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ABSTRACT 

During 1969, Argonne’s Chemical Engineering Division pursued continuing studies 
while initiating several new investigations. High-temperature data are being determined to 
evaluate the performance of FBR fuels and the safety of FBR materials under accident 
conditions. The calorimetric program is directed toward the properties of substances of 
interest in high-temperature chemistry and nuclear technology. Analytical and reactor 
chemistry investigations include the chemistry of irradiated FBR materials, xenon tagging 
to locate failed EBR-I1 fuel elements, and methods for determining burnup in FBR fuels. 
Of importance to LMFBRs, energy-conversion devices, and other applications are studies 
of liquid metals and molten salts. The investigation, begun last year, of the fluidized-bed 
combustion of fossil fuels as a means of reducing the emission of pollutants is progressing. 

New investigations were started in two areas: While secondary-cell investigations 
continue in the energy-conversion studies, work was initiated to develop batteries for 
human implantation and vehicular propulsion. A program of sodium technology was 
instituted to develop equipment and procedures to control sodium contamination and 
corrosion in LMFBRs; the program incorporates on-going studies of sodium chemistry. 

A .  LIQUID METAL-MOLTEN SALT TECHNOLOGY 

Compact pyrochemical processes have been under 
development for the decontamination and recovery of 
spent fast breeder reactor (FBR) fuels. Because radiation- 
stable liquid metal and salt solvents are used in these 
processes, they can accommodate short-cooled, high- 
burnup fuels, thereby permitting rapid recycle of the fuel 
and a reduction in out-of-reactor inventory costs. 

The recent pyrochemical studies have been concentrated 
on the development of a salt-transport process for the 
recovery of FBR fuels. This process, which is described in 
detail in the preceding report of this series (ANL-7550, 
pp. 7-9), consists of the following operations: 

Stainless steel cladding is removed from the oxide fuel 
by dissolution of the cladding in liquid zinc. The separated 
fuel oxide is then reduced to metal by a Cu-Mg-Ca alloy 
with the aid of a CaC12-CaF2 flux; the volatile fission 
products released during the decladding and reduction steps 
are collected in the argon cover gas. Subsequently, pluto- 
nium and uranium are separated from fission products in a 
series of liquid metal-molten salt extraction steps, probably 
in high-temperature mixer-settlers. After these purification 
steps, metallic plutonium and uranium are recovered from 
product solutions by vacuum distillation of the final solvent 
metal (Zn-Mg). The actinide metals are next powdered by 
hydriding, then reconverted to  the oxides by treatment 
with C 0 2  in a fluidized-bed reactor. 

Most of the process chemistry has been investigated and 
is well understood. Much of the required basic engineering 

information is also available, and work was started on 
facilities for a bench-scale engineering demonstration of the 
process. In mid-1969, development work on the salt- 
transport process was terminated because of budget cuts. 
However, a reduced effort is continuing on the develop- 
ment of the procedure for liquid metal decladding as an 
alternative to  mechanical decladding schemes such as the 
shear-leach method that has been proposed as the head-end 
step for aqueous processing of FBR fuels. 

In  other work, liquid metal-molten salt extraction 
techniques similar to  those used in the salt transport 
process have been investigated as a means of recovering and 
purifying plutonium-238 from recycled scrap materials 
generated in the preparation of isotopic power sources. 
Experimental studies showed that the necessary separation 
of plutonium from impurities (such as light elements that 
cause neutron emission through a,n reactions) can be 
achieved, b ~ t  that additional work is required to establish 
the techniGq1 feasibility of a complete process. This 
program was also terminated in mid-I969 for lack of 
funding. 

1. Decladding by Liquid Metals 

a. Plant Concept for FBR Fuel Decladding 

A conceptual design study was initiated of a plant for 
decladding 5 metric tons/day of stainless steel-clad LMFBR 
core and blanket fuel assemblies in molten metal. This 
head-end facility is assumed to be coupled to  a large, 
central, aqueous reprocessing plant, although the concept is 
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also applicable to smaller plan1 and to separate head-end 
plants. Objectives are to achieve process simplicity, to 
minimize the number of mechanical handling steps, and to 
minimize the required shielded area and number of process 
vessels. 

Decladding with molten metal is an alternative to  
mechanical decladding schemes,' * which require removal 
of sodium, disassembly of the fuel assembly, and fuel 
chopping as separate operations. An advantage of a molten- 
metal-decladding step is that the fuel oxide does not react 
with the decladding chemicals and, once separated, can be 
fed either to an aqueous dissolution step or to another 
interfacing step. An additional advantage is that no special 
treatment is required for fuel pins that are sodium-logged as 
a result of cladding failure or on which sodium is held up 
externally. 

An Atomics International stainless steel-clad UOz- 
20 wt %PuOz fuel element' has been selected as a ref- 
erence. Special attention must be given to the high 
plutonium content of this fuel, its high heat load, and its 
high content of gaseous fission products. Other design bases 
for this study are similar to those selected for a recent 
design-concept study of a fluoride volatility plant.3 

The present study considers the fuel from the time it 
arrives at the reprocessing plant in sodium-filled shipping 
casks until the oxide fuel is charged to an aqueous 
dissolution or other interfacing step. Zinc, which dissolves 
stainless steel at practical rates, has been selected as the 
decladding agent in preference to another candidate, 
antimony-copper: since zinc is capable of adequate stain- 
less steel loadings at moderate temperatures, is considerably 
cheaper than antimony-copper, and appears to pose less of 
a containment problem. (Investigations of decladding with 
zinc and copper-antimony are discussed in following sec- 
tions of this report.) 

Graphite and tungsten are being considered as the 
material of construction for containment of the molten 
metal systems. Graphite is the prime candidate for the 
decladding vessel because it is more readily fabricated and 
far less expensive than tungsten. For the proposed scale of 
operation, the vessel would be 8 ft long, 8 ft high, and 2 ft 
wide. Vessel size was selected on the basis of achieving a 
15 wt % loading of stainless steel in zinc. 

The tentative scheme for the metal-decladding opera- 
tions, which would be performed in an inert-gas process 
cell, includes the following steps: 

*References and explanatory footnotes are placed at the end of  
each section. 
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1) Fuel assemblies are transferred from a sodium-filled 
shipping cask to  a sawing station or to  the decladding 
vessel. The fuel assemblies are transported in turret-like 
fixtures. 

2) Excess hardware is sawed from the inactive end of 
fuel assemblies for disposal as waste; alternatively, this step 
may be bypassed and the hardware dissolved with the 
cladding in the decladding vessel. Disadvantages of the 
latter alternative would be requirements for larger vessels 
and a larger inventory of zinc. 

