL-7225, p. 201) that the maximum pres-
sure of 9.1 afm is generated at a sodium-to-oxygen
ratio (g atoms Na/mole Oz) of 7, and that the maxi-
mum temperature of 1987°C is generated at a sodium-
to-oxygen ratio of 5 in dry air. The peak values in air
with 100% humidity at 25°C are predicted to be lower.

A major experimental effort is now being made to
study the reaction of sodium sprays in air. Pressure
generation rates, peak pressures and temperatures, and
the nature and post-reaction behavior of the reaction
products will be studied as functions of the initial
conditions.

The apparatus consists of a pneumatically operated
piston spray injector that will spray 15 g of molten
sodium into a reaction chamber of known volume in a
period of about 20 msec. The initial temperatures of
the sodium, the water content of the air in the reaction
chamber, and the sodium-to-oxygen ratio will be
varied to determine their relative importance. A photo-
graph of the apparatus is shown in Figure IV-39.

A glass chamber is being used to permit the evalua-
tion of the sodium spray in the absence of reaction. The
chamber will be filled with cold nitrogen to quench
the sodium spray rapidly. This chamber will be re-
placed with a steel vessel fitted with view ports for

periments made in air.

The spray injector head forms the bottom of the
reaction chamber. Under the injector is located the
pneumatic drive apparatus. The top flange contains the
two pressure transducers (one of high- and one of low-

speed response) and the entrance port for several
thermocouples. The thermocouples will be located at
several points inside the chamber in order to ascertain
both the average temperature and the peak tempera-
tures obtained. The transducers are protected from
direct sodium impingement by a baffle attached to the
top flange.

The sodium injector is shown in Figure IV-40. The
lower piston is driven by nitrogen introduced through
a large orifice solenoid valve from a ballast tank. This
piston pushes the upper piston to drive the molten
sodium upward into the reaction chamber through a
discharge disc containing suitable orifices, Different
orifice sizes and geometries are obtainable by changing
the discharge disc.

Loading of the sodium injector is done in a helium-
filled glovebox. The injector is assembled with both
pistons in the lowest position and the assembly heated
to a temperature above the melting point of the sodium.
Molten sodium is poured in, and the assembly sealed
by means of a copper gasket and a copper rupture
dise. The assembly is then cooled and attached to the
reaction chamber. At this point, the injector assembly
is reheated to the desired initial conditions. The cham-
ber is filled with the desired atmosphere and the sodium
injected. After the reaction is over, the residue may be
analyzed.

Preliminary tests of the injector system using water
as the driven fluid have been made. Figure IV-41 shows
a typical spray pattern obtained from a circular pat-
tern of 0.030-in. orifices.

Errata
In ANL-7225, p. 172, Eq. 17 should read:
D = 4125 X 10-5 T1%/P
Also on p. 172, in column 2, paragraph 1, sentence 4 should
read: The calculated average rates at 1 and 10 atmospheres

for r = 0.018 ¢m are, respectively, 3.5 X 1075 and 3.9 X 10~
moles H.O/sec.
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Energy Conversion'

(E. J. Cairns, A. D. Tevebaugh, J. D. Bingle)

Work is continuing on the development of regenera-
tive electrochemical systems. In the strictest sense a
thermally regenerative electrochemical system is one
in which thermal energy (heat) is converted into elec-
trical energy by means of an electrochemical reaction;
it is an energy system closed with respect to mass. In
the systems studied in this laboratory a galvanic cell
would function in the low temperature isothermal leg
of a Carnot eycle to form a cell product and produce
electrical energy. In the high temperature isothermal
leg, the cell product would be decomposed into the cell
reactants, which would be separated and returned to
their respective electrode compartments of the cell. The
two isothermal legs would be connected by an adia-
batic countercurrent heat exchanger. In actual praec-
tice, imperfections in these cyclic operations would
not allow the maximum Carnot efficiency to be
achieved. The Carnot cycle efficiency limitation repre-
sents the price paid for converting random kinetic
energy (thermal energy) into directed energy (electri-
cal) and regardless of the method of regeneration, e.g.,
thermal or electrical, the Carnot cycle efficiency is the
maximum theoretical efficiency of the cyele.

In a system using anode metal A and cathode metal
C as reactants, the operation of the system can be
represented by the equations:

Cell Reaction at T, :

Ay + Cuy — AC (dissolved in C) (1)
Regenerator Reaction at T's :
AC (diSSOIVGd in C) &y — A(g) + C(l) (2)

where T5 > T+ . Reaction 1 is carried out electrochem-
ically as follows:
Anode Reaction:

A(t) — At 4 e~ (3)
.Cathode Reaction:
At + C + e — AC (dissolved in C) ¢ )

I A summary of this section is given on pages 14 to 15.
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The eleetrolyte is usually a fused salt containing A+
ions in order to support high rates of electrochemical
reaction at both electrodes.

Two types of cells are being studied in this labora-
tory: (1) the lithium hydride cell and (2) bimetallic
cells. The hydride cell consists of an anode of liquid
lithium metal, an electrolyte of molten lithium halides,
and a hydrogen gas cathode. The cell oxidizes lithium
metal to lithium ions at the anode and reduces hydro-
gen gas to hydride ions at the cathode to form the cell
product lithium hydride. The bimetallic cells have two
liquid metal electrodes in contact with a molten salt
electrolyte. The cell reaction is the oxidation of the
anode metal to produce metal ions in the electrolyte,
while at the eathode the metal ions in the electrolyte
are reduced to form a cathode alloy. High cell volt-
ages are obtained by selecting anode and cathode
metals which interact strongly, but not so strongly
that regeneration is difficult.

The conversion of heat into electrical energy by
means of thermally regenerative galvanic cells utilizes
a method which relies on no moving parts such as ro-
tating machinery. It is expected that, with proper
design, realistic overall thermal efficiencies of 12 to
20% can be obtained in a practical, engineered system
with the lithium hydride cell and with selected bi-
metallic cells.

In addition to serving in an energy conversion ca-
pacity, some bimetallic cells are well suited to the
purpose of energy storage (as high-rate secondary
cells). These secondary cells could accept electrical
energy from a nuclear reactor energy depot (being
considered by the military services) at a high rate, en-
hancing the usefulness of the energy depot concept.
Other potential applications for high-rate secondary
bimetallic cells are as pulse power sources for fusion
research, sonar, communications, and military vehicle
propulsion power, when used in combination with fuel
cells.

The overall efficiency of thermally regenerative gal-
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vanic cells is limited by the Carnot cycle efficiency,
which should be maximized within the limits set by
technology. This means that the highest practical re-
generator temperature should be used, together with
the lowest achievable cell operating temperature. Pre-
viously, there was the hope that ferrous alloys would
be suitable for the construction of relatively low-tem-

perature regenerators (for the systems sodium-bismuth
and sodium-lead), but since corrosion experiments
have shown that only refractory metals are suitable,
emphasis has shifted toward systems compatible with
high temperature regeneration (above 1000°C) where
refractory metals can still be used. Such a system is
lithium-tin, with a lithium halide electrolyte.

A. LITHIUM HYDRIDE CELL

The lithium hydride system is in principle one of the
simplest thermally regenerative systems. The separa-
tion of hydrogen from the liquid phase takes place
spontaneously, allowing a clean separation of phases.
There is, however, an appreciable vapor pressure of the
fused halides under the conditions of regeneration,
causing some concern over the long-term gas phase
transport of electrolyte to cooler parts of the system.
This problem might be minimized by appropriate use
of hydrogen-permeable metal diaphragms of vana-

dium, although this solution of the problem would de-
crease the efficiency by a few percent.

The cell emf is largest at the lower end of the range
of operating temperatures, but the minimum tempera-
ture of operation will probably be determined by the
hydrogen transport properties of the diaphragm-type
anode (currently made of vanadium), and by the
freezing point of the electrolyte. The selection of suit-
able low-melting electrolytes for the lithium hydride
cell is guided by phase-diagram studies of candidate
systems.

1. Electrolyte Studies

a. PHASE DIAGRAMS AND THERMODYNAMICS
(C. B. Jonnsox, E. J. HATHAWAY)

Thermal analysis techniques have been used to de-
fine the liquidus-solidus equilibrium temperatures for
the LiH-LiCl-LiI ternary system and the component
binary systems. The ternary system is of interest be-
cause of its potential application as the electrolyte
in the lithium hydride cell. Details of the experimental
techniques and description of the apparatus have ap-
peared elsewhere.?

All experiments were run under a hydrogen pressure
of 1 atm. Reagent grade lithium chloride and lithium
iodide were obtained from Mallinkrodt Chemieal Co.
The lithium chloride was purified with chlorine gas
using the method of Maricle and Hume.? The lithium
iodide was purified using a modification of the method
of Laitinen et al* in which the anhydrous halogen acid
was used to remove the last traces of water from the
molten salt. The melting points of the purified salts
were 606.8°C and 467.9°C, respectively. Lithium hy-

2 C. E. Johnson, 8. E. Wood, and C. E. Crouthamel, Inorg.
Chem. 3, 1487 (1964).

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

¢ H. A. Laitinen, W. 8. Ferguson, and R. A. Osteryoung, J.
Electrochem. Soc. 104, 516 (1957).

dride was prepared by contacting high purity liquid
lithium metal with purified hydrogen at 750°C. The
lithium hydride melting point was 686.4°C. Tempera-
tures were measured with Pt/Pt 10% Rh thermo-
couples which had been calibrated against the melting
points of N.B.S. pure Zn (m.p. 419.5°C) and N.B.S.
pure Al (m.p. 660.0°C).