3)  Fuel assemblies suspended from turrets are loaded 
vertically into removable, perforated, refractory metal 
baskets immersed in liquid zinc inside the decladding vessel 
by attaching the turrets at five loading stations in the top of 
a decladding vessel. A function of the baskets is to separate 
batches of fuel from each other for criticality safety; each 
basket accommodates three fuel assemblies. There are two 
decladding vessels, which are employed alternately on a 
48-hr cycle; a cycle consists of 24 hr for four successive 
dissolutions (a total of approximately 50-60 fuel assem- 
blies), followed by a 24-hr cleanout step. 

4) Cladding is partially dissolved in molten zinc, releas- 
ing fission product gases. Total retention of the iodine and 
other fission product gases is a basic goal of this concept 
study. Iodine and other volatile fission products that 
penetrate a salt layer above the metal will be removed from 
the closed decladding vessel in a purge-gas stream. 

5) Dissolution of cladding in mildly agitated zinc 
solution is completed, allowing the fuel to  fall into the 
baskets. 

6) Fuel is removed from the decladding vessel in the 
metal baskets and transported to the next processing 
station (e.g., the voloxidizer' described by ORNL). 

Fuel material that is coarse is readily contained in the 
baskets. Fuel fines that migrate through the basket to the 
zinc phase are recovered after each day's operations by a 
technique that has been demonstrated with UOz fines (see 
Chemical Engineering Division Annual Report, 1968, 
ANL-7575, pp. 29-31). The technique consists of con- 
tacting the molten zinc with a layer of molten fluoride salt 
above the metal, which effects transfer of the fuel to  the 
salt phase. (The zinc-stainless steel solution, after monitor- 
ing to  verify that it does not contain actinides, is cast as 
rods for storage as waste.) The salt is removed from the 
decladding vessel and kept in a storage vessel during cleanup 
of the decladding vessel, then recycled. Processing of the 
salt is required only when the fuel concentration in the salt 
becomes high; the fuel loading limit for the salt needs to be 
established. The layer of molten salt over the zinc in the 



decladding vessel may also serve other purposes, e.g., 
suppression of zinc vaporization and trapping of some 
fission product iodine. 

Material and heat balances around the decladding vessel 
have been prepared, along with preliminary cell layouts, 
showing that an inert-gas process cell, approximately 
cube-shaped and 30 ft on a side, would be adequate. The 
cell includes a floor-port fuel-unloading station, a saw for 
trimming excess hardware from the fuel assemblies, two 
decladding vessels, turret storage racks, salt-storage tanks, 
scales, hoists, manipulators, and auxiliary components. A 
criticality analysis led to the selection of a decladder design 
utilizing mass control rather than geometry control. 

A very brief, exploratory examination of a continuous 
decladding concept indicates that it may have advantages in 
comparison with the batch concept described above. The 
concept of continuous decladding, which provides for the 
continuous operation of a single decladding vessel rather 
than alternating use of two vessels, appears to merit further 
study. 

b. Studies of Cladding Dissolution in Liquid Metal 

Preliminary decladding experiments (see ANL-7550, 
pp. 13-15) had demonstrated the feasibility of decladding 
stainless steel fuel assemblies using liquid zinc at 800°C. 
Dissolutions were rapid and complete. Satisfactory separa- 
tion of the fuel from the zinc-stainless steel solution with 
negligible loss of fuel was observed. 

Dissolution Mechanism. Experiments were conducted t o  
study the mechanism of dissolution-disintegration of type 
304 stainless steel cladding by liquid zinc. Stainless steel bar 
stock was heated in quartz tubes with known quantities of 

zinc shot for various times and at several temperatures. The 
nature of the dissolution-disintegration process was 
deduced by examination of the cooled product by metal- 
lographic, electron microprobe, X-ray, and thermal-analysis 
techniques. 

A photomicrograph of a partially dissolved bar is shown 
in Fig. 1-1. Adjacent to the unattacked steel in the upper 
right of the micrograph is a wide region of iron-zinc alloy in 
which the grain sizes increase with distance from the steel 
(diameters range from <0.04 to 0.1 mm). No relationship is 
apparent between the size of these grains and the size of the 
grains in the unreacted stainless steel. A large crack runs 
through this region toward the steel. At the lower end of 
the crack, the grains are of fairly uniform size, but become 
more thinly dispersed in the direction of the zinc melt. 

The evidence indicates that dissolution-disintegrat ion 
begins with penetration of liquid zinc into the stainless steel 
and with the preferential diffusion of nickel from the steel 
into the zinc. Iron and chromium also enter the zinc, but at 
rates lower than that for nickel. As the surface of the steel 
is depleted of nickel, the structure of the austenitic gamma 
phase transforms into the ferritic alpha phase. 

If sufficient zinc is present, all of the steel is dissolved in 
the liquid zinc. Cooling of this liquid from the dissolution 
temperature of 800°C causes a portion to transform to the 
delta phase, which is 20% more voluminous; thermal 
analysis indicates that the delta phase forms below 655°C. 

Equipment for Engineering-scale Investigations. The 
Plutonium Salt Transport Facility (described in ANL-7550, 
pp. 17-18), which was being built to demonstrate the 
complete pyrochemical process flowsheet, is being modified 
for study of the liquid metal decladding step to prepare 

Fig. 1-1. Type 304 Stainless Steel Bar after Being Partially Dissolved by Liquid Zinc 
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oxide fuel for aqueous processing. Only the gloveboxes for 
solids handling and decladding will be activated. 

Dissolution Rare. Three experiments were conducted to  
determine the relative rates of dissolution in liquid zinc of 
1 $4-in.-dia discs of Zircaloy-2 (cladding for thermal reactor 
fuel) and of types 304 and 316 stainless steel (potential 
claddings for fast reactor fuel). In  each test, a disc (encased 
in tantalum except for a 3/4-in.-dia circular area in direct 
contact with the zinc) was attache.d to the bottom of a 
2-in.-dia agitator. The agitator was lowered into a 4%-in.-dia 
baffled tungsten crucible containing 3.67 kg of zinc and 
100 g of salt (to retard zinc vaporization) at 800°C. The 
agitator was rotated at 350 rpm to ensure homogeneity of 
the liquid metal for sampling. Enclosing the sample disc in 
tantalum prevented the changing configuration of the 
dissolving disc from altering the mixing characteristics and 
also provided a fixed, known surface area in the early stages 
of dissolution. After about one hour of contact, the 
agitator-disc assembly was removed from the melt for 
inspection and analysis. 

Copper-antimony alloy, recommended by Payrissat and 
W ~ r m , ~  is being studied as a backup solvent to  zinc. An 
experiment was performed in which a type 304 stainless 
steel disc was dissolved in Sb-18 at. %Cu at the higher 
temperature of 900°C (necessary for adequate solubility of 
the stainless steel in the Sb-Cu alloy); the other experi- 
mental conditions were identical to those described for the 
zinc experiments. 

The initial rates of dissolution for zinc and antimony- 
copper are given in Table 1-1. Although the slowest dis- 
solution was observed for type 304 stainless steel in zinc, 
this system had previously been demonstrated on an 
engineering scale to possess a satisfactory decladding rate. 