The liquidus temperature-composition data meas-
ured for the LiH-1iCl, LiH-Lil, and LiCI-Lil binary
systems are given in Figure V-1, Each of these sys-
tems is a simple eutectic with no apparent indication of
the formation of solid solutions. The LiH-LiCl binary
has a eutectic at 34.0 m/o0 LiH that melts at 495.6°C;
the LiH-Lil binary has a eutectic at 23.5 m/o LiH
that melts at 390.8°C; and the LiCI-Lil binary has a
eutectic at 66.0 m/o LiCl that melts at 368.0°C.

The diagram of the ternary crystallization surface
(Figure V-2) consists of three areas: one each for pure
lithium hydride, lithium chloride, and lithium iodide.
Liquidus temperature data for five different LiCl:Til
mole ratios radiating from the lithium hydride corng
of the ternary diagram were used to construct tl’
surface; these are given as Series I through V of Table
V-1. One other cross section was also investigated, that
of LiH :LiCI at a mole ratio 34:66; these data are given
as Series VI of Table V-1. Inspection of Figure V-2
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indicates that the system is eutectic with the eutectic (see ANL-7225, p. 216; also Ref. 5). A model which
composition being 14.3 m/o LiH, 27.7 m/o0 LiCl, 58.0 assumes pairwise association of lithium halide mole-
m/o Lil, melting at 332.9°C. cules was developed to account for these deviations.

However, contrary to previous observations coneerning
b. CONDUCTIVITY OF LITHIUM HYDRIDE- the apparent low conductance of lithium hydride,?

LITHIUM HALIDE MIXTURES (C. E. Jounsox, recent information® indicated that lithium hydride is

. J. Prck) highly ionic in nature. This necessitated further ex-
Thermodynamie analysis of the solid-liquid equi- —
librium data of the binary lithium hydride-lithium Chem. Phys. 44, 834 (1966).

halide (Cl—, Br—, I7) .S}.fstems ‘ha's indicat(?d t}}at ¢ Private communications from M. Bredig, Oak Ridge Na-
these systems all show positive deviations from ideality tional Laboratory.

5C. E. Johnson, 8. E. Wood, and C. E. Crouthamel, J.
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Fia. V-2. LiH-LiCl-Lil Ternary System.
TABLE V-1. CrysTaLLizaTioN TEMPERATURES FOR LiH-LiCl-Lil
Series T Series 1T Series I11 Series IV Series V Series VI
Mole Ratio Mole Ratio Mole Ratio Mole Ratio Mole Ratio Mole Ratio

LiCL:Lil 1:9 LiCl:LiX 3:7 LiCL:LiT 1:1 LiCl:1iI 7:3 LiCL:Lil 9:1 LiH:LiCl 34:66
m/o Temp m/o Temp m/o Temp m/o Temp m/o Temp m/o Temp
LiH (°C) LiH °C) LiH °C) LiH °C) LiH °C) Lil (4]

0.0 442.0 0.0 385.0 0.0 442.0 0.0 515.5 0.0 567.0 0.0 495.6
10.0 411.1 5.0 367.4 5.0 430.2 10.0 488.7 10.0 545.8 20.0 452.3
20.0 379.6 10.0 352.7 10.0 420.4 20.0 464.6 20.0 524.3 30.0 428.1
25.0 415.9 15.0 339.5 15.0 412.9 30.0 457.9 30.0 485.2 40.0 403.2
30.0 442.7 20.0 367.0 20.1 404.0 35.0 495.2 40.0 518.4 50.0 363.0
35.0 475.5 25.0 419.1 25.1 433.5 40.0 515.7 50.0 559.4 54.7 343.2
45.0 532.1 30.0 451.9 35.0 489.0 50.0 552.8 60.0 587.8 56.0 340.1
55.0 564.4 40.0 509.7 45.0 534.5 60.0 488.5 76.0 612.5 58.0 332.7
65.0 608.7 50.0 556.8 55.0 578.5 70.0 614.2 75.0 625.6 65.0 360.8
75.0 632.5 60.0 590.5 65.0 609.4 80.0 637.2 85.0 647.3 77.1 400.2
85.0 653.5 70.0 620.1 75.0 629.5 89.4 660.4 89.6 657.3 90.0 440.8
100. 686.0 80.0 639.6 85.0 650.4 100. 686.0 100. 686.0 100. 468.0

90.0 663.2 100. 686.0
100. 686.0
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perimental work (reported below) which confirmed
the high conduetivity for lithium hydride. It is now
postulated that the lithium halides are present in
lithium hydride-lithium halide binary systems as as-
sociated ions of the type LiX; . The present interpre-
tation corresponds to that given previously but with
the present emphasis in terms of the ionic nature of
the melt.

If such associated ions are present in the electrolyte,
a signifieant change in the normal character of the
conductivity of the electrolyte might result. There-
fore, electrical conductance measurements are being
made in an attempt to determine the nature of the
species present in these fused salt solutions.

Electrical conductance measurements have been
made on selected compositions of the LiH-LiCl binary
system, using the parallel-electrode conductivity cell.
In this technique,” the resistance between two parallel
molybdenum electrodes dipping into the melt is meas-
ured as a function of frequency and depth of immersion.
Fused salts have very low resistivities; for example, the
resistivity of LiCl at 650°C is 0.169 (ohm) (em),
whereas that of the best conducting aqueous system
is >1 (ohm) (em). Thus, a very sensitive bridge is

“H. R. Bronstein, A. S. Dworkin, and M. A. Bredig, J.
Phys. Chem. 66, 44 (1962).

needed for accurate measurement of the elec’orolyt’
resistance. Such a transformer bridge, built by J.
Bobis of the ANIL Electronics Division, has been
incorporated into the apparatus. A schematic diagram
of this bridge is given as Figure V-3.

In Figure V-4 the specific conductivity of the
seleeted LiH-LiCl binary mixtures at 620°C is plotted
as a function of composition. The value for pure
lithium chloride at 5.77 ohm—* em~* in Figure V-4
is taken from the data of Van Artsdalen and Yaffe.®
The other value for pure lithium chloride (4.70 ohm—1
em~1) is our experimental result. Since a duplicate
experiment has not been run on pure lithium chloride,
it is not yet possible to comment on the discrepancy
between these two values. The value for pure lithium
hydride (32 ohm=?! em~!) was determined in this
laboratory and checks reasonably well with extrapo-
Iations of the data given by Moers.?

Duplicate experiments were carried out for the 60
m/o LiH-LiCl mixture with fair agreement between
runs: 7.10 and 7.35 chm~—?! em—?1, As can be seen from
Figure V-4, the deviations from ideality in the system
are large and positive. This is consistent with the

concept of the formation of LiCly discussed above.

8. R. Van Artsdalen and I. S. Yaffe, J. Phys. Chem. 59,
118 (1955).
9 K. Moers, Z. Anorg. Allegem. Chem. 113, 179 (1920).

2. Raman Investigation of the LiH-LiCl System (. L. Gasxer, T. F. Youna)

Considerable uncertainty exists in our knowledge
of the degree and nature of molecular association pres-
ent in molten LiH-LiCl. The cryoscopic studies de-
seribed earlier? strongly suggest the presence of poly-
mer species, and this position is supported by the recent
conductivity results reported above, Unfortunately,
eryoscopic and conductivity measurements can provide
no conelusive proof of molecular association. The
discovery of vibrational Raman spectra would provide
unambiguous proof of the existence of polymeric
species and woud give information as to their nature
and their concentration and temperature dependence.
Therefore, a Raman spectral investigation of the
LiH-LiCl system has been initiated.

The physical and chemical nature of the LiH-1iCl
system poses difficulties and severe and exacting re-
quirements upon all parts of the experimental appa-
ratus: (1) the molten LiH-LiCl mixture reacts with
all known window materials, (2) hydrogen atmosphere
is required in order to prevent dissociation of the LiH,
(3) the sample must be maintained at temperatures
of 500 to 800°C, and (4) any polymeric species pres-
ent (such as LisCly , LiClt | or LiCly—) would proba-

bly have bonding which was more nearly ionic than
covalent. Ionic bonding results in low specific Raman
intensities.® Hence, the apparatus as as whole, while
capable of handling molten LiH-LiCl, should have a
sensitivity comparable to the sensitivity attainable
with conventional samples.

All of the experimental difficulties described above
appear to have been overcome. A versatile and highly
sensitive laser-excited Raman spectrophotometer has
been designed and constructed (see ANL-7225, pp.
219-221). A novel sample cell, the 45° mirror cell, has
now been designed, constructed, and tested.