Effect of Irradiation on Dissolution Rate. Another 
experiment was conducted to  test the effect of irradiation 
on the rate of stainless steel dissolution in zinc. A 
0.17-in.-dia by 2.6-in.-long, type 304 stainless steel rod that 
had been irradiated in EBR-I1 (to an irradiation level 
equivalent to a burnup of -2.2 at. % for LMFBR core fuel) 
was dissolved along with five unirradiated type 304 stainless 

TABLE 1-1. Relative Rates of Cladding Dissolutiona 

Dissolution 

Solvent (‘C) (mils/min) 
Temp Rate 

Type 304 stainless steel Zinc 800 - 2  
Type 316 stainless steel Zinc 800 -4  
Zircaloy-2 Zinc 800 2 o b  
Type 3 0 4  stainless steel Sb-18 at. % Cu 900 > 2 0  

aMild agitation was provided by a 2-in.-dia, 5/8-in.-high agitator at 

bAfter an 8-min induction period. 
350  rpm. 

steel rods of identical geometry to compare their dissolu- 
tion rates. The rods were charged to 10 kg of zinc, which 
was agitated mildly (150-300 rpm) in a 5.6-in.-dia alumina 
crucible at 800°C. Samples of the zinc were taken 
intermittently and analyzed for irradiated steel content by 
measuring the radioactivity of the solution (the original 4-g 
rod yielded a 25-R beta-gamma contact dose rate, with the 
principal activity due to  54Mn). The samples were also 
analyzed for total iron concentration by wet chemistry, and 
the dissolution rate of the unirradiated stainless steel was 
obtained by subtraction. The irradiated steel rod dissolved 
about twice as rapidly as did the unirradiated rods and was 
completely dissolved in about 30 min. 

Stainless Steel Loading in Zinc. A series of four 
experiments was conducted to investigate the maximum 
loading of stainless steel in zinc at 850°C and to study the 
effects of loading on the dissolution rate. Type 304 
stainless steel rods (of 3/8-in. diameter by 1 in.) were 
immersed in 4.8 kg of zinc and 0.1 kg of salt at 850°C, and 
the system was agitated mildly. In all four experiments, the 
iron and chromium concentrations of filtered samples of 
the liquid metal phase rose rapidly to about 5.8 wt 76 and 
1 .O wt %, respectively, and remained essentially constant 
thereafter. The nickel concentration in the zinc continued 
to rise until all of the nickel originally in the steel was 
dissolved. About one-half of the iron and chromium in the 
stainless steel charged in each experiment was in solution in 
the zinc; however, examination of the frozen ingots at the 
end of the experiments showed that the rods had com- 
pletely disintegrated. Sections of the ingots were metal- 
lographically examined (see above for the results of a more 
extensive study of the dissolution mechanism) and found to 
contain suspensions of finely divided grains of alpha iron 
containing zinc and chromium in solid solution. The 
maximum “solubility” of stainless steel in zinc is about 
6 wt % at 850”C, but even after the zinc is saturated with 
chromium and iron, rapid disintegration of stainless steel 
continues until loadings of at least 15 wt % (including the 
suspended solids) are reached. The resulting mixtures 
appear to be quite fluid, with no evidence of settling of 
solids; consequently, loadings of at least 15 wt % stainless 
steel may be possible when decladding with zinc. 

Other aspects to  be investigated include (1) materials of 
construction for a full-scale decladding vessel, (2) behavior 
of sodium and certain fission products during dissolution, 
(3) proportion of volatile fission products released and 
t rapped ,  and (4) alternative pyrochemical head-end 
processes. 

A 
2. High-temperature Mixer-Settler Development 

A conceptual salt-transport process for FBR fuel (see 
ANL-7550, pp. 7-9) would utilize a semicontinuous 
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mixer-settler for removal of rare earth and noble metal During the past year, investigations of mixing and flow 
fission products from the fuel. characteristicsS culminated in an agitator-pump and 

mixing-chamber design for one stage of a multistage 

a. Agitator-Pump Mixer-Settler Investigations mixer-settler. This design provides a I-liter mixing chamber 
and a 7.0-cm-dia agitator that produces a high degree of 
agitation while reducing the bypassing of solutions to an 

The proposed design and mode of operation of a acceptably low level. In a run, some of the salt and metal 
seven-stage mixer-settler for the separation of fission phases flow continuously between stages; other phases 
products from plutonium by molten salt-liquid metal (captive phases) move batchwise between runs (Fig. 1-2 
extraction were described in ANL-7550, pp. 15-17. shows a captive-metal stage). 

I 
VIEW A - A  

VERTICAL BAFFLE 

HORIZONTAL BAFFLE 

FLOW ANNULUS 

PUMP INLET ORIFICE 

Fig. 1-2. Arrangement of Mixing and Settling Chambers (captive-metal stage). 
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In normal operation with a two-phase system, both 
phases enter the zone above the mixing chamber and flow 
downward. A horizontal baffle and a sleeve above the mix- 
ing chamber prevent entrainment of gas in the fluids (and 
thus maintain mixing efficiency) if the liquid level is kept 
at least 3 cm above the baffle. In the mixing chamber, the 
two phases are mixed by blades attached to the pump rotor. 

P 
t 

A fixed horizontal baffle that has an 8.9-cm-dia opening 
is located at about midelevation of the mixing chamber. A 
horizontal disc, of 7.6-cm OD, is mounted on the agitator- 
pump at the'same elevation. Thus the chamber is divided 
into two mixing zones with a 0.65-cm annular connection. 
This configuration, by decreasing top-to-bottom mixing and 
approaching the performance of two total backmix6 stages 
operating in series, is intended to reduce the amount of 
material that has short residence in the mixing region. A 
series of tests conducted in a mock-up mixing assembly 
allowed the residence-time distribution in the mixing 
chamber t o  be determined. 

I I I I I I I I I I 

The two phases in the mixing chamber eventually enter 
the bottom of the pump through the inlet orifice, are 
pumped up into the collecting chamber, and then flow into 
the settling chamber. After the fluids separate in the 
settling chamber, they flow either back to the mixing 
chamber (as is the case for the metal phase in Fig. 1-2) or to 
the mixing chamber of a following stage (as is the case for 
the salt phase in Fig. 1-2). 

During development of the present design, a number of 
tests were performed in a mockup mixing assembly 
consisting of a stainless steel agitator-pump (built for use in 
a high-temperature furnace) and a transparent plastic 
chamber. Observation of two-phase mixing of water and 
organic phases showed that a high degree of dispersion can 
be achieved. Mixing-power and pumping-rate tests using 
water as a single phase also were conducted. Pumping rates 
were measured for different lifts, pump-inlet-orifice sizes, 
and rotational speeds. When there is reduced holdup (i.e., a 
lower liquid level) in the mixing section, the required lift is 
increased, and as a result the pumping rate decreases. This 
holdup-flow relationship tends to stabilize operation of a 
multistage system. The mixing power is proportional to the 
cube of rotational speed. Pumping does not begin until a 
minimum speed is reached, and the maximum pumping rate 
is limited by the size of the pump inlet orifice. 