The design and operation of the 45° mirror cell is
illustrated in Figure V-5. A metal sample cell is used
to contain the melt. A slot, 1 in. long by Y& in. wide,
in the lid of the sample cell is used to permit the
entrance of the laser light and the exit of the Raman
light. A stainless steel 45° mirror (4 in Figure V-5)
immersed in the melt causes the laser beam to pass
horizontally down the length of the melt. A large 4

10 G, Herzberg, Molecular Spectra and Molecular Structure. I.
Spectra of Diatomic Molecules, D. Van Nostrand Co., Inec.,
Princeton, N.J., 1945, p. 88.
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mirror outside the furnace allows the Raman light
originating from the horizontal “rod” of illuminated
sample to be focused on the vertical entrance slit of
the spectrometer.

The sample cell (1 in Figure V-5) is surrounded by
a nickel block (6). A small wedge-shaped hole in the
nickel block provides for the necessary passage of
light (8). The nickel block is enclosed in a quartz
tube (7) in order to provide a controlled atmosphere
around the sample. Passage of a continual stream of
purified hydrogen, in the direction indicated by the
arrows, tends to prevent eorrosive vapors of the sample
from reaching the quartz jacket. The entire sample
region is surrounded by a tube furnace which can be
operated at temperatures up to 1600°C.

The effectiveness of the 45° mirror cell has been
tested at 250°C with a molten NaNOQO,;-KNO; eutectic
mixture. An example of the spectrum attainable with
the molten nitrate sample is given in Figure V-6. This
spectrum was obtained using a very high scanning
speed (325 em—1/min) and a short time constant
(te. = RC = 1 sec). In spite of the use of such a

short time constant, the line at ~1650 cm—? is clearly
visible above the background noise. Molten nitrates
were investigated previously by Janz and James"
using the conventional Hg are excitation with the Hg
arcs surrounding a transparent quartz sample cell.
This favorable sample geometry would be expected
to give an intense Raman signal. Janz and James,
however, while able to detect the 1650 e¢m—?! line
photographically, were unable to observe this line
when using photoelectric detection. One may therefore
conclude that the special Raman apparatus developed
in this laboratory will allow the investigation of molten
LiH-LiCl to be performed with at least the same
sensitivity as can be achieved elsewhere with con-
ventional samples.

Raman spectral investigations of molten LiH-LiCl
mixtures are under way. Samples have been maintained
at 500°C for many hours with no appreciable dis-
coloration of the quartz sample envelope or of the 45°
mirror immersed in the melt. Results are too sketchy
to warrant comment at this time.

1 G, J. Janz and D. W, James, J. Chem. Phys. 35, 739 (1961)

B. BIMETALLIC CELLS

Bimetallic cells have the capability of operating
at very high current densities with only minimal
losses due to non-ohmic overvoltages. This means that
very high energy-density bimetallic systems can op-
erate at reasonable efficiencies, both as secondary cells
and as thermally regenerative galvanic cells.

Three main areas of rescarch are being actively
pursued:

1. Emf studies of bimetallic systems. These studies
yvield emf data as a function of composition and
temperature, from which thermodynamic prop-
erties of the bimetallic system can be calculated.
The selection of promising systems for engineering
development is made on the basis of thesce data.

2. The selection of low-melting electrolytes for
bimetallic cells is made using the phase diagram
data for appropriate binary and ternary halide
systems. The phase diagrams and their thermo-
dynamic interpretation guide other portions of
the research activity, such as the Raman investi-
gation.

1. Emf Studies and Thermodynamics (M. S. Foster, G. H. McCroup)

Thermodynamie properties of binary alloys are
readily determined from the open-circuit voltages of

3. Vapor pressures and vapor phase compositions
are necessary for the evaluation of the suitability
of bimetallic systems for use in the thermally
regenerative mode of operation. One component
(preferably the anode metal) should be much
more volatile than the other, in order to obtain
adequate separation in a simple, single stage
regenerator. Thermodynamic analysis of the data
indicates that perhaps intermetallic compounds
are present in the liquid phase.

Two systems, sodium-bismuth and sodium-lead,
have entered the engineering development phase, and
are being studied both as thermally regenerative gal-
vanic cells and as secondary cells. The engineering
work will soon include cells with lithium anodes, for
instance, lithium-tin. In preparation for this work,
corrosion studies are under way at high temperatures
where regenerators are expected to operate (1000-
1300°C).

reversible concentration cells without transference, i.e.,
from cells of type 1:
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. A (liquid) /electrolyte containing
4 ions/A dissolved in B

The physical state of the cathode is usually a liquid
alloy of 4 in B, although alternatively it may also
consist of two phases—a solid compound of 4 and B
and a liquid B saturated with the compound. The
electrolyte may be either liquid or solid. Any solubility
of 4 in the electrolyte may result in mixed conduction
in the electrolyte by the transport of electrons as well
as A ions. The effect of mixed conduction is to lower
the cell voltage below that which would otherwise
exist. Erroneous values for calculated thermodynamic
quantities would then result because the cell is no
longer a reversible concentration cell without trans-
ference. The solubility of 4 in the electrolyte will
also cause irreversible (non-electrochemical or non-
current producing) transfer of A from the anode to
the cathode, reducing the current efficiency of the cell.

a. BIMETALLIC CELLS WITH LITHIUM AN-
ODES

In cells where the anode metal 4 is lithium and the
electrolyte is a molten LiCl-LiF mixture of eutectic
composition, the small solubilities of the metal in the
salt are not sufficient to cause significant voltage
losses due to electronic conduction. However, irreversi-
ble transfer does cause noticeable voltage losses which
increase linearly with time. The voltage decrease due
to irreversible transfer is minimized by using a refer-
ence electrode (bismuth saturated with solid LisBi)
which is not sensitive to the addition of lithium. The
solubility of the solid compound (Li3Bi) in the electro-
lyte does not lead to significant voltage losses with
time. The results from several cells with lithium an-
odes have been discussed previously (ANL-7125, p. 215)
and are considered to be of sufficient accuracy for the
calculation of the thermodynamic properties of the
lithium-containing alloys.

b. BIMETALLIC CELLS WITH SODIUM ANODES

In cells where the anode metal 4 is sodium and the
electrolyte is a molten Nal-NaCl-NaF mixture of
eutectic composition, the sodium has an appreciable
solubility in the salt. Electronic conduction in the
molten salt saturated with sodium is 10-20% of the
total conductivity (see ANL-7225, p. 216). In ad-
dition, the solubility of sodium is large enough to lead
o high mass transfer rates of sodium which preclude
he observations of stable cell voltages. When attempts
are made to use a reference electrode of bismuth
saturated with solid NagBi, the solubility of NasBi
in the electrolyte is sufficiently large to again result

in appreciable mass transfer and rapidly falling cell
potentials.

The transfer of sodium through the electrolyte is
significantly reduced by the use of a solid electrolyte
such as a single crystal of sodium chloride. The
mobility of dissolved sodium atoms, per se, 1is con-
siderably less in the erystal than in a liquid electrolyte.
Further, any transfer due to the combined mobility
of electrons and sodium ions will be reduced in the
crystal because of a decreased mobility of the sodium
ions.

However, voltage loss at open circuit depends on
the relative electronic and ionic conduction and is
not, easily ascertained. In the molten electrolyte satu-
rated with sodium, the mobilities of both the electrons
and sodium ions (as well as that for neutral sodium
atoms) are high. In the solid, both of these are greatly
reduced, but the exact reduction for each is not known.
If in the solid, as compared to the liquid, the mobility
of the ion is reduced by a larger factor than the
mobility of the electron, the voltage losses for cells
with solid electrolytes would be larger than those for
cells using a liquid electrolyte.

The extent of the voltage loss for cells with solid
electrolyte has been estimated by operating a cell of
type 2:

Na({)/NaCl(s)/40 a/o Na in Pb{{)

The potential of two such cells was observed at various
temperatures. The results, along with the best (least-
squares fit) curve for the data, are given in Figure
V-7. As indicated on the figure, the standard deviation
of the points from the curve is 4 mv.

The cell potential was also independently caleulated
from the activity of sodium in 40 a/o Na-Pb at 700°C
as determined by A. K. Fischer of this Division from
a measurement of the total vapor pressure of the alloy
(see section V.B.3 of this report). In this calculation,
it was assumed that the vapor phase consisted entirely
of sodium monomer, and the known vapor pressure
of pure liquid sodium was used in the calculation along
with the equilibrium constant for dimerization of
sodium in the vapor phase. Using the value obtained
for the activity of sodium in the alloy, 0.0456, the
potential of a type 2 cell was caleulated to be 0.259
volt at 700°C (Figure V-8).