The pumping rate and mixing power delivered to the 
mixing chamber are both dependent on agitator-pump 
speed; Fig. 1-3 shows the relationship between mixing 
power and pumping rate at various agitator-pump speeds 
for three different sizes of pump inlet orifice. If the 
extractor is designed to provide satisfactory performance at 
a minimum agitator-pump speed of abogt 550rpm,  
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satisfactory extraction can be expected at all higher 
agitator-pump speeds and pumping rates. 

A high-temperature, single-stage mixer-settler was fabri- 
cated of type 304 stainless steel for operation with molten 
Mg-Cu alloy and halide salt. The components were designed 
to give experimental flexibility and to fit into an existing 
furnace; nevertheless, the mixing chamber and agitator- 
pump have the same configuration as that shown in Fig. 1-2. 

A series of extraction runs are being made in this 
mixer-settler to measure stage efficiency for the transfer of 
cerium from a metal phase to a salt phase. Cerium 
distributes strongly to the salt phase, allowing extraction 
out of the metal phase to be determined precisely with 
metal-phase samples. Cerium- 141 tracer is used to facilitate 
analyses. Two runs have been completed in which cerium 
was transferred from Mg-40 at. % Cu to MgC12- 
30 mol % NaC1-20 mol % KC1-3 mol % MgF2 at 675°C. The 
salt-to-metal ratios in the two runs were 0.2 and 1.5. In 
both runs, stage efficiencies greater than 99% were demon- 
strated, based on radiochemical analysis for cerium-1 41 in 
the metal-phase samples. 

b. Larger-scale Studies 

Another facility was operated (1) to test mixer-settler 
components under typical pyrochemical-processing condi- 
tions (see ANL-7550, p. 18) and (2) to demonstrate the 
transport of uranium through a salt phase and to measure 
entrainment of liquid metal in the salt. The test equipment 
consisted of a centrifugal pump, a constant-head tank, two 
mixer-settlers, a weigh tank, and a sump tank. At the start 
of each run, the first mixer-settler (mixer-settler I )  con- 
tained a Cd-2.2 at. % Mg alloy and uranium in excess of the 
solubility. Uranium was extracted from this alloy into the 
flowing salt (MgC12 -30 mol % NaCl-20 mol % KCl) and then 
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was extracted from the salt in mixer-settler 2 by a 
Cd-45 at. % Mg alloy. Since magnesium is exchanged for 
uranium as the uranium is extracted, the magnesium 
concentration increased in the first alloy and decreased in 
the second. These two alloys were selected because they 
allowed demonstration of the salt-transport step in stainless 
steel apparatus. 

In  the design used for these mixer-settlers, the salt flows 
into a central, conical region (see Fig. I-4), where it mixes 
with the liquid metal alloy. The salt then flows under the 
cone and baffle assembly and into the quiescent region 
outside the cone, where metal droplets separate from the 
salt by gravity. The salt leaves the mixer-settler tank 
through a standpipe, which maintains a constant salt level 
in the tank. 

Mass-transfer coefficients were calculated from the 
extraction data of one run, Run MSL-4. During most of the 
run, uranium extraction in mixer-settler 1 was limited by 
the rate of dissolution of uranium metal rods (original size: 
3/32-in. diameter; 2 to  3 in. long) by the Cd-Mg alloy. The 
mass-transfer coefficient, KsA, in mixer-settler 1 ranged 
from about 20 to  greater than 200 kg U/(min)(wt fraction 
U in salt phase). The higher values occurred after the 
uranium particles became small enough to be suspended by 
the mixer and are equivalent to a stage efficiency of about 
98%. The mass-transfer coefficient in mixer-settler 2 had 

SETTLING 
ZONE 

SALT IN KAG"'AToR 

CONE 8 BAFFLE 

Y 
Fig. 1-4. Mixer-Settler (dimensions in inches). 

the relatively constant value of about 55 kg U/(min)(wt 
fraction U in salt phase), which is equivalent to a stage 
efficiency of about 94%. The agitation speeds for the two 
mixer-settlers were 640 and 460 rpm, respectively, cor- 
responding to mixing power densities of 8.5 and 
3.6 W/liter. 

In a salt-transport process, any entrainment in the salt 
phase of the metal phase from mixer-settler 1 would lower 
the achievable decontamination factor. Therefore, in 
RunsMSL-5 and MSL-6, the amounts of metal entrained 
with the salt flowing to mixer-settler 2 were measured. An 
irradiated copper tracer was used in each run to enhance 
analytical precision. Agitator speeds of 200 to 600 rpm and 
salt flow rates of 3.1 to 4.7 kg/min were employed. The 
average rate of entrainment in each run was 0.02 g Cd/kg of 
salt circulated. The entrainment rate apparently increased 
with agitator speed, but this trend was only barely 
detectable. This low level of entrainment is entirely 
acceptable for most process applications; for the present 
system, the decontamination factor for nobler elements 
would be limited to about 750 for a siItgle stage as a result 
of entrainment. 

No further development of mixer-settlers is planned. 

3. qtrochemical Purification of Plutonium-238 

Pyrochemical-processing techniques were investigated as 
a means of recovering and purifying plutonium-238 con- 
tained in various types of materials, such as scrap from the 
preparation of isotopic power sources. 

The Plutonium-238 Facility, described in ANL-7550 
(pp. 20-22) and in a topical r e p ~ r t , ~  was used in two 
laboratory-scale experiments with plutonium-238. 

The procedure consisted of suspending impure ' 3 8 P ~ 0 2  
powder or microspheres in a molten chloride salt and 
reducing the plutonium to metal by mixing the salt with 
liquid Zn-Mg. The salt and metal phases were separated, and 
then a metallic plutonium-238 product was recovered by 
vacuum distillation of the solvent metals. This process 
effectively removed lightelement impurities that con- 
tributed undesirable neutron emission by (a,n) reactions 
with plutonium-238 alphas. In one experiment, the neutron 
c o u n t  of  t h e  product was 2930 n/(sec)(g 238Pu) 
[2360 n/(sec)(g Pu)] , compared with a neutron count of 
42,500 n/(sec)(g ' *Pu) for the starting material (1 0 g of 
z 3 8 P ~ O z ) .  The initial and final neutron counts for the 
product in the other experiment were 89,300 and 
3980 n/(sec)(g 238Pu). More than 90% of the plutonium 
charged was recovered in the vacuum-distillation residue for 
both runs; the remainder was largely in salt and metal 
streams that would be recycled in a full-scale process. 
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Several experiments were performed with plutonium- 
239 as a stand-in for plutonium-238. The materials used 
were 'Pu02 microspheres and 239Pu02 -molybdenum 
cermets. 

In  one experiment utilizing 10 g of 2 3 9 ~ ~ 0 2  micro- 
spheres, the procedure was (1) reduction of 2 3 9 P u 0 2  with 
a Mg-30 wt % Cd reduction-donor alloy in contact with a 
MgC12-42 wt % CaC12 salt system, (2) transport of the 
plutonium away from impurities that remain in the 
reduction-donor alloy by cycling the salt between the 
reduction-donor alloy and a Zn-25 wt % Mg acceptor alloy 
having a high plutonium affinity, and (3) recovery of 
plutonium-239 metal product by retorting the acceptor 
alloy. High-purity zinc (nominally 99.9999 wt % Zn) and 
magnesium (nominally 99.995 wt 7% Mg) were used for the 
acceptor alloy. Of the 8.82 g of plutonium charged in this 
run, 7.827 g was transferred to the acceptor alloy. Of 
6.58 g of plutonium retorted in this run, 6.05 g was 
recovered in the product. The light elements and uranium 
were successfully removed. 

Another experiment with 23 9Pu02 microspheres (in 
which stainless steel also was charged) utilized the following 
procedure: (1) reduction with Zn-Ca in contact with a 
CaCI2-KCI salt system, (2) addition of ZnC12 to oxidize the 
plutonium and excess calcium in the reduction alloy to  
239PuC13 and CaClz in the salt phase, (3) transfer of the 
23yP~C13-bearing salt phase to a ZnCa acceptor alloy and 
reduction of the 239PuC13 in the salt to plutonium metal in 
the acceptor alloy, and (4) recovery of the purified Pluto- 
nium metal by retorting the acceptor alloy. Spark-source 
mass-spectrographic analysis of the plutonium metal 
product indicated that the plutonium had been separated 
from the bulk of the iron and nickel charged, but not from 
chromium. There had been no removal of uranium im- 
purity, indicating that processes requiring high removals of 
uranium should use magnesium rather than calcium as the 
reducing agent. 

Two runs to recover high-purity plutonium metal from 
gPu02-molybdenum cermet fuel utilized approximately 

the same salt, alloy, and transport scheme that were used in 
processing 2 3 y P ~ 0 2  except that the plutonium oxide was 
converted to the chloride by CuC12 in the salt system prior 
to transfer of the plutonium to an acceptor alloy. Disinte- 
gration of the cermets was effected in both runs, but the 
plutonium metal product contained excessive concentra- 
tions of copper. 

These results indicate that pyrochemical processes are 
generally feasible for these applications, but that the 
techniques have not been sufficiently developed for use in 
production. Nevertheless, certain pyrochemical procedures 
may have immediate production applications. These include 

(1) reduction of 2 3 8 P ~ 0 2  scrap material to produce a 
m e t a l  a l loy fo r  subsequent aqueous processing, 
(2) reduction of relatively pure 2 3 8 P ~ 0 2  to remove light- 
element impurities and produce plutonium-238 metal 
simultaneously, and (3) disintegration of 8Pu02 -Mo 
compacts in a CuC12-containing molten salt for aqueous 
processing. 

Work on this project was discontinued June 30, 1969. 

B. FL UIDIZA TION AND VOLA TILITY PROCESSING 

The basis for the processing method based on fluoride 
volatility is the reaction of fluorinating agents with fuel 
materials in fluid-bed systems to produce the volatile 
hexafluorides of uranium and plutonium, which are sepa- 
rable from nonvolatile fission product compounds. Since 
volatile fluorides of certain fission product elements ac- 
company UF6 and PuF, , additional separation procedures 
are necessary to produce purified products. 

Laboratory investigations during the report period con- 
cerned ( 1 )  a method for the separation of uranium from 
plutonium in the fluorination step of the fluoride volatility 
process for oxidic FBR fuel, (2) the identification of 
ruthenium fluoride species in product streams from an 
oxyfluorination step, and (3) the sorption of ruthenium 
fluorides in cold traps. 

Also reported are the conclusions of conceptual design 
studies of a large fluoride volatility plant for processing 
FBR fuels, as are the results of supporting studies on pulsed 
beds; a continuous-feed, two-stage slab fluid-bed reactor; 
dense-phase transport of granular solids; and heat transfer 
from a heated surface to a fluidized bed. 

The results of the conceptual design and evaluation 
study indicate that fluoride volatility methods are poten- 
tially attractive for application to LMFBR fuels, particu- 
larly for long-range fast breeder reactor fuels of very high 
performance. However, owing to a decision by the AEC to 
concentrate available funds on the development of the 
more conventional aqueous reprocessing methods for 
LMFBR application, the program of development of 
fluoride volatility processes is being closed out. Work will 
continue on the application of fluidization technology to 
other portions of the fast breeder reactor fuel cycle. 

1. Reprocessing Fast Breeder Reactor Fuels 

a. Engineering Investigations 

An engineering evaluation of the applicability of fluoride 
volatility methods to LMFBR fuel reprocessing was success- 
fully carried out by using the technique of developing a 
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reference process design and a reference plant concept to @ identify key problems and areas of uncertainty. 

The design basis for the evaluation was a plant capacity 
of 1 metric ton of actinides per day from combined core 
and blanket fuel [15,000 MW(e) equivalent]. A simplified 
version of the flowsheet (also published in the preceding 
report) is shown in Fig. 1-5. Results of this study have been 
presented in a topical report,* and the conclusions are 
repeated here. 

The application of fluoride volatility processing to  
LMFBR fuels is supported by a substantial body of basic 
and technological information that was generated in re- 
processing work with other nuclear fuel materials and in 
related processes. This information, coupled with several 
innovative design features, provides the basis for this 
conceptual design study. The reference process shows a 
high potential for handling highly radioactive, short-cooled 
fuel, as well as considerable flexibility in processing feed 
materials with a wide range of concentrations of fissile 
material. The conceptual plant has a practical size, com- 
parable to  the size of existing plants that process LWR 
fuels. With optimization, a substantially improved process 
should be expected. 

The uiiiquely difficult characteristics of LMFBR fuels 
(namely, high plutonium content, high heat load, and high 
content of fission products) can be accommodated by 
appropriate design. In the reference process, use is made of 
continuous, slab-shaped, fluidized-bed fluorination reactors 
(fluorinators). The continuous system minimizes plutonium, 
inventory and permits operating conditions that promote 
high plutonium throughput. The slab shape eases the 
heat-removal problem (by providing high wall area-to-bed 
volume ratios) and provides geometric control of criticality. 
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The high content of volatile fission products in the fuel is 
accommodated by utilizing a “total containment” concept. 
Volatile wastes are converted to a solid waste form by 
sorption; rare gases are separated, compressed, and stored. 

The process appears to be technically feasible since the 
techniques employed--continuous fluidized-bed fluorina- 
tion, hexafluoride cold trapping, fractional distillation, and 
pneumatic conveying of solids--are basic to other nuclear 
and chemical processes. Additional development work 
would be needed to  confirm the economic feasibility of the 
process. 