In Figure V-8, the curve representing the present
data is compared with data of other investigators,12-16

12 M. F. Lantratov, Russian J. Inorg. Chem. 4, 927 (1959).

13 K. Hauffe and A. L. Vierk, Z. Elektrochem. 53, 151 (1949).

14 B. Porter and M. Feinleib, J. Electrochem. Soc. 103, 300
(1956).

18 A. G. Morachevskii, J. Applied Chem. USSR 31, 1252
(1958).

18 A F. Alabyshev and A. G. Morachevskii, Russian J. In-
org. Chem. 2, 313 (1957).
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most of whom used solid glass electrolytes. The upper
curve in the figure is the best (least-squares fit) curve
for the data of Lantratov,? Hauffe and Vierk,'® Porter
and Feinleib,'* and the datum point of Fischer. Some

of the cell potentials reported in the literaturels 1‘
are less than those observed in this laboratory and
were not used in the least-squares curve in Figure
V-8. These potentials were probably low because of
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TABLE V-2. Lirtmiuvm-SeEreniuM CELL PoTENTIALS AT 580°C

First Cell } Second Cell
Cathode Composition (a/o Li) ~0 5 10 { 15 ~0 5
Observed Potential (volts)* 1.318 1.263 1.220 ! 1.216 1.086 0.926
Calculated Li-Se Potential (volts)® 2.005 1.950 1.907 | 1.903 1.773 1.613
Li-Te Potential (volts)c (Ref. 17) — 1.797 1.763 ‘ 1.745 —_— —

+ Observed for type 4 cell:

Bi(f) saturated with LisBi(s)/LiCl-LiF (£)/Li in Se(f)

b Calculated for type 5 cell:

Li(6)/LiCl-LiF (£)/Li in Se(f)

¢ Caleulated for type 3 cell:

Li(£)/LiCl-LiF (¢)/Li in Te(£)

the difficulty of making solid glass electrolytes which
give identical potentials for the same cell. It has been
estimated that if a dozen glass electrolytes were used,
an identical number of potentials, ranging over 10-15
mv, could be expected.

Since each of the two curves in Figure V-8 has a
standard deviation of 4 mv, it is difficult to ascribe a
real difference between them over the temperature
range 375 to 500°C. However, at 700°C the difference,
which is the voltage loss at open circuit for cells of
type 2, does appear significant. This difference will be
verified by further work utilizing a different technique.

c¢. LITHIUM-SELENIUM AND LITHIUM-TELLU-
RIUM SECONDARY CELLS

Certain applications for batteries require that power
be delivered at a high rate for relatively short lengths
of time, which are separated by longer periods of
essentially no load. During the longer periods, the
battery might be electrically recharged using some
other source of energy, such as a thermoelectric gen-
erator, which by itself is not capable of delivering
power at the required rate for the “on” cycle. For
applications such as these, it is not necessary to restrict
consideration to cells which are thermally regenerative
since regeneration is accomplished electrically. Bime-
tallic cells in general are ideally suited for these ap-
plications since they have a low internal resistance
and very little over-voltage from other than resistive
sources. Therefore, it is profitable to consider bime-
tallic cells which would not normally be chosen for
study as thermally regenerative cells, but which are
expected to have high voltages and high current
densities.

Previously, a type 3 lithium-tellurium cell:

Li(¢)/LiCl-LiF (£)/Li in Te(f)

s reported!” to have an open circuit potential of
no less than 1.67 volts where the cathode alloy was
>61 a/o Te (up to saturation of tellurium with solid

17 M. 8. Foster and C. C. Liu, J. Phys. Chem. 70, 950 (1966).

LisTe). It was expected that if selenium were sub-
stituted for tellurium, an even higher voltage would
be obtained. Such a cell has been studied.*®

In the lithium-selenium cell, neither tungsten nor
Mo-30 w/0 W alloy could be used as an electrode
contact. Specimens of these materials disintegrated
when held in contact with liquid selenium at 550°C for
six days. Therefore, platinum electrical leads were
used from the lithium-selenium alloy and tungsten
electrical leads were used from the anode, which was
liquid bismuth saturated with solid LigBi. A correction
was made for the thermoelectric potential developed
because of the difference in electrical leads. The po-
tential of the anode alloy had previously'® been meas-
ured against pure lithium. Therefore, the potentials
observed for the type 4 cell:

Bi(¢) saturated with Li;Bi(s)/LiCl-LiF(¢)/Li in Se(()

could be corrected to those expected for the type 5
cell:

Li(f)/LiCI-LiF (£)/Li in Se(t)

Two cells of type 4 were operated at 580°C until
failure. The first failed because of loss of selenium by
volatilization and possible solubility*® in the electro-
Iyte. The second cell failed when the porous BeO
crucible used to contain the lithium-selenium alloy
cracked. The large diserepancy between the results of
the two cells (see Table V-2) indicates that the
second cell probably failed in part before any measure-
ments were taken. The lithium content of the lithium-
selenium alloy was fixed by passing a constant current
between the electrodes (type 4 cell) for a given length

18 These studies were accomplished with the aid of J. J.
Seidler, M. Husian, and J. L. Kerian, students at the ANL-
AMU Summer Engineering Practice School.

13 M. S. Foster, S. E. Wood, and C. E. Crouthamel, Inorg.
Chem. 3, 1428 (1964).

20 A solubility of 0.0077 w/o was measured for selenium in
molten CsCl at 650°C; if the solubility of selenium in molten
LiCl-LiF is of a similar order of magnitude, loss of selenium by
dissolution in the electrolyte will not be a significant factor.
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of time and assuming 100% efficiency for the transfer.

Comparison of the calculated voltages for a type
5 lithium-selenium cell with a type 3 lithium-tellurium
cell in Table V-2 indicates that the former will have

~0.2 volt higher potential at open cireuit. Howeve’
in view of the difficulties in operating such a cell, it

is anticipated that the lithium-tellurium cell will

prove more useful in practice.

2. Electrolyte Studies (C. E. Jounson, E. J. HatHawAY)

a. ELECTROLYTES FOR CELLS WITH SODIUM
ANODES

Solid-liquid phase equilibria have been determined
by thermal analysis techniques for the NaF-NaCl-Nal
ternary system. This mixture has potential applica-
tion as the electrolyte in a regenerative bimetallic cell
employing sodium ag the anode material.

The apparatus used in this work has been described
in detail elsewhere.? Analytical grade sodium fluoride,
sodium chloride, and sodium iodide obtained from
Mallinekrodt Chemical Co. were used in the experi-
mental program. The salts were filtered through a
porous quartz frit prior to use. The melting points of
the salts were 990.0, 801.0, and 659.3°C, respectively.

The liquidus temperature-composition data meas-
ured for the NaF-NaCl, Nal-Nal, and NaCl-Nal
binary systems are given in Figure V-9, Each of these
systems is a simple eutectic with no indication of
solid solution. The NaF-NaCl binary has a eutectic
at 33.0 m/o NaF that melts at 680.4°C; the NaF-Nal
binary has a eutectic at 18.0 m/o Nal that melts at
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Fic. V-9. Binary Systems NaF-NaCl, NaCl-Nal, Nal-NaF.

597.1°C; and the NaCl-Nal binary has a eutectic at
38.5 m/o NaCl that melts at 572.9°C.

The diagram of the ternary ecrystallization surface
(Figure V-10) consists of three areas: one each for
pure sodium fluoride, sodium chloride, and sodium
1odide. Liquidus temperature data for five different
NaCl:Nal mole ratios radiating from the sodium
fluoride corner of the ternary system were used to
construct this surface; these are given as Series I
through V of Table V-3. One other cross section, that
of Nal:NaF at a mole ratio fo 85:15 was also investi-
gated in order to completely describe the area of the
minimum; these data are given as Series VI of Table
V-3. The dashed lines of Figure V-10 is an extrapo-
lation of the experimental data up to the melting point
of pure sodium fluoride. Inspection of the data of
Figure V-10 indicates that the system is eutectic with
the eutectic composition being 152 m/o NaF, 31.6
m/o NaCl, 53.2 m/o0 Nal, melting at 529.4°C.

b. ELECTROLYTES FOR CELLS WITH LITHIUM
ANODES

There are distinet advantages in the operation of
a bimetallie cell at lower cell temperatures. Increases
in Carnot cycle efficiency, lower corrosion (resulting
in increased cell life times), and lower anode metal
solubility in the electrolyte (reducing the possibility
of inefficiencies caused by irreversible transfer of anode
metal) all could be realized by operation at lower cell
temperatures. Further, it has been considered ad-
vantageous to use electrolytes containing only a single
cation. This limitation was imposed so that reactions
between the active metal in the cell and the electrolyte
could not take place. Such reactions would decrease
the efficiency of thermally regenerated cells and would
complicate both the collection and interpretation of
data. Therefore, an extensive survey has been made of
various binary and ternary lithium salt systems with
the objective of seeking a low-melting electrolyte for
a bimetallic cell using a lithium anode.