An analysis of the reference process has defined a 
number of key problems, which are summarized briefly 
below and which could serve as a basis for developing an 
R&D program: 

1 )  Mechanical decladding requires study because of 
possible difficulties stemming from the high rate of heat 
generation and the requirement that all fuel oxide be 
removed from the fuel hulls. A continuous ball mill for 
separation of fuel oxide from chopped fuel cladding 
segments represents an initial concept for study. 

2) The continuous fluorination step will require devel- 
opment of reliable solids-feeding devices and unique equip- 
ment such as slab-shaped fluorinators and dual-stage 
reaction vessels. A requirement is that plutonium losses in 
the alumina waste from fluorination be low. 

3 )  Further development and testing are needed to 
determine whether plutonium decontamination by the 
proposed process will meet requirements. 

4) The preparation of mixed fuel oxides by direct 
fluidized-bed conversion of the mixed hexafluorides should 
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Fig. 1-5. Fluoride Volatility Process for Fast Breeder Reactor Fuels. 
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be studied on an engineering scale since work to  date has 
been on separate conversion of UF, to U 0 2  and PuF6 to 
PuO2. 

5) Total containment of radioactive and noxious off- 
gases, although not an essential requirement, is a highly 
desirable goal. Where possible, gases would be converted to 
low-volume solid or liquid form by appropriate reactions. 
This concept needs development. 

6) Further work is needed to insure that criticality 
safety and containment of PuF, will meet all requirements. 

7) The role of sodium in the process and its possible 
effect on plutonium losses will require additional study, 
since it is known that PuF, can be sorbed irreversibly on 
sodium fluoride. 

Solutions to the above areas of uncertainty do not 
appear to be unduly difficult since much information is 
already available on which to base a program of research 
leading to an attractive and workable process. For this and 
other reasons brought out in the report of the conceptual 
design study, it is concluded that the fluoride volatility 
process is potentially attractive for application to short- 
cooled, high-performance fast breeder reactor fuels. 

b. Supporting Chemical Investigations 

Fluorination of Simulated FBR Fuels in a 2-in.-dia 
Fluidized-bed Reactor. Exploratory experiments have been 
carried out with simulated, oxidic FBR fuel in fluidized 
alumina beds to investigate the initial fluorination step of 
Fig. 1-5. A 2-in.-dia fluidized-bed reactor has been used to 
study the fluorination of fuels containing uranium, pluto- 
nium, and nonradioactive oxides of the fission product 
elements. Uranium is fluorinated to the volatile hexa- 
fluoride with dilute fluorine, and plutonium is subsequently 
fluorinated to the volatile hexafluoride with concentrated 
fluorine. Fast breeder reactor fuels were simulated by using 
a solid solution UO2-2O.0 wt % Pu02  powder combined 
with a mixture of nonradioactive oxides of fission product 
elements representative of LMFBR core fuel with a burnup 
of 100,000 MWd/metric ton. 

A fractional factorial series of five experiments was 
performed to determine how the plutonium content of the 
final fluidized bed was affected by oxidation of the fuel, by 
the time-temperature sequence in the plutonium fluorina- 
tion step (4 hr at 400°C and 4 hr at 550°C vs. 4 hr at  
500°C and 4hr  at 550"C), and by the rate of increase in 
fluorine concentration (fast or slow) at the start of the 
plutonium fluorination step. For this series of experiments, 
neptunium was also added to the initial fluidized bed as 

Np02 powder to determjne how this fuel constituent 
would be distributed under the processing conditions used. 

Plutonium concentration in the final fluidized-bed 
samples ranged from 0.09 to 0.21 wt %; these results 
correspond to  0.9-2.2% of the plutonium charged. The 
statistical evaluation of the results indicated that the 
plutonium content of the final bed can be reduced by using 
an oxidation step, by increasing the fluorine concentration 
quickly at the start of the plutonium-fluorination step, and 
by using 400°C rather than 500°C as the initial temperature 
in the plutonium-fluorination step. Two replicate experi- 
ments demonstrated that operating conditions can be 
chosen to reduce residual plutonium in the final fluidized 
bed to 1% or less of the plutonium charged. 

The highest rates of plutonium fluorination were 
observed at the start of the plutonium-fluorination period. 
The average rate of production of PUF, at 400°C was 
2.2 Ib/(hr)(ft2) with the reactor operating at an average of 
53% of equilibrium for the reaction PuF,(s) + F2(g) =+ 
PuF,(g). At 500"C, the average rate was 2.4 lb PUF6/ 
(hr)(ft2) at only 28% of equilibrium. An apparent activa- 
tion energy of 8.6 kcal/mol was calculated from reaction- 
rate data as a function of temperature for this series of 
experiments and a series of experiments reported in 
ANL-7550, pp. 26-27. 

In two of the runs, NaF traps used to collect the UF6 
product in the uranium-fluorination step were taken off- 
stream as soon as fluorine was detected in the reactor 
off-gas. Analysis showed high U/Pu ratios (5280 and 3700) 
in the traps, thereby indicating good separation of uranium 
from plutonium. When excess fluorine was present in the 
off-gas in this step, signifying that most of the uranium had 
been fluorinated, plutonium was then also fluorinated from 
the fluid-bed reactor. These results show that an initial 
separation of uranium from plutonium can be obtained by 
a suitable choice of operating conditions. 

About 1.7% of the uranium charged was fluorinated 
with the plutonium during the plutonium-fluorination step. 
Apparently, most of the molybdenum fluorinated during 
the uranium-fluorination step, while ruthenium and 
neptunium fluorinated during both fluorination steps. The 
final fluidized beds contained about 1 to 2% of the 
neptunium charged, 5 to  18% of the ruthenium charged, 
and <O.l% of the uranium charged. Calculations indicate 
that 6.9 to 10.3% of the AI2O3 was converted to AlF3 
during 10 to 20 hr of fluorination. 

Chemistry of Ruthenium. Fission product ruthenium is a 
major contaminant in the product streams of the fluoride 
volatility process because ruthenium forms several volatile 
compounds containing fluorine and oxygen. The chemistry 
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of these ruthenium compounds is only poorly understood, 
and is complicated by the existence of a number of stable 
valence states of ruthenium and a variety of volatile 
compounds that are transformed to other volatile com- 
pounds under process conditions. Chemical and thermo- 
gravimetric studies indicated that the formation of volatile 
RuO, by the reaction of R u 0 2  and oxygen is catalyzed by 
elemental fluorine. The thermal instability of Ru04 toward 
decomposition to  R u 0 2  suggests that the reaction of the 
dioxide with fluorine-oxygen mixtures leads to a mixture of 
products consisting of the slightly volatile RuFS and the 
very volatile RuO, which, on heating, are converted to a 
mixture of RuFs and nonvolatile RuOz. The formation of 
these compounds is in agreement with the results of 
experiments on the decontamination of PuF,. 