This evaluation was restricted to an examination of
those lithium salt systems consisting of the following
anions F—, Cl—, Br—, I~, OH—, CO;~2, PO, 3. ’

The hydroxide salt is attractive because of its lo
melting point (450°C). However, in a cell where
lithium metal is present, it is likely that either of the
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TABLE V-3. CrystarnizatioNn TEMPERATURES FOR NaF-NaCl-Nal
Series T Series II Series IT1 Series IV Series V Series VI
Mole Ratio Mole Ratio Mole Ratio Mole Ratio Mole Ratio Mole Ratio
NaCl:Nal 1:4 NaCl:Nal 2:3 NaCl:Nal 3:2 NaCl:Nal 7:3 NaCl:Nal 4:1 Nal:NaF 8.5:1.5
m/o Temp m/o Temp m/o Temp m/o Temp m/o § Temp m/o Temp
NaF C) NaF °C) NaF °C) NaF °C) NaF f °C) NaCl °C)
0.0 617.3 0.0 579.5 0.0 668.7 0.0 706.0 0.0 739.2 0.0 609.5
5.0 603.0 5.0 569.3 5.0 652.6 5.0 693.3 5.0 721.5 15.1 586.7
10.0 585.9 10.2 556.2 | 10.0 637.1 10.0 688.4 10.0 706.8 25.0 567.6
15.0 571.1 15.0 539.5 i 15.0 623.8 14. 661.6 15.0 690.2 35.0 562.8
20.0 597.8 20.0 567.5 20.0 608.4 20.0 645.2 19.9 673.4 45.0 604.0
25.0 655.5 25.0 634.2 25.0 633.0 24.9 626.7 25.0 656.7 55.0 646.9
30.0 707.9 25.0 642.2 30.1 669.6 30.0 663.7 30.0 665.4 65.0 683.2
35.0 735.4 30.0 688.0 34.9 710.3 35.0 711.0 35.0 697.0 75.0 720.1
40.0 767.5 35.0 725.7 40.0 751.7 40.0 738.5 40.0 T24.5 100.0 801.0
45.0 803.4 40.0 761.5 45.0 778.5 45.0 7717 45.0 763.2
50.0 835.5 45.0 793.5 50.0 805.6 50.0 803.6 50.0 803.2
55.0 848.4 50.0 821.5 55.0 835.5 55.0 828.3 55.0 820.0
100.0 990.0 55.0 843.8 60.0 855.2 60.0 852.8 60.0 844.3
100.0 r 990.0 100.0 990.0 | 100.0 990.0 100.0 990.0
{ i

following reactions could take place, bringing about
gross changes in the electrolyte characteristies:

(1) LiOH + 2Li —

Li:O0 + LiH

(2) LiOH + Li —

Li,0 + YeH,

AF?:5

[l

AFo50 =

—40 keal/mole

—25 keal/mole

The lithium oxide melting point is approximately
1700°C, an undesirably high temperature.
Lithium carbonate may undergo the following re-
action:
2Li,0 + CO AF%; = —35 keal/mole

Phosphate salts would appear to be compatible
with the cell environment, but the melting point of
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this salt appears to be considerably higher than the
stated literature value of 837°C. Attempts to melt
this salt have been unsuccessful up to temperatures of
1050°C.

Thus, only the halides have been given detailed

consideration. Experiments are presently in progres’
to determine temperature-composition data which will
define the liquidus-solidus equilibrium surface for the
LiBr-1il binary and the LiF-LiCl-Lil ternary sys-
tems.

3. Liquid-Vapor Equilibrium of Cathode Alloys

Problems involving liquid-vapor equilibria are inti-
mately involved with the design of a thermally regen-
erated bimetallic galvanic cell. One such problem is
the determination of the range of pressure under which
a cell may operate successfully. Another problem is
the selection of the cathode composition and the re-
generation temperature which will provide the most
favorable regeneration path. These matters have been
treated generally and also specific answers have been
given for the sodium-bismuth system in previous re-
ports (ANL-7055, pp. 221-225, ANL-7125, pp. 220~
226, and ANL-7225, pp. 218-219). One important point
which may be recalled is that a pressure of at least
240 torr is needed to avoid depositing solid NasBi in
the regenerator of a sodium-bismuth cell.

In the present report, a thermodynamic analysis is
given for the results for the sodium-bismuth system,

TABLE V-4. ActiviTiEs AND Activity COEFFICTENTS FOR
THE Liquip SopruvM-BismuTr SystEM aT 900°C (1173°K)

. . Sodium Calculated

Atom Fraction Sodium Activity Blsnpqth

Sodium Activity Coofficient Activity

(2xa) (axa) (yne) Coefficient

& (’YBI)

0.100 2.23 X 10— 2.23 X 1073 9.88 X 10t
0.200 1.11 X 103 5.47 X 1078 9.29 X 1071
0.332 3.28 X 1079 9.76 X 103 7.37 X 107
0.400 6.44 X 103 1.59 X 102 6.22 X 107
0.500 1.41 X 1072 2.82 X 107 3.66 X 107!
0.600 2.65 X 1072 4.37 X 102 1.96 X 1071
0.750 1.58 X 107! 2.11 X 10 4.03 X 1078
0.775 5.48 X 10 7.08 X 10! 9.97 X 1075
0.800 6.97 X 107! 8.73 X 107 4.23 X 10-®
0.900 8.63 X 101 9.59 X 10! 2.33 X 1075

TABLE V-5. Excuss PARTIAL Morar ENTrROPY AT 1173°K
or SopiuvM IN THE LiQuip Sop1oM-BisMUTH SYSTEM

Atom Fraction Sodium (xx,) Agi (cal/mole)
0.50 —2.15
0.60 —5.61
0.75 —6.43
0.775 +2.70
0.80 +1.51
0.90 +0.45

together with the assembled data for the sodium-lead
system.

a. THERMODYNAMICS OF THE SODIUM.BIS-
MUTH SYSTEM (A. K. Fiscagr, S. A. Jorxsox,
S. E. Woop)

The total pressure and transpiration techniques used
to study the sodium-bismuth system have been de-
seribed earlier (ANL-7055, pp. 221-223 and ANL-7125,
pp. 221-222). Our reported data for total pressure and
vapor densities in the sodium-bismuth system, derived
using these techniques, have been used to calculate the
activities and activity coefficients for sodium. A series
of values for these quantities was obtained across the
full composition range at a temperature of 1173°K.
A graphical Gibbs-Duhem integration based on sodium
yielded activity coefficients for bismuth. The measured
activities and activity coefficients for sodium and the
calculated activity coefficients for bismuth are shown
in Table V-4.

Since the total pressure data were available as a func-
tion of temperature and since vapor from the sodium-
rich liquids was essentially pure sodium, it was possible
to calculate, from total pressure data on the sodium-
rich liquids, values for the chemical potential of mixing
for sodium (Au¥. = RT In ax.). These chemical po-
tentials were fitted to a quadratic function of tempera-
ture with the aid of a computer. The derivatives of the
resulting equations with respect to temperature were
then used to calculate excess partial molar entropies of
sodium for each composition at a temperature of
1173°K. These entropies are shown in Table V-5.

An interesting feature of Table V-5 is the large nega-
tive partial molar excess entropy at 0.75 atom fraction
sodium. Such a negative excess entropy may be taken
as indicative of short range order above the melting
point of the system. When it occurs as it does here, at
the stoichiometry of a compound existing in the solid
phase, it becomes tempting to speculate on the possible
persistence of the compound in the liquid state. Such a
possibility has been rejected by some metals physicists
in the past, although recently pieces of experiment’
evidence have appeared which tend to support the ided®
For example, the results of nuclear magnetic resonance
studies on the indium-bismuth system have been found
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QO be consistent with the existence of an intermetallic
compound in the liquid state.” Some success in correlat-
ing activity data on the basis of a dissociated molecular
liquid model has also been achieved by Schmahl and
Sieben? for the Mg-Pb and Mg-Sb systems, and by
Hogfeldt® for the TI-Hg, TI1-Pb, and Bi-Cd systems.
For the sodium-bismuth system, we found that by
assuming the existence of the compounds Na;Bi and
NaBi, the thermodynamic data could be correlated by
means of a quasi-ideal solution treatment. Such a treat-
ment assumes that the species of the solution, as dis-
tinguished from the components, behave ideally. In our
case, four species are involved: Na, Bi, Na;Bi, and
NaBi.

The reason for taking Na and Bi as species is plain.
The selection of Na;Bi as a species is based on the
experimental observations (1) that the excess chemical
potentials for the two components change markedly in
the composition region corresponding to Na;Bi, and (2)
that the partial molar excess entropy of sodium has a
large negative value at this composition. Furthermore,
the phase diagram shows the formation of NasBi in the
solid phase. The inclusion of NaBi as a species is sup-
ported by (1) the fact that the compound exists in the
solid phase as shown by the phase diagram and (2) the
need to introduce a 1:1 complex to make the Auf
curves from the quasi-ideal treatment consistent with
the features of the experimentally determined curves,
particularly in the limiting cases of pure components.

The activity coefficient of sodium, yxa , may be ex-
pressed in the quasi-ideal context by

— 1 + K1(2xl/\la - xl?a.) + K2(4xl/\13a - xll\éi) — é}
1+ Ky + Ko(300 — 223) o

YNa

The expression for the activity coefficient of bismuth is

14 I
1 — Zna _ ¥Bi

(1 — 2xa) (1 + Knw + Kotnt)  ms

YBi =

where
z; = mole fraction of the species indicated by the
subseript
x, = mole fraction of the component indicated by
the subscript.
K, and K, are the equilibrium constants for the forma-
tion of the compounds NaBi and NagBi, respectively:
7

Na 4 Bi= NaBi K, = 28

InalBi

# ., F. W. Seymour and G. A. Styles, Proc. Phys. Soc. 87,
473 (1966).
Q”N. (. Schmahl and P. Sieben, ‘“Physical Chemistry of
etallic Solutions and Intermetallic Compounds”, Volume 1,
National Physies Laboratory Symposium No. 9, Her Majesty’s
Stationery Office, London, 1959 Paper 2K.
% E. Hoofeldt, Rec. Trav. Chim. 75, 790 (1956).

I3
TNa;Bi
KZ - 3 7
Inalei

3Na - Bi = NasBi

The values for these equilibrium constants are related
to the limiting values of the activity coefficients as the
composition approaches the pure components. Thus,
vxs Teduces to 1/(1 4+ K;) in the limit of Zwa = 0 and
vp; reduces to 1/(1 4+ K; + K,) when xl'\ya = 1. From
a preliminary plot of the experimental values for the
activity coefficients, tentative values for K; and K,
were obtained. These were refined by successive ap-
proximations so that, ultimately, the values K; = 300
and K, = 2 X 10° were found to yield theoretical curves
which agree well with the experimental data. These
curves, plotted as Au#/4.57T vs. 2y., are shown in
Figure V-11. The ability of this treatment to fit the
data is not taken as proof that the postulated com-
pounds exist in the liquid state, but rather as another
example, in addition to those of References 22 and 23,
of the ability of a simple model to correlate thermo-
dynamic data.

b. LIQUID-VAPOR EQUILIBRIA IN THE SO-
DIUM-LEAD SYSTEM (A. K. Fiscmmr, 8. A.
JOHNSON)

The possibility of utilizing the sodium-lead system
in a regenerative bimetallic emf cell has been proposed,
and some cell work hag already been done. As one aspect

ermmmmn b

THEORETICAL CURVE (quasi-ideal)
FOR K= 3 X102

—6l— Kp= 2 X103
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308-272
Fre. V-11. Excess Chemical Potentials of the Components in
the Sodium-Bismuth System at 1173°K.
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of the experimental effort necessary for this cell, the
liquid-vapor equilibrium relationships in the sodium-
lead system have been studied. The general procedure
followed was the same as for the sodium-bismuth sys-
tem: total vapor pressures were measured by the quasi-
static method as a function of temperature for a series
of compositions; also, the vapor composition and
density were measured by transpiration experiments on
three lead-rich liquids at a temperature close to 1123°K,
the projected regeneration temperature.

The total pressures are presented in Table V-6 and
the transpiration data in Table V-7. The equations de-
rived from Table V-6 were solved for the total pressure
at a temperature of 1126°K, the temperature of the
transpiration experiments. The results constitute the
column labelled Pii06x in Table V-6. These values were
combined with the total pressures calculated from the
transpiration experiments in order to construct the
pressure-composition diagram for the sodium-lead
system at 1126°K, Figure V-12. It is seen that the vapor
over a probable cathode alloy in a sodium-lead re-
generative cell contains an appreciable fraction of lead,
so that regeneration of the sodium-lead cell is likely to
require refluxing and fractionation.

TABLE V-6. Toran Vapor PrEssUREs ForR THE Na-Pb
SysTEM A8 MEASURED BY QUASI-sTATIC METHOD

log P = —-A/T + B

Root
Mean
Square
Error in
log P

Atom
Fraction
Sodium
in Liquid
(xn a)

Temper-
ature
Range of
Measure-
ments (°K)

Prse’x
(torr)

6.38436
7.10098
7.46188
7.60320
7.50208
7.50703
7.38649
7.42567

0.01133
0.00875
0.01078
0.00378
0.00424
0.00582
0.00174
0.00693

3.75
16.6
35.5
92.2
154.9
254.4
371.6
511.8

0.1517
0.3009
0.3994
0.4992
0.6028
0.6997
0.7997
0.8998

1181-1271
1066-1204
948-1122
958-1140
1015-1146
838-1147
10631144
753-1103

6541.24
6621.37
6656.69
6348.62
5981.29
5744.27
5423.23
5310.81

HHHFHHHER

TABLE V-7.

V. Energy Conversion

An examination of the data will be made to deter-
mine if the thermodynamic functions of this system
may be treated in a manner similar to that used on the
sodium-bismuth system.
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Fia. V-12. Pressure-Composition Diagram for the Na-Pb
System at 853°C.

TransPIRATION EXPERIMENT RESULTS oN THE SopiuM-Leap SysteEm ar 1126°K

Vapor Density

Atom Fraction Melt

Sodium in

Partial Pressure (torr)

Total Atom Fraction

Pressure

Temperature
o

Sodium in

Liquid (xxa)

Sodium (g/¢)

Lead (g/¢)

PNa

Pres

Ppy,

(torr)

Vapor (yna)

0.300

0.200

0.100

1126.1 + 0.7

1124.9 + 1.3

1125.9 + 1.3

(5.47 &+ 0.21)
X 1073
(2.23 + 0.07)
X 107
(7.35 + 0.13)
X 1074

(2.33 & 0.14)
X 1074
(3.06 = 0.08)
X 10~
(3.51 + 0.21)
X 10~

16.4

6.76

2.24

0.11

0.018

0.002

0.066

0.102

0.112

16.6 = 0.6°

6.88 & 0.21

2.35 4 0.15

0.996

0.985

0.950 .

= This value agrees well with the total pressure observed by the quasi-static method. In Table V-6, the total pressure for this
composition at 1126°K is given as 16.6 4= 0.4 torr.



B. Bimetallic Cells

a. SODIUM-BISMUTH CELL

An experimental sodium-bismuth cell without a
thermal regenerator was built and placed in operation
on December 9, 1964 (see ANL-7055, p. 226) and
was kept in long-term operation as a secondary cell un-
til the unit was shut down by an accidental short-eir-
cuit in the heating element after approximately 17
months of operation (see ANL-7225, p. 221). During
operation, the cell temperature was kept between 535
and 650°C, with an average temperature of 550°C. The
average open circuit voltage was 0.66 volt with 30 a/o
sodium-bismuth ecathode alloy; however, with pure
bismuth cathode metal, an open circuit voltage of 1.22
volts was obtained. The cell was electrically discharged
and recharged about once every two days. A current
efficiency of approximately 87% was achieved. The cell
itself, including the frozen electrolyte insulator-pres-
sure seal, showed no sign of failure. Upon disassembly,
inspection of the interior revealed surprisingly little
corrosion, with only 50 p dissolution of stainless steel
from the cell housing., X-ray analysis indicated that

5. Regenerator Studies

In a thermally regenerative bimetallic cell system,
the circulation of liquid metal between the cell and the
regenerator depends on thermal conveetion. During
operation of the sodium-lead emf cell apparatus with
attached thermal regenerator (apparatus desecribed
above), it was noticed in every run that after approx-
imately 3 hr of continuous operation, the ecirculation
rate of liquid metal desereased and finally stopped.
Tilting, mechanical vibration, pressurizing, or depres-
surizing of the apparatus did not succeed in reinitiating
circulation. However, when the apparatus was left for
an hour under argon gas, circulation resumed.

Causes for stoppage of the circulation were sought
and an experiment was conducted using a device iden-
tieal to the one shown in Figure VI-13 on p. 227 of
ANL-7055. 1t consists of a vertical eylindrical reser-
voir connected to a vertical regenerator by means of
tubes forming a loop for the continuous recirculation
of the alloy by thermal convection. The upper part of
the regenerator is provided with a sodium vapor con-
denser. A tube that connects the condenser with the
reservoir allows condensed sodium liquid to return to
the reservoir.

The first set of data was taken with argon cover gas,

hich suppressed distillation of the sodium in the re-
generator. After 24 hr of operation without stoppage
of eirculation, pressure was lowered to approximately

4. Laboratory-scale Bimetallic Cells (H. Summoraxe, G. ROGERS)

there was no decomposition of the electrolyte salt mix-
ture.

The cell has been cleaned, recharged with electrolyte
and sodium-bismuth alloy, and will be put back into
operation. This time, a thinner electrolyte layer will
be used to minimize the internal resistance of the cell.

b. THE SODIUM-LEAD CELL APPARATUS

An experimental sodium-lead cell apparatus (see
ANL-7125, pp. 228-229) with attached thermally
operated regenerator, was built and operated intermit-
tently for a total of approximately 150 hr. Experiments
were terminated because of the development of linear
fractures in the flanges. The fractures were caused by
fatigue of the flange material, a stainless steel, due to
repetitive heating-cooling cycles.

During operation of the regenerative cell apparatus,
circulation of the cathode alloy became erratic. Be-
cause of this difficulty, a separate regenerator study
was performed, which is described in the following
section.

. SHIMOTAKE, G. ROGERS)

5 mm Hg for a second run. Circulation then stopped
after 2 hr, 55 min. Tilting, pressurization, or rocking
did not reinitiate circulation, However, when the appa-
ratus was left under argon cover gas for approximately
two hours, circulation resumed. The third run was
made under vacuum. This run lasted for 3 hr 10 min,
at which time the circulation stopped again. A series
of radiographic photographs was taken during the ex-
periment (using a portable 1%°Ir source) to determine
the lquid metal level and possible plugs in the cirveu-
lation lines. The result indicated that under vacuum
the liquid level in the regenerator section intermit-
tently became considerably lower than expected. A
corresponding increase of the liquid level in the reser-
voir was suspected. This intermittent fluctuation of
the liquid level could be caused by (1) intermittent
discharge of the sodium condensate in the return line
to the reservoir, or (2) periodic violent boiling, i.e.,
“bumping” of the liquid metal in the regenerator sec-
tion. A temporary halt of circulation caused by liquid
level fluctuation results in depletion of the sodium eon-
tent of the liquid metal in the regenerator section and
increases the density of the liquid metal in this section,
thus upsetting the necessary density gradient required
to maintain the thermal conveection.