Decontamination of Plutonium Hexafluoride. Bench- 
scale studies were carried out to  test the proposed 
separation of ruthenium from plutonium hexafluoride by 
preferential condensation of ruthenium fluoride at -10°C. If 
the only ruthenium species produced by fluorination of 
irradiated nuclear fuel is RuFS, adequate separation of 
ruthenium from PuF, at -10°C is predicted because of the 
large difference in vapor pressures of the pure materials at 
this temperature. Mixtures of PuF, and ruthenium metal 
were fluorinated, and the resulting gaseous mixture was 
passed through a cold trap at -10°C and then through a cold 
trap at -78°C. The quantities of ruthenium penetrating the 
-10°C trap were small fractions of the total ruthenium, but 
nevertheless were greater by several orders of magnitude 
than the quantities that would have penetrated if the solid 
species in the trap had been RuF, alone. Comparison of the 
quantities of ruthenium in the exit gas from the cold trap at 
-78°C with the theoretical quantities for various ruthenium 
species (calculated from vapor pressures) indicated that the 
small, more volatile fraction may be RuO,. The sources of 
oxygen for the formation of this compound are believed to 
be surface contamination of the equipment and a small 
amount of R u 0 2  present in the ruthenium metal. The 
tentative identification of the highly volatile ruthenium 
species as RuO, is considered an important step in solving 
the problem of separating traces of ruthenium contaminant 
from plutonium hexafluoride. 

2. Fluidization Technology 

a. Continuous-feed, Two-stage Reactor 

Conceptual design studies of fluoride volatility process- 
ing plants for fast breeder fuels indicate that criticality as 
well as heat-removal considerations require fluorination 
reactors of slab-shaped design and approximately 4-in. 

@ thickness. To obtain information concerning the practical 
design and operation of continuous-solids-flow slab reactors 
of approximately this thickness, exploratory tests were 

conducted, first on gas-distributor designs, then on 
mocked-up sections of Lucite slab reactors. In all tests, 
alumina was fluidized with air at ambient temperature. 

Initial testing was performed with a 4-in.-square Lucite 
column having an inverted-pyramid-shaped gas inlet section 
(gas distributor) 3 in. deep. In tests with a 1/16-in. gas inlet, 
spouting occurred. However, a 7-in.-deep gas distributor 
with a 1/2-in.-dia gas inlet appeared to give good fluidiza- 
tion in ,this column. Some downward flow of solids was 
observed when a 1/2-in.-dia gas inlet was used at superficial 
gas velocities of about 1 ft/hr, indicating that continuous 
countercurrent flow of solids might be possible without the 
use of downcomer pipes, thereby simplifying design. 

Continuous-solids-flow tests were performed with a 
two-stage column by adding another stage of 4-in.square 
cross section above the original column. Each stage was 
36 in. tall. The gas distributor for the upper stage was an 
inverted pyramid with the same nominal depth, 7 in., as the 
lower stage. The solids level in each stage was maintained 
constant by recycling solids from the lower stage to the 
upper stage via a pneumatic jet-conveyor device. A 
variable-position truncated-pyramid-shaped plug (1 - by 1 -in. 
base, 2$-in. by 2+-in. top, 3k-in. height) was inserted at 
various positions above the orifice of the upper stage. 
Control of solids flow through a 1-in. orifice was achieved 
over the range 10 to 90001b/(hr)(ftz) by adjustment of 
plug location and gas flow rate. 

A two-stage, slab-shaped, fluidized-bed column of 4-in. 
by 2-ft cross section and having six gas-inlet sections was 
mocked up of Lucite and tested qualitatively, i.e., solids 
flow and the quality of fluidization were observed. Down- 
w a d  flow of solids through the several gas orifices could 
not be stabilized, indicating the need for design improve- 
ment. Since relatively large openings are needed to allow 
solids to  pass downward from the uppei. stage, insertion of 
a “priming” device (such as an auxiliary gas jet) in each 
opening may be needed. 

A second two-stage, 4-in. by 2-ft Lucite column was 
fabricated which incorporated (1) a weir section for over- 
flow of solids from the upper stage to the stage below, and 
( 2 )  flat drilled-plate gas distributors. The stages were each 
36 in. tall, and the downcomer section had a 4-in. by 4-in. 
cross section. Solids were continuously recycled from the 
lower to the upper stage by pneumatic conveying, simulat- 
ing a continuous feed. With a gas velocity of 0.75 ft/sec, 
fluidization quality was good in both stages during 27 hr of 
operation. At this velocity, the perforated distributor plate 
performed well; few or no static bed regions were observed 
in either plate. Solids recirculation with a jet conveyor was 
good, as was solids movement from the upper stage to the 
lower stage via the downcomer. Slugging, observed in the 
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downcomer at this velocity, should be avoided in future 
designs. 

Overall results indicate that fluidization quality and 
multistage contacting of gas and solids are satisfactory in 
slab-shaped, fluidized-bed reactors. 

b. Dense-phase Transport of Granular Solids 

Dense-phase transport of granular solids through pipe- 
lines has a number of potential applications in the nuclear 
fuel cycle, e.g., in the handling of powdered nuclear fuels 
and particulate waste. This method of transporting powders 
through pipes differs from the conventional dilute-phase 
mode of pneumatic transport: in dense-phase transport, the 
solids are fed from a pressurized hopper and the solids-to- 
gas ratio is comparatively very high. Also, in dense-phase 
transport, velocities for solids and for gas are low, which 
may result in less attrition of solids and less erosion of 
piping than in dilute-phase transport. 

Exploratory studies of the effects of motivating air 
pressure and discharge-orifice diameter on the transport 
rate of solids were conducted in an apparatus consisting of 
a 20-liter pressurized solids-feed vessel (hopper), a 
3/8-in.-ID, 55-ft-long polyethylene transport line with a 
discharge orifice, a solids-collection vessel, and gas-flow 
instrumentation. Discharge orifices were 3/32, 3/16, or 
3/8 in. in diameter. Nominally 48-100 mesh alumina was 
the test solid. 

The results at various operating conditions (summarized 
in Table 1-2) show that higher pressures in the solids-feed 
vessel gave higher solids transport rates. Similarly, higher 
transport rates were achieved with greater diameters of the 
discharge orifice. Overall results show that this technique is 
applicable to the transport of particulate materials typical 
of those contemplated for use in fluoride volatility 
processes. 

c. Pulsed-bed Studies 

Studies were continued on the pulsed-bed approach to 
fluidization (see ANL-7550, p. 32) as an alternative to 
conventional fluidized beds with steady upward flow of gas. 
(The latter is specified in the reference process design, 
Fig. 1-5.) Pulsed beds are obtained by controlled, 

TABLE 1-2. Operating Conditions and Results for 
Tests of Dense-phase Transport of Solids 

(nominally 48-100 mesh alumina) 

Discharge-orifice diameter, in. 3/32 3/16 3 /16  3 /16  318 
Motivating air pressure, psig 5 0 . 1  41 .9  49 .7  6 0  4 6 . 2  
Air flow rate, cfm, at 70’F 

Solids transport rate, g/min 167 127 238  694  329 
and 1 atm 0.042 0 .02  0.042 0.088 0.042 

intermittent upflow of gas through a bed of solid particles, 
causing the bed to expand; the bed contracts during the 
period when the gas flow is shut off. Additional data were 
obtained on bed expansion and pressure drop in pulsed 
beds by using four sizes of glass beads (average diameters of 
73 to  580 pm) and 4-in.-OD, 1.25-in.-ID annular columns. 
The unique characteristics of pulsed beds, within the 
conditions studied,’ were found to be: 

1) Pressure-drop patterns for a given pulse cycle are 
reproducible . 