Based on the above findings, modifications have been
made in the regenerator. The changes include: (1) a
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larger sodium condensate return line (from %4 in. to
5% in. ID), (2) larger and slanted circulation lines
(from % in. to 38 in. ID), and (3) a higher hydro-
static head (from 2% in. to 8l in.). The modified
unit was charged with 30 a/o sodium-lead alloy and
was placed in operation with the still temperature at
800°C and the reservoir temperature at 550°C under
a condenser pressure of approximately 5 mm Hg (ab-
solute). Although some signs indicative of erratic cir-

culation appeared during the first few days, continue’
degassing of the liquid metal improved the stability of
the circulation. After approximately three days of
operation, stable circulation and condenser pressure
patterns were established. The unit was successfully
operated for 935 hr without interruption, at which
time the experiment was terminated. The present de-
sign is considered adequate for the operation of ther-
mally regenerative sodium-lead cells.

6. Engineering Material Corrosion Studies (H. SammoTaxE, J. KarcoL)

Candidate construction materials for thermally re-
generative bimetallic emf cell systems are being eval-
uated with respect to corrosion by the liquid metals of
interest. Since the highest temperature of the cell sys-
tem at the regenerator exceeds 800°C for sodium-lead
and sodium-tin systems and exceeds 1000°C for so-
dium-bismuth and lithium-tin systems, it is logical
that corrosion studies are required for the development
of a long-life bimetallic cell. Very little information on
corrosion by heavy metals at temperatures above
800°C is available in the literature.

a. STATIC CORROSION TESTS

Static corrosion tests were conducted on various
materials by immersing coupons of test materials in
lquid metals. These coupons were usually cut from
sheet stock of the material to be tested. The coupons
and liquid metal were placed within a crucible fabri-
cated from molybdenum-30 w/o tungsten, an alloy
which is considered to be nearly inert to attack by
bismuth, tin, and lead. A summary of all of the static
tests results obtained at temperatures up to 1000°C
was reported previously (ANL-7225, pp. 222-224).

Some additional static corrosion results were ob-
tained at temperatures as high as 1300°C using a mo-
Iybdenum-wound furnace. A capsule made of tantalum
(the test material) containing molten tin and helium
gas was kept at 1300°C in the furnace for a period of
150 hr. Metallographic examination of the capsule
showed only slight dissolution, to the extent of 50 .

A second tantalum ecapsule containing molten 30
a/o lithium-tin was kept at 1300°C for 150 hr. This
capsule showed similar attack. This capsule is still
undergoing detailed metallographic examination.

b. DYNAMIC CORROSION TESTS

Dynamic corrosion tests have been conducted using
thermal convection loops fabricated of selected test
materials. The loops are constructed of % in. pipe
(0.54-in. OD and 0.364-in. ID) in the form of parallel-
ograms about 10 in. high and 6 in. wide. Electric re-
sistance heaters are used to maintain the four sections
of each loop at different prescribed temperatures, set-

ting up thermal convection circulation of the liquid
metal within the loop.

The results of the previous dynamie corrosion tests
conducted were reported in ANL-7225, pp. 224-225.
These results indicated that neither stainless steel nor
low carbon steel is suitable for use in a sodium-bismuth
cell system at temperatures above 800°C with a tem-
perature difference of more than 250°C between the
cell and the regenerator. Because of the severe nature
of the dynamie corrosion of the ferrous alloys by the
liquid metals, special efforts were made to fabricate
loops from some refractory metals. A loop (Loop 10)
fabricated of work-hardened molybdenum-30 w/o
tungsten tubing developed linear fractures after 2488
hr of exposure to liquid bismuth in an argon atmos-
phere with cold and hot leg temperatures of 700-900
and 1050°C, respectively. The fractures were caused
by lack of annealing after the welding of loop joints
had been performed. Since no chemical attack or cor-
rosion was found between the liquid metal and the
loop material, this material presents an encouraging
picture,

A tantalum loop (Loop 16) protected from air oxi-
dation by a type 316 stainless steel sheath tube, was
constructed and charged with 30 a/o sodium-lead al-
loy. This loop was operated with a hot leg temperature
of 1050°C and a cold leg temperature of 750°C for
932.5 hr, at which time a leak developed in the area
where the stainless steel sheath was directly exposed
to the liquid metal.

Still another tantalum loop (Loop 20) containing
30 a/o lithium-tin alloy has been in operation for 110
hr in an argon-filled enclosure. The cold and hot leg
temperatures are 950 and 1050°C, respectively. No
external signs of corrosion have appeared thus far.

Although information obtained so far on the corro-
sion resistance of refractory metals by heavy metals
is limited, the outlook for the refractory metals is e
couraging. Adequate choice of materials based on th
corrosion data supported by proper design and ad-
vanced fabrication methods should solve the construe-
tion materials problem.
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Nuclear Constants’

:

(D. C. Stupegia, A. D. Tevebaugh, J. D. Bingle)

The fast neutron program is directed toward the and toward the use of these data to test theories of
measurement of neutron cross sections which are needed nuclear reactions. Current progress is reported for (1)
in calculations of the breeding gain of fast reactors, neutron capture cross sections of reactor, structural,

and control materials, and (2) capture-to-fission cross-

1 A summary of this section is given on page 15. section ratios of fissile and fertile species.

A. RADIATIVE CAPTURE (D. C. Sturecia, M. Scamipt, A. A. MADSON)

Neutron radiative capture cross sections are being absorbs neutrons unproductively in reactors; therefore
measured as a function of neutron energy between 5 capture cross sections are needed in order to evaluate
keV and 3 MeV. The capture reaction is one which the behavior of various materials in a reactor.
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The experimental method is the neutron activation
technique in which a sample is irradiated in a mono-
energetic neutron beam and counted with a beta or
gamma ray counter. Monoenergetic neutrons are pro-
duced by bombarding lithium or tritium targets with
protons from the Van de Graaff accelerator.

Measurements of the radiative capture cross sections
of “K, %Nn, %Rb, and ¥"Np have been completed. The
data are shown in Figures VI-1 to VI-4, along with the
results of other workers?— when available. The standard
deviations of the cross-section values are approximately
+8%, and the neutron energy spreads for the present
data are generally wide enough so that the spreads of
adjacent points just overlap.

The experimental results have been compared with
ealculations using the statistical model of the compound
nucleus, which gives compound nuclear cross sections
averaged over resonances. The ecurves given in the
figures were calculated using the model in the form

2 R. Booth, W. P. Ball, and M. H. MacGregor, Phys. Rev.
112, 226 (1958).

3 D. J. Hughes, R. C. Gorth, and J. 8. Levin, Phys. Rev.
91, 1423 (1953).

¢ Yu. Ya. Stavissky and V. A. Tolstikov, At. Energ. 10, 508
(1961).

8 A. E. Johnsrud, M. G. Silbert, and H. H. Barsehall, Phys.
‘ev. 116, 927 (1959).

8 R. L. Macklin, N. H. Lazar, and W. 8. Lyon, Phys. Rev.
107, 504 (1957).

given by Moldauer™® in which the average compound
nuclear cross section for capture of neutrons of energy
E is given by
T
Tenp = 71'27\2 ; zz;o: 11 <I‘.g7r> Pix <Il:jcip S]ar

where X is the deBroglie wavelength of the neutron;
I, is the spin of the ground state of the target nucleus;
(Tvm) is the average total width of compound states
with spin J, parity =, and density p,,, at excitation
energy U + E, where U is the neutron separation energy
in the compound nucleus; {I'}™) is the average partial
width for emission of elastic neutrons; and Sv= is the
width fluctuation correction factor.

The calculations also include the variation of radia-
tion width and level density with excitation energy and
spin of the compound nucleus, and the variation of
neutron widths from level to level.

The experimental data are accurately predicted by
the theory for 41, %5\n, and 35Rb, at least up to neu-
tron energies at which the energy levels of the target
nucleus are known. In the case of #'Np, the range over
which the comparison can be made is limited because
the lower energy data have not yet been measured.

"P. A. Moldauer, C. A. Engelbrecht, and G. J. Duffy,
Nearrex: Computer Code for Nuclear Reaction Caleulations,
ANL-6978.

8 P. A. Moldauer, Rev. Mod. Phys. 36, 1079 (1964).

*P. A. Moldauer, Phys. Rev. 135, B642 (1964).
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B. CAPTURE-TO-FISSION RATIOS IN EBR-II (D. C. Stupecia, A. A. MADSON)

In caleulating the breeding gain of a reactor one
needs to know the distribution of neutron energies in
the reactor, and the fission, scattering, and absorption
cross sections as a funetion of neutron energy for the
various materials used in the reactor. When sets of
data as complete as this are lacking, or highly difficult
to obtain, it is useful to obtain the ratio of the capture
and fission cross sections of the fissile or fertile species
in a given reactor spectrum. The object of this program
is the measurement of the ratio of the capture and fission
cross sections of U, %8, 9Py, 24Py, and *2Pu as a
function of position in EBR-II.

The general experimental approach to this work is to
measure the number of fissions in each sample by beta
and gamma counting of the fission product *Cs, and to
measure the number of captures by mass spectrometry.
In order to obtain a sufficient build-up of the capture
and fission products, samples of uranium and plutonium
were placed in subassemblies in EBR-II over a year
ago (see ANL-7055, p. 232). All sample-containing sub-
agsemblies will have received sufficient irradiation by

about February 1967, and will be removed from the
reactor and returned to Argonne by that time.

In the meanwhile, the major work in this program
has been directed toward the development and testing
of analytical and radioactive counting techniques
needed for analysis of the samples. In particular, alpha
and beta counters are being assembled and tested for
use in the assay of alpha-active capture products and
in the determination of fission product *’Cs. Further,
uranium and plutonium samples are being irradiated
in CP-5 under conditions simulating those of EBR-II
samples. These samples will be used to test the disso-
lution, chemical separation, and counting procedures
which will be applied to the EBR-IT samples.

Finally, for a logical extension of the capture-to-
fission ratio work, suitable samples of #*®Pu and *'Pu
have been recently acquired. It is intended that sam-
ples of these two isotopes, which were not available
earlier, will be irradiated in EBR-II and their capture-
to-fission ratios determined.
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© Analytical Research and Development'

(R. P. Larsen, R. J. Meyer)

The program for the development of analytical meth-
ods for the determination of burnup of fast reactor
fuels and for the measurement of fast fission yields
is continuing. A method for determining burnup by a
total rare earth analysis is being developed. After
separation from interferences by precipitation and ion
exchange, the rare earths are determined by a com-
plexiometric titration. Using lanthanum as a stand-in

L A summary of this section is given on page 15,

for the rare earth fission products, the compatibility
of the separation procedure and titration has been
demonstrated.

A neutron activation method for the determination
of fission product praseodymium-141 in irradiated
nuclear fuels has been developed. Separation from
uranium and other fission products is effected by pre-
cipitation and ion exchange; the assay is accomplished
by neutron activation using manganese-55 as an in-
ternal flux monitor.

A. TOTAL RARE EARTHS FOR MONITORING BURNUP (R. J. MEYER,
R. D. Orpuam)

A method for determining burnup by means of a
total rare earth analysis is under development. After
the rare earths are separated from interferences, a
photometric titration with ethylenediaminetetraacetic
acld (EDTA) is performed using arsenazo as the indi-
cator. The advantages of and prerequisites for this
method of burnup analysis, as well as a more detailed
description of the titration, were reported in ANI-
7125, p. 241. The results reported there indicate that,
providing a satisfactory procedure for separating in-
terferences can be established, 500 ug of rare earths
(the rare earth content of 200 mg of 1% burnup fuel)
can be determined with an accuracy of =0.5%.

Since several of the other elements present in an
irradiated fuel, e.g., uranium, zirconium, and yttrium,
will either form colored complexes with arsenazo, or
react with EDTA, the titration must be preceded by a
separation which isolates the rare earths from those

nstituents. In addition, such anions as fluoride and
Q\OSphate, which form strong complexes with the rare
earths, must be absent.

From the data obtained by Korkisch and Tera? it

2 J. Korkisch and F. Tera, Anal. Chem. 33, 1264 (1961).

201

appeared that the separation of the rare earths from
all interferences could be made by absorbing the rare
earths on Dowex-1 from a nitric acid-methanol solu-
tion and eluting them with dilute nitrie acid. A de-
tailed desecription of the anien exchange procedure was
reported in ANL-7225, p. 229. The results reported
there indicate that the separation is compatible with
the EDTA titration and that the recovery of the rare
earths is quantitative.

For samples having burnups of 0.5% or less, the use
of ion exchange alone to separate the rare earths be-
comes impractical. At a burnup of 0.5% the amount of
uranium in the aliquot is 500 mg, and the ion exchange
column must, of necessity, be large and unwieldy. In
such cases, a preliminary separation to remove the
bulk of the uranium is desirable. Precipitation of the
rare earths using calcium fluoride as a earrier accom-
plishes this separation. Results reported in ANL-7225,
pp. 229-230, showed that the rare earths were quan-
titatively precipitated and that less than 0.5% of the
uranium was carried on the precipitate.

However, when the precipitation procedure was
checked for compatibility with the titration, the re-



202 VII. Analytical Research and Development

sults were high and erratic. This strongly indicated
that a contaminant, such as iron, was being introduced.
This interference was overcome by performing the
titration in the presence of diethyldithiccarbamate,?
a reagent which forms strong complexes with elements
having insoluble sulfides.

8 J. Fritz, R. Oliver, and D. Pietrzyk, Anal. Chem. 30, 1111
(1958).

The compatibility of the combined precipitation and
anion exchange separation with the modified titration
was checked using known amounts of lanthanum. For
6 trials the relative standard deviation was a very ac-
ceptable =0.9% and there was no observable bias.

Work is now proceeding on testing of the entire pro-
cedure with a mixture of rare earths which will simu-
late the relative amounts expected in an irradiated
fuel sample.

B. DETERMINATION OF THE FAST FISSION YIELD OF PRASEODYMIUM-141
BY NEUTRON ACTIVATION ANALYSIS (R. J. Mever, K. K. Pinay?)

Praseodymium-141 (stable) is a potentially useful
burnup monitor for both fast and thermal reactor
fuels. It has a high fission yield, the half lives of its
volatile precursors, xenon and cesium, are very short,
and it is not a constituent of virgin or reprocessed fuels.
To date, however, there have been no analytical tech-
niques which could provide the combination of sensi-
tivity, selectivity, and accuracy required for the
determination of praseodymium-141 in irradiated fuel.
Consequently, neither the fast nor thermal fission
yield of this nuclide has been measured, nor has it been
considered as a burnup monitor.

A method for the determination of praseodymium-
141 was reported in ANL-7225, pp. 230-232. In this
method, praseodymium is separated from interferences
by solvent extraction, precipitation, and ion exchange,
and then detected by neutron activation using man-
ganese-55 as the internal flux monitor. The method had
been tested on synthetic uranium-fission product mix-
tures and found to be satisfactory.

However, when the method was applied to actual
fuel samples (EBR-I, Mark III loading), the praseo-
dymium was contaminated with eesium-137, yttrium-
90, and promethium-147. The presence of cesium-137
is undesirable because it is a radiation hazard in sub-
sequent handling of the praseodymium. Promethium-
147 and yttrium-90 are serious interferences in the
counting of the activation products. Promethium-148,
formed on activation of promethium-147, has gammas
at both 0.91 and 1.48 Mev which interfere with the
assay of manganese-56 (0.845 Mev) and praseo-
dymium-142 (1.57 Mev). Yttrium-90 has a gamma at
1.7 Mev which interferes with the assay of praseo-
dymium-142.

The separation procedure has been revised to elim-
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inate these difficulties. The major separation from
uranium is now effected by a fluoride precipitation
using lanthanum as g carrier. Separation from cesium-
137 is effected by a lanthanum hydroxide precipitation
in the presence of cesium hold-back carrier. Further
geparation from promethium and yttrium is effected
by a second cation exchange separation.
A synopsig of the revised procedure is given below.

1. Lanthanum ecarrier, cesium hold-back carrier,
and praseodymium-142 tracer (192 hr) are
added to the fuel solution.

2. The rare earths are separated from the bulk of
uranium and zirconium by precipitating the rare
earth fluorides with excess hydrofluoric acid.

3. The rare earth fluorides are dissolved in a nitric
acid-saturated boric acid mixture and the rare
earth hydroxides precipitated using ammonium
hydroxide.

4. The hydroxide precipitate is dissolved in con-
centrated hydrochloric acid and passed through
a Dowex 2 X 10 (200 to 400 mesh) ion exchange
column to remove the residual amount of ura-
nium,.

5. The eluant is evaporated and fumed repeatedly
with perchloric acid to eliminate ruthenium,

6. The individual rare earths are separated by a
double cation exchange (Dowex 50W X 12)
separation using e-hydroxyisobutyrie acid as the
elutriant.

7. Residual cerium is removed from the praseodym-
ium fraction on a column packed with a mixture
of lead dioxide and Dowex 1 X 2 (200 to 400
mesh) resin,

8. The praseodymium recovery is determined
counting the praseodymium-142 activity in the
collected fraction and comparing it with a stand-
ard.
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9. The internal flux monitor, manganese-55, is
added to both the samples and standards and
they are irradiated in a thermal neutron flux.

10. The praseodymium and manganese are precip-
itated using a mixture of ammonium chloride,
ammonium hydroxide and ammonium persulfate.

11. The sample and standards are gamma-assayed
for manganese-56 and praseodymium-142 and
the weight of praseodymium-141 in the sample
is calculated from the results.

Several samples of EBR-I fuel material have been

subjected to the first eight steps of the revised proce-
dure. The praseodymium recovery was satisfactory,
about 75%, and the praseodymium was free of cesium-
137, yttrium-90, and promethium-147.

To establish the fast fission yield of praseodymium-
141, it will be necessary to relate the praseodymium
content of the fuel to that of a fission product whose
yield is known, namely, cesium-137. The cesium-137
analyses, as well as additional praseodymium anal-
yses, are NOW in progress.