2) Maximum pressure drop increases linearly as the 
pulsed-gas velocity is increased; ‘‘velocity’’ is the time- 
averaged value. 

3) Bed-expansion ratio (maximum expanded bed 
height/static bed height) increases with (a) increasing gas 
velocity, (b) decreasing pulse frequency, and (c) decreasing 
fraction of on-period relative to off-period. 

4) The characteristics of beds composed of large or 
heavy particles are more regular at a given set of pulsing 
conditions than are the characteristics of beds composed of 
small or light particles. 

5) Good particle motion continues in a pulsed bed at 
average gas velocities lower than the velocity that would be 
the minimum fluidizing velocity if the bed were operated 
convent ionally. 

6) For pulsed-bed behavior to be fully controlled, the 
on-period should not exceed an  upper limit that is equal to 
the time required for a gas bubble to form at the gas 
distributor and rise through the bed; nor should the 
off-period be below a lower limit equal to the time required 
for the bed to  settle to its height at minimum fluidization. 
The bedexpansion ratio can be predicted from on-period, 
gas velocity, and minimum bubbling velocity. 

The effects of pulsing conditions (gas velocity and on- 
and off-periods), particle properties (size, density, thermal 
conductivity, and heat capacity), gas properties (density, 
viscosity, and thermal conductivity), heater position, heater 
length, and static bed height on heat transfer from a 
concentrically located heater to a pulsed bed also have been 
studied for four sizes of glass beads, aluminum shot, and 
copper shot. Heat transfer in pulsed beds was superior to 
that in conventional fluidized beds for beds consisting of 
large or heavy particles and for a short heater or a heater 
located in the upper part of the bed. 

A model was proposed for the heat-transfer mechanism 
in gas-solid particle systems. The proposed model was used 
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to  calculate heat-transfer coefficients from particle resi- 6d dence times and particle fluxes (measured from high-speed 
motion pictures) in both conventional fluidized beds and 
pulsed beds. Comparison of the calculated data with experi- 
mental heat-transfer data showed satisfactory agreement. 
The proposed heat-transfer-mechanism model can be used 
to  estimate the heat-transfer coefficients in a pulsed bed. 

d. Basic Fluidization Studies 

The high rate of heat transfer at heating and cooling 
surfaces is probably the single most important prpperty of 
fluidized beds. Despite the significance of this property and 
the relatively large effort expended in measuring fluidized- 
bed heat-transfer rates, correlations of heat-transfer coef- 
ficients have remained empirical and generally limited to 
the specific apparatus involved in the measurements. 

As a first step in investigating the complex mechanism 
of heat transfer in a fluidized bed, the rate of heat transfer 
to the bed as a function of fluidized-particle residence time 
at a heater surface was considered. Two aspects of this 
problem were studied: (1) the case of infinite residence 
time of the particle (the bed at minimum fluidization with 
little or no particle motion) and (2) the case of finite 
residence time of the particle (the bed fluidized with 
particles in motion). 

A model was proposed" which describes the rate of 
heat transfer from a heater to  a bed of particles for gas flow 
through the bed equal to that required for minimum 
fluidization. It was assumed in this model that all of the 
heat is removed by the flowing gas. Predicted heat-transfer 
coefficients for both cylindrical and flat heaters were in 
good agreement with experimentally determined heat- 
transfer coefficients. I t  was also determined that the model 
adequately predicts heat-transfer rates for gas flows through 
the particle bed less than that required for minimum 
fluidization (packed-bed case). 

Two other models were proposed for unsteady-state heat 
transfer from a wall to particles moving within a fluidized 
bed. One model was based on a bed of spheres in 
orthorhombic array, and a second, simplified model 
approximated a bed of spheres by a series of alternating 
slabs to  represent the gas and solid phases of a fluidized 
bed. Numerical analyses showed good agreement between 
models. Good agreement between thediy and experiment 
was also obtained. 

C. CONVERSION OF FBR OXIDE FUELS TO 
CARBIDE FUELS 

Studies of the use of a plasma-torch reactor for the 
conversion of FBR oxide fuel to carbide fuel have been 

initiated. The current work is devoted to the conversion of 
uranium oxide to uranium monocarbide, but the process is 
expected to  be applicable to the production of (U,Pu)C in 
equipment installed in an alpha-tight enclosure. 

The method involves making small (-100 mesh), 
composite particles of uranium oxide and graphite, and 
reacting the oxide and graphite by passing the particles 
through and cocurrently with the plasma flame of an 
inductively coupled plasma torch pointed downward. The 
product, in the form of small, free-flowing spheres of 
carbide and unreacted oxide and carbon, is collected in a 
product receiver at the bottom of the reactor. The CO 
reaction product is removed from the reaction chamber 
along with the inert plasma-forming gas. 

The objective of the current work is to determine the 
operating conditions required to  produce high yields of 
reactor-grade uranium monocarbide in order to assess the 
feasibility of a continuous production process using a 
plasma-torch reactor. 

A 25-kW, inductively heated plasma-torch reactor has 
been installed (see Fig. 1-6). The equipment consists of four 

Y E l l T l L A I E O  HOOD 
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Fig. 1-6. Plasma-torch Installation for Studying the Conversion 
of Uranium Oxide to Uranium Carbide. 
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major parts: the plasma torch, the reaction chamber, the 
high-frequency power “tank” and power supply, and the 
powder feeder. 

In preliminary experiments, uranium dioxide-graphite 
particles (containing 8.7 wt 5% carbon as opposed to  
4.8 wt 5% carbon in UC) were fed into the plasma flame at 
0.6 to  0.9 kg/hr. The carbon content of the effluent 
material from these experiments was 5.0 to  6.5 wt 7%. The 

carbon content of the product was lower at higher power 
levels (20 kVA), with lower gas flow rates (132 scfh), and 
with higher hydrogen concentrations in the’ plasma gas 
(6 ~01%).  However, the oxygen content of the effluent 
material was nearly the same as that in the feed, indicating 
that the hot particles emanating from the torch might have 
reacted with atmospheric oxygen in the reaction chamber. 
Equipment improvements are under way to exclude oxygen 
and maintain an atmosphere of argon in the reaction 
chamber. 
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